DOCTORAL DISSERTATION

Modeling of moisture transport associated with tropical
cyclones

Albenis Pérez Alarcon

2022
“International Mention”

Un iVﬁrSid adylg(] iicl::ii Internacional

de Doutoramento




UniversidagaVigo

Escola Internacional de Doutoramento

Albenis PEREZ ALARCON

DOCTORAL DISSERTATION

Modeling of moisture transport associated

with tropical cyclones

Supervised by:

Luis GIMENO PRESA, PhD
Raquel Olalla NIETO MUNI1z, PhD

2022

“International Mention”



UniversidaggVigo

Escola Internacional de Doutoramento

Luis GIMENO PREsSA, PhD and Raquel Olalla NiETo MUNI1zZ, PhD

DECLARE that the present PhD Thesis, entitled “Modeling of moisture transport asso-
ciated with tropical cyclones”, submitted by Albenis PEREZ ALARCON to obtain the title of
Doctor with “International Mention” by the Universidade de Vigo, was carried out under our supervi-
sion in the PhD Program “Auga, Sustentabilidade e Desenvolvemento”, and it is presented under the

modality of compendium of research articles.
Ourense, 9th December, 2022

The supervisors:

Luis GIMENO PRESA, PhD Raquel Olalla NiETo MuUNi1z, PhD



Campus Universitario de Ourense, Universidade de Vigo
Departamento de Fisica Aplicada | Environmental Physics Laboratory (EPhysLab)
Albenis PEREZ ALARCON (albenis.perez.alarcon@uvigo.es)



(42 7;/7 %f@

who is always there for me.

Thanks for your love and understanding.



Acknowledgements

Many people have contributed to the successful development of my PhD. I would especially like to
thank:

e My supervisors, Luis GIMENO PRESA, PhD and Raquel Olalla NieTo MUNI1z, PhD.
Thank you for trusting me and allowing me to start this PhD project. Without your mentorship
and patience, research would be nothing more than a project yet to be performed. Thank you
for reviewing each paper in detail and for your valuable comments to improve the work. Thanks

very much for the scientific discussions that contributed to the development of this thesis.

e Rogert. Thank you for introducing me to research about moisture transport, a fascinating field
of atmospheric sciences, for your concern and for being aware of all my documentation when I
was in Cuba. Thank you for your advice, the review of the papers, and all the moments shared

during this period. Above all, thank you for becoming a great Friend.

e Patricia. Despite the distance, thank you for staying with me in this process, motivating me

to improve myself at all times and loving me.

e José Carlos, who is a friend more than my colleague and co-worker. Thank you for collaborating
with the development of numerical algorithms to process data and obtain graphics. Thank you

for the ideas and inventions that occur to us from time to time because we are a great team.

e My family in Cuba, especially my mom, my sister (Rosana), my uncle (Alarcon) and my brother-

in-law (Edel). I appreciate your support from the other side of the Atlantic Ocean.

e Jose, Miguel and Gleisis for being part of the Cuban family in Ourense and for all the moments

we have enjoyed together.

e The EPhysLab group for their welcome from the first day, making me feel like part of the family
as soon as I arrived, especially Iago, Milica, Coral, Marta, Luis, Susana and Angel. Thanks to

all the professors of the EPhysLab for their teachings.

e My professors at the Higher Institute of Technologies and Applied Sciences, University of Havana,
Cuba, for their teachings that have contributed to the development of this thesis. I thank Maykel,
Abel and Santana for their support during the PhD.

I have probably forgotten names on this list. To all those people: THANK YOU!



ii

I would like to acknowledge the PhD grant from the Universidade de Vigo (“Axudas para con-
tratos predoutorais da Universidade de Vigo”). This work was also supported by the LAGRIMA
project (grant no. RT12018-095772-B-100) funded by the Ministerio de Ciencia, Innovacion y Univer-
sidades, Spain, and the partial support from the Xunta de Galicia under the Project ED431C 2021/44
(Programa de Consolidacion e Estructuracion de Unidadesde Investigacion Competitivas (Grupos de
Referencia Competitiva) and Conselleria de Cultura, Educacion e Universidade). This PhD Thesis
was also thank to the computing resources and technical support provided by the Centro de Super-
computacion de Galicia (CESGA).

Albenis PEREZCALARCON
albenis.perez.alarcon@uvigo.es

Environmental Physics Laboratory (EPhysLab)
Universidade de Vigo

9th December, 2022



iii

Contents
Abstract v
Resumen X
List of Figures xvi
List of Tables xvii
List of Acronyms xviii
1 Introduction 1
1.1 Atmospheric branch of the hydrological cycle . . . . . ... ... ... ... .... 1
1.2 Brief description of tropical cyclone structure . . . . . . .. ... L. 3
1.3 Role of water vapour in tropical cyclones . . . . . . . ... ... oo, 6
1.4 Scope of this thesis . . . . . . . . . .. 7
2 Objectives 8
2.1 Specific objectives . . . ... L e 8
3 Data and Methodology 11
3.1 Datasets . . . . . . e e e e e 11
3.1.1 Tropical cyclone best-track archives . . . .. .. ... ... .. .. ....... 11
3.1.2 ECMWF ERA-Interim reanalysis . . . . . . . . .. ... ... ... ..... 12
3.1.3 Sea surface temperature . . . . . . .. ..o 12
3.1.4 Precipitation data . . . . . .. Lo 12
3.2 Methodology . . . . . . . e 13
3.2.1 Outer radius of tropical cyclones . . . . .. ... .. .. 0L 13
3.2.2 Cluster analysis . . . . . . . . . . L e 14
3.2.3 Identification of the onset and demise of the monsoon season . . . . .. .. .. 15
3.2.4 FLEXPART model simulations . . . . . ... ... .. ... ... ..... 16
3.2.5 Lagrangian moisture source diagnostic method . . . . . ... .. ... ... .. 17
3.2.6 Lagrangian estimation of the mean water vapour residence time . . . . . . . . . 19
3.2.7 Determination of the mean position of the moisture sources . . . . . ... ... 19

4 Set of publications 21



iv

4.1 List of publications . . . . . . . . ...
4.2 Comparative climatology of outer tropical cyclone size using radial wind profiles
4.3 Dataset of outer tropical cyclone size from a radial wind profile . . . ... ... ...
4.4  Where does the moisture for North Atlantic tropical cyclones come from? . . . .. ..
4.5 Moisture source identification for precipitation associated with tropical cyclone develop-
ment over the Indian Ocean: a Lagrangian approach . . . . . .. .. ... ... ....
4.6 Moisture source for the precipitation of tropical cyclones over the Pacific Ocean through
a Lagrangian approach . . . . . . . .. oL Lo
4.7 Estimation of mean water vapour residence time during tropical cyclones using a La-
grangian approach . . . . . .. L L L L e
4.8 Moisture sources for precipitation associated with major hurricanes during 2017 in the
North Atlantic basin . . . . . . . . . . . . e e

5 Summary and Conclusions
5.1 Main results . . . . . . .
5.2 General conclusions . . . . . . . . ..

5.3 Future works . . . . . ... e
A Supplementary Material

References



Abstract

Tropical cyclones (TCs) are major natural hazards that cause adverse impacts on ecosystems
and society, including the destruction of infrastructure and loss of human lives, in coastal regions at
tropical and subtropical latitudes. The principal impacts of TCs are caused by strong winds, intense
precipitation, associated tornadoes, storm surge, and coastal flooding. Nevertheless, despite their
destructive power, TCs act as a source of freshwater by transporting water from oceans to land, which
contributes to the attenuation of drought episodes. Therefore, they play an important role in the

hydrological cycles in the tropics and subtropics.

The main source of energy for TCs is the release of latent heat from the condensation of water
vapour from evaporation on the ocean surface. However, previous studies have not established which
oceanic regions are the predominant contributors of moisture according to the TC trajectory. Other
authors have pointed out that TCs can extract moisture from soil after crossing the coastline because
of the “brown ocean” effect, which is when a TC maintains or even intensifies in strength as it moves
inland. This thesis aims to analyse multiple parameters through modelling to objectively identify and
characterise the areas that contribute to the evolution of precipitation (moisture sources) during the
genesis and development of TCs formed from 1980 to 2018 in the six basins with tropical cyclogenesis:
North Atlantic (NATL), Central and East North Pacific (NEPAC), North Indian Ocean (NIO), South
Indian Ocean (SIO), South Pacific Ocean (SPO), and Western North Pacific (WNP). To address
these objectives, cluster analysis was applied to identify the regions where TCs frequently formed,
reached maximum intensity during their life cycle, and dissipated in each basin. The mean water
vapour residence time (MWVRT) before precipitation was also estimated, and the moisture sources
for precipitation along the pathways of the major hurricanes (Category 3+ on the Saffir-Simpson wind
scale) Harvey, Irma, Jose, Lee, Maria, and Ophelia that formed in the NATL basin in the 2017 TC

season were analysed.

Information on TCs in the NATL and NEPAC basins was obtained from the HURDAT?2 databases
provided by the United States (US) National Hurricane Center (NHC) and historical records from
the US Joint Typhoon Warning Center (JTWC) for the remaining basins. These databases contain
the position, maximum wind, and minimum pressure of all TCs every 6 hours. The first and last
entries in the historical records of a TC were assumed to be the genesis and dissipation times, whereas
the lifetime maximum intensity (LMI) represented the entry where the TC reached its maximum
strength. Using a Lagrangian moisture source diagnostic method applied to the global outputs of the
Lagrangian FLEXible PARTicle dispersion model (FLEXPART) v9.0, precipitating air parcels over the
area enclosed by the outer radius of the TCs were tracked for up to 10 days to identify the origin of the
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humidity that caused the associated precipitation. FLEXPART was forced with meteorological fields
every 6 hours of the ERA-Interim reanalysis of the European Centre for Medium-Range Weather
Forecasts (ECMWF), with a horizontal and vertical resolution of 1° in latitude and longitude and
61 levels from 1000 to 0.1 hPa. In the simulations, the atmosphere was homogeneously divided
into approximately two million air parcels of equal mass. Parcels were transported throughout the
atmosphere using a three-dimensional wind field. In addition, the moisture source tracking method
has the advantage of providing an objective view of the origin of the moisture that finally precipitated
in the region delimited by the outer radius of the TC (the target region) because it proportionally
discounts the precipitation en route to all previous moisture uptakes along the trajectory of the air
parcels. Therefore, more distant sources contributed less to the final precipitation within the target

region.

TC size is an important metric that specifies the extent of the damage to the wind area and
precipitation associated with the system. As noted above, the target region was defined as the area
enclosed by the outer radius of the TC. Both the tropical storm force radius and the outermost
closed isobar have been widely used as measures of the size of TCs; however, in historical records,
these parameters are not available for all cases, especially during the genesis and dissipation stages.
Therefore, a comparative climatology of TCs based on size was performed using five radial wind
profiles. In this analysis, a tangential wind speed threshold of 2 m/s was used to estimate the outer
radius of TCs. During the evaluation, the method proposed by Willoughby et al. (2006) was better
adjusted to the radial structure of the TC wind field and used to develop a climatological database
based on TC size (TCSize). According to this analysis, the largest and smallest TCs occurred over the
NATL (~804.3 km) and NIO (~696.6 km) basins, respectively. The global mean TC size is estimated
at 748.7 km. TCSize can also be used for analysing storm surge risk, predicting radial precipitation
intensity distribution, and benchmarking different methodologies in terms of performance to obtain

TC sizes using artificial intelligence.

By applying the K-means cluster analysis technique, seven different regions where TCs generally
formed and reached maximum intensity were identified in the NATL basin (NATL area near the coast
of West Africa, seas around the Lesser Antilles arc, Caribbean Sea, Gulf of Mexico, and western and
central NATL) and six regions for the dissipation stage (Lesser Antilles arc, Central America and
the Caribbean, southern and eastern coasts of the United States, southeastern Labrador Peninsula,
NATL open waters around the Azores Islands, and shores of Western Europe). The application of
the Lagrangian method of humidity monitoring revealed that the Atlantic Ocean north of the mean
position of the Intertropical Convergence Zone (ITCZ) during boreal summer (~10°N), including the
Caribbean Sea and Gulf of Mexico, acted as the principal source of moisture for TCs formed in the
NATL and contributed approximately 87% of the total moisture uptake. The Atlantic Ocean south
of the ITCZ contributed ~11%, and its contribution was more significant during the genesis phase.
Overall, the contribution from the eastern region of the tropical North Pacific Ocean was small (~2%)
but not negligible. In general, the easterly winds and circulation associated with the North Atlantic

Subtropical High were the main mechanisms underlying moisture transport toward TC locations.

The origin of precipitation for TCs over the Indian Ocean was studied separately for cyclones over

the NIO and SIO basins. Cluster analysis revealed two regions for genesis and LMI (Arabian Sea and
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Bay of Bengal) and three for the dissipation phase (Arabian Sea, Bay of Bengal, including coastal areas,
and Indian Peninsula) in the NIO. The combined contribution from the Arabian Sea, Bay of Bengal,
Indian Peninsula, and Ganges basin accounted for ~70% of the total amount of moisture, followed by
the Indochina Peninsula and South China Sea with ~20% and Western Indian Ocean with ~10%. The
wind flow linked to the Somali low-level jet acted as the principal moisture transport mechanism in the
NIO basin, while the Indian Summer Monsoon and East Asian Summer Monsoon highly modulated
the intensity and extent of the sources. By applying the K-means clustering technique to the positions
of TCs at different phases of development in the SIO, northwestern Australia and central and western
SIO were identified as regions where TCs often formed, reached the LMI, and dissipated. The highest
moisture contribution (~65%) came from the central Indian Ocean and Wharton and Perth basins
(located in western Australia), whereas ~22% of the moisture was supplied by the western Indian
Ocean. Similarly, the remaining ~13% was supported by northern Australia and the Coral Sea. The
circulation of the Mascarene High and westerly monsoon winds over northern Australia were the main
drivers of moisture for TCs in the SIO. In addition, southeastern African and northern Australian

monsoons weakly influenced the intensity and extent of moisture sources for TC precipitation in the
SIO basin.

The Pacific Ocean is divided into the NEPAC, WNP and SPO cyclogenetic basins; thus, the
moisture sources for TC precipitation were investigated. Approximately 62% of annual TCs formed
in these three basins on a global scale. Cluster analysis revealed that NEPAC genesis and dissipation
occurred in four regions, whereas TCs reached the LMI in the three groups. The regions of genesis in
the NEPAC included the Mesoamerican Trench, the area which centroid is located at approximately
12°N and 128°W, the southwestern Pacific coast of Mexico, and the central Pacific Ocean south of
the Hawaiian Islands. Likewise, TCs dissipated over the Mexican Pacific coast, western Pacific Ocean,
eastern tropical North Pacific Ocean, and Hawaiian Islands and surrounding seas. The maximum
intensification of TCs in the NEPAC occurred in the oceanic area near the coast of Central America,
the region bounded by 10° to 20°N and 116° to 143°W, and southern Hawaiian Islands. In general,
the moisture sources exhibited a north-south split at 10°N, which coincided with the mean position
of the ITCZ during boreal summer. Moisture underlying TC precipitation in the NEPAC was mainly
contributed from the eastern tropical North Pacific Ocean, including Central America (~65%), east-
ern tropical South Pacific Ocean (~20%), and Caribbean Sea (~15%). The trade winds from both
hemispheres and easterly winds that cross over the tropical North Atlantic Ocean and the Caribbean

Sea were the main moisture transport mechanisms.

Using the cluster analysis technique, four regions for the genesis and dissipation phases and
three regions for the LMI stage were found in the WNP basin. While genesis generally occurred in
the Philippine Sea, South China Sea, seas around the Mariana Islands, and central Pacific Ocean
between the Marshall Islands and Hawaii, peak intensity was reached in the South China Sea, from
the East China Sea to the western Philippine Sea, and from the central Philippine Sea to the central
North Pacific Ocean. Dissipation occurred in the band between 0-55°N and 150°-180°E, in a small
group over the Bering Sea, South China Sea, and the region extended from the Korean Peninsula
to the Philippine Sea, including the East China Sea, and Japan Sea. Analysis of moisture sources
revealed that during the genesis and peak of maximum intensity, moisture sources for TCs formed
over the WNP extended eastward with the highest contribution (~60%) from the Western Tropical
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North Pacific Ocean (WTNPac) and Philippine Sea, followed by the contribution (~25%) from the
China Seas. Meanwhile, the Bay of Bengal, South Asia, and central Pacific Ocean near southwestern
Hawaiian Islands supplied the remaining ~15%. However, during the dissipation stage, moisture
sources shifted northward, with the largest contributions (~85%) coming from the WTNPac, East
China Sea, Japan Sea, East China, and Korean Peninsula. The moisture that precipitated in the area
enclosed by the outer radius of the T'Cs was mostly transported by the circulation of winds associated
with the western North Pacific Subtropical High and westerly winds associated with the South Asian

monsoon.

In the SPO basin, three groups for the genesis and LMI stages and four groups for the dissipation
stage were identified. TCs generally formed in northern Australia, the central South Pacific Ocean, and
the Coral Sea. The LMI occurred over the seas north of Australia and the western Coral Sea, the region
extending from the Fiji Islands to the central South Pacific Ocean, and the Melanesian archipelago
and the surrounding seas. In contrast, the K-means technique revealed that the dissipation of TCs
in the SPO occurred in the western South Pacific Ocean, Coral Sea, central South Pacific Ocean,
and region consisting of mainland Australia and the eastern Indian Ocean. The moisture for TC
precipitation in the SPO was mainly contributed by the Coral Sea (~40-50%), western tropical South
Pacific Ocean (~20-35%), and northern Australia (~20-30%). The central South Pacific Ocean also
contributed approximately ~10-15% of the moisture. The convergence of westerly and easterly winds
that form the South Pacific Convergence Zone was identified as the main driver of moisture in each

cluster.

The findings also revealed that the moisture uptake in all basins was higher during the hurricane
category (Saffir-Simpson Wind Scale Category 1 and 2 hurricanes) than at any other stage. The
pattern of moisture sources showed that TCs gained more moisture from oceanic sources than from
terrestrial sources, thus confirming previous findings of the ocean’s role as a source of energy and
moisture for the genesis and development of TCs. Furthermore, analysis of the origin of precipitation
associated with the major hurricanes (Saffir Category 3+ hurricane-Simpson wind scale) formed in
2017 in the NATL basin suggests that the highest moisture uptake generally occurred within approxi-
mately 3° to 5° of their trajectories. This thesis also shows that evaporation from local sources cannot
fully explain the TC precipitation, thus highlighting the role of low-level convergence associated with
secondary circulation in transporting moisture to the eyewall. This study also confirmed the ability

of the Lagrangian moisture tracking method to estimate precipitation associated with TCs.

TC-related precipitation depends on the availability of atmospheric moisture and moisture trans-
port mechanisms, which are strongly modulated by the MWVRT in the atmosphere from evaporation
to precipitation. The Lagrangian method of diagnosis of moisture sources applied in this thesis also
allows the evaluation of the MWVRT for precipitation associated with TCs. The highest MWVRT
was found in the SIO and SPO basins at approximately 3.08 days, followed by the WNP (~2.98
days), NEPAC (~2.94 days), NIO (~2.85 days), and NATL (~2.72 days). The overall MWVRT was
estimated as ~2.96 £+ 0.4 days. In general, the MWVRT exhibited the highest values towards the
equator, probably due to vertical movements in the ITCZ, which induced a generalised convergence of
moisture from the subtropical regions in the equatorial zone through trade winds. Similarly, a pole-
ward decrease in the MWVRT was detected, which was more noticeable in the NATL basin. During
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El Nino, the MWVRT values were higher than the mean values in each basin, and the opposite pat-
tern was observed during La Nifla years. The analysis also shows a statistically significant (p<0.05)
decrease in the MVWRT at a rate of ~2.4 hours/decade in the NIO and ~1.0 hour/decade in the
remaining basins. The relationship between the MWVRT and TC precipitation is complex because of
the thermodynamic and dynamic processes involved. The decrease in the MWVRT can be associated
with the increase in the rainfall rate of TCs due to higher water vapour availability in the atmosphere,
which is associated with rising sea surface temperatures. Additionally, the time spent by the water
vapour in the atmosphere after evaporation decreased 24 hours before TCs landfall. Water vapour

also precipitated faster when TCs moved over land than over the ocean.

This thesis shows that the Lagrangian moisture source diagnostic method is a suitable tool for
providing useful information on the geographic position of moisture sources for precipitation associated
with TCs and quantifying precipitation. The results can support the forecasting of rainfall associated
with TCs and, in turn, the possible negative (floods) and positive (drought period attenuation) impacts
on the continental hydrological cycle and associated socioeconomic effects. Identifying the regions
where moisture-producing precipitation accompanies TCs and where TCs originated can help improve
seasonal predictions of TC activity and related precipitation. Therefore, in the context of global
warming and the projected increase in low-level moisture content at a rate of 6-7% per degree of sea
surface temperature warming, these results could be used as a reference to identify changes in moisture

sources for TC precipitation under a warmer climate.



Resumen

Los ciclones tropicales (CTs) son uno de los fenomenos naturales que provocan impactos adversos
en los ecosistemas y en la sociedad en las regiones costeras de latitudes tropicales y subtropicales,
incluyendo la destruccion de infraestructuras y pérdida de vidas humanas. Los principales impactos
asociados a los CTs son consecuencia de la acciéon de los fuertes vientos, precipitaciones intensas,
tornados asociados, marejadas ciclonicas e inundaciones costeras. Sin embargo, a pesar de su poder
destructivo, los CTs acttian como una fuente de agua dulce mediante el transporte agua desde los
océanos a tierra, lo que contribuye a la atenuaciéon de episodios de sequia. Por lo tanto, juegan un

papel esencial en el ciclo hidrolégico en los tropicos y subtropicos.

Es bien conocido que la principal fuente de energia para los CTs es la liberacion de calor latente
de la condensacion del vapor de agua proveniente de la evaporacion sobre la superficie oceanica. Sin
embargo, los estudios previos existentes en la literatura no establecen qué regiones oceanicas son
predominantes en el aporte de humedad en funcion de la posiciéon y trayectoria de los CTs. Asi pues,
esta tesis estd dirigida a analizar multiples parametros, a través de la modelizacion, que permiten
identificar y caracterizar de forma objetiva las areas ocednicas (fuentes de humedad) que contribuyen
a la precipitacion durante la génesis e intensificacion de los CTs en las diferentes cuencas oceénicas
en las que se produce ciclogénesis tropical. El estudio se realiza para todos los CTs formados en
el periodo 1980-2018 en las cuencas del Atlantico Norte, Pacifico Central y Oriental, Océano Indico
Norte, Océano Indico Sur, Océano Pacifico Sur y Pacifico Norte Occidental (NATL, NEPAC, NIO,
SIO, SPO y WNP, por sus siglas en inglés, respectivamente). Para cumplir con el objetivo propuesto,
se aplica un analisis cluster para identificar en cada cuenca las regiones donde se forman frecuentemente
los CTs, alcanzan su méaxima intensidad (LMI, por las siglas en inglés de lifetime mazimum intensity)
y se disipan. Asimismo, se estima el tiempo medio de residencia del vapor de agua en la atmosfera
(MWVRT, por sus siglas en inglés) antes de que se genere la precipitacion. Por otro lado, para obtener
una vision de los cambios en las fuentes de humedad para la precipitacion a lo largo de la trayectoria
de los CTs, se seleccionaron como casos de estudio los huracanes intensos (Categoria 3+ en la escala
de vientos Saffir-Simpson) Harvey, Irma, Jose, Lee, Maria y Ophelia, formados en la cuenca NATL en

la temporada ciclonica del ano 2017.

La informacion de los CTs para las cuencas NATL y NEPAC se extrajo de la base de datos
HURDAT?2 del Centro Nacional de Huracanes (NHC, por sus siglas en inglés) de los Estados Unidos,
y para las cuencas restantes de los registros historicos del Centro Conjunto de Alerta de Tifones
(JTWC, por sus siglas en inglés). Estas bases de datos contienen la posicion, viento maximo y presion

minima de todos los CTs cada 6 horas. Como fecha de génesis y disipacion del CT se consider6
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la primera y ultima entrada en el registro histérico correspondiente a ese CT en la base de datos,
mientras que el momento de méxima intensificacion se asumié como aquel en el que el CT alcanzo

por primera vez su méximo de intensidad.

Mediante el empleo de un método lagrangiano de diagnéstico de fuentes de humedad, aplicado
a las salidas globales del modelo de transporte lagrangiano FLEXPART v9.0 (FLEXible PARTicle
dispersion model), las parcelas de aire precipitantes sobre el area encerrada por el radio exterior de
los CTs se rastrean temporalmente hacia atras durante 10 dias, para asi identificar el origen de la
humedad que originé la precipitacion asociada a los mismos. FEl modelo FLEXPART fue forzado
con los campos meteorologicos (campo de viento, humedad especifica, temperatura, precipitacion,
presion en superficie, flujo de calor sensible y de humedad) cada 6 horas del reanalisis ERA-Interim
del Centro Europeo de Previsiones Meteorolégicas a Plazo Medio (ECMWF, de sus siglas en inglés),
con una resoluciéon horizontal de 1° en latitud y longitud y 61 niveles en la vertical, desde 1000 hasta
0.1 hPa. En estas simulaciones, la atmosfera es dividida homogéneamente en aproximadamente 2
millones de parcelas de aire de igual masa que son transportadas a través de la atmosfera por el
campo tridimensional de viento. Por otro lado, el método utilizado en esta tesis para el seguimiento
de las parcelas de aire y la determinacion de sus cambios de humedad especifica (q) para localizar
las fuentes de la humedad que finalmente precipité en la region delimitada por el radio exterior del
CT (la region de interés) tiene la ventaja de brindar una vision objetiva del origen de la misma. El
método descuenta proporcionalmente la precipitacion en ruta a las ganancias previas de humedad a
lo largo de las trayectorias de las parcelas, y asi, de esta forma, las fuentes més lejanas contribuyen

cada vez menos a la precipitacion final en la regiéon objetivo.

Como se comento anteriormente, en este trabajo se determinan las fuentes de humedad que
generan la precipitacion en los CTs, y por tanto es esencial definir de forma precisa el area influenciada
por el CT. El tamano del CT es una métrica importante que especifica la extensiéon del drea de viento
danino y de la precipitacion asociada con el sistema. Tanto el radio de fuerza de tormenta tropical
como el radio de la ultima isobara cerrada han sido ampliamente utilizados como una medida del
tamano de los CTs. Sin embargo, en los registros histéricos no estan disponibles estas variables para
todos los casos, especialmente durante las etapas de génesis y disipaciéon. Por lo tanto, se realiza en
este trabajo una climatologia comparativa del tamano de los CTs utilizando cinco perfiles radiales de
viento. En este analisis se asumi6 2 m/s como umbral de velocidad del viento tangencial para estimar
el radio exterior de los CTs. En la evaluacion realizada, el método propuesto por Willoughby et al.
(2006) se ajusto mejor a la estructura radial del campo de viento de los CTs, por lo que se utilizo para
desarrollar una base de datos climatologica del tamafo de los mismos (TCSize database). Segtun los
resultados, los CTs més grandes ocurrieron sobre la cuenca NATL (~804.3 km) y los méas pequenos
sobre la cuenca NIO (~696.6 km). El tamano medio global de los CTs se estim6 en 748.7 km. La
base de datos TCSize se encuentra disponible en abierto y puede ser utilizada adicionalmente para
otros estudios interesantes como pueden ser por ejemplo el andlisis de riesgo de marea de tormenta,
estudiar la distribucion radial de la intensidad de la precipitacion o para evaluar comparativamente el
rendimiento de diferentes metodologias para obtener tamanos de CTs a partir del uso de la inteligencia

artificial.

Mediante la aplicacion de la técnica de analisis de cluster K-means, se identificaron siete regiones
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diferentes en la cuenca NATL donde generalmente los CTs se formaron y alcanzaron su maxima
intensidad: cerca de las costas de Africa Occidental, en los mares alrededor del Arco de las Antillas
Menores, el Mar Caribe, el Golfo de México y el NATL occidental y central. Otras seis regiones fueron
identificadas para la etapa de disipacion: el arco de las Antillas Menores, Centroamérica y El Caribe,
las costas sur y este de los Estados Unidos, la zona al sudeste de la Peninsula del Labrador, las aguas
abiertas del NATL alrededor de las Islas Azores y las costas de Europa Occidental. La aplicacion del
método Lagrangiano para determinar las fuente de humedad revel6 que el Océano Atlantico al norte
de la posicion media de la Zona de Convergencia Intertropical (ITCZ, de sus siglas en inglés) durante
el verano boreal (~10°N), incluyendo el Mar Caribe y el Golfo de México, actu6é como la principal
fuente para la precipitacion de los CTs formados en NATL, aportando aproximadamente el 87% de la
humedad. Por su parte, el Océano Atlantico, al sur de la ITCZ, aporté ~11%, siendo més relevante su
contribucion durante la fase de génesis. Ademas, resulto interesante el aporte (~2%) desde la region
oriental del Océano Pacifico Norte tropical. En general, los vientos del este y la circulacion de la Alta
Subtropical del Atlantico Norte fueron identificados como los mecanismos principales del transporte

de humedad hacia las ubicaciones de los CTs.

El origen de la precipitacion de los CTs que tienen lugar sobre el Océano Indico se estudié por
separado para sus dos subcuencas, el NIO y el SIO. El analisis clister sobre NIO revel6 dos regiones
habituales para la génesis y LMI (el Mar Arébigo y la Bahia de Bengala) y tres para la fase de
disipacion (de nuevo el Mar Arabigo y la Bahia de Bengala -incluyendo las regiones costeras- y la
Peninsula de la India). La contribucién combinada de cuatro regiones fuente compuesta por el Mar
Arabigo, la Bahia de Bengala, la Peninsula India y la cuenca del Ganges represent6 el ~70% de la
cantidad total de humedad para la precipitacion de los CTs, seguida por la Peninsula de Indochina y
el Mar de China Meridional con un ~20%, y el Océano Indico Occidental con un ~10%. En la cuenca
NIO, el flujo de viento vinculado al chorro de bajo nivel somali actué como el mecanismo principal de
transporte de humedad, mientras que la intensidad y la extension de las fuentes fueron moduladas en
gran medida por el monzon de verano de la India y el monzon de verano de Asia oriental. Al aplicar
la técnica de agrupamiento K-means a las posiciones de los CTs en sus diferentes fases de desarrollo
sobre la subcuenca SIO, fueron identificadas tres regiones diferentes, pero comunes, donde a menudo
los CT se formaron, alcanzaron la maxima intensidad y se disiparon: el noroeste de Australia y las
zona central y occidental de SIO. La mayor contribucién de humedad (~65%) para la precipitacion
de los CTs provino del Océano Indico central y las cuencas Wharton y Perth (localizadas al oeste
de Australia), mientras que el Océano Indico occidental suministré un ~22% de la humedad. El
~13% restante fue aportado desde el norte de Australia y por el Mar del Coral. La circulacion de la
alta presion de Mascarene y los vientos monzonicos del oeste sobre el norte de Australia fueron los
principales impulsores de la humedad para los CTs en esta subcuenca. Ademés, se encontrd que el
monzon del sureste de Africa y el monzon del norte de Australia influyeron débilmente en la intensidad

y extension de las fuentes de humedad.

El Océano Pacifico se divide en tres cuencas ciclogenéticas -NEPAC, WNP y SPO-, y por lo
tanto las fuentes de humedad para la precipitacion de los CTs se investigaron para cada una de
ellas por separado. En estas tres cuencas se forma aproximadamente el 62% de los CTs anuales a
escala global. El analisis de clister reveld que la génesis y disipacion en NEPAC ocurrieron en cuatro

regiones, mientras que los CTs alcanzaron el LMI en tres regiones. Para la génesis las cuatro regiones
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se identificaron en el area oceanica de la Fosa Mesoamericana, una segunda zona centrada en 12°N y
128°W, la costa suroeste del Pacifico de México y finalmente en el Océano Pacifico central al sur de las
Islas Hawai. La méaxima intensificacion de los CTs en NEPAC ocurri6 en el drea ocednica cercana a
la costa de Ameérica Central, la region limitada por 10-20°N y 116-143°W y al sur de las Islas Hawai;
mientras que su disipacién tuvo lugar principalmente sobre la costa del Pacifico mexicano, el océano
Pacifico occidental, el océano Pacifico norte tropical oriental y sobre las Islas de Hawéi y mares
circundantes a ellas. En general, el patron global de las fuentes de humedad para la precipitacién
asociada a los CTs en NEPAC exhibi6 una division norte-sur entorno a 10°N, coincidiendo con la
posicion media de la ITCZ durante el verano boreal; con un aporte mayoritario desde el Océano
Pacifico Norte tropical oriental y Centro Ameérica (~65%), seguido del Océano Pacifico Sur tropical
oriental (~20%) y el Mar Caribe (~15%). Los vientos alisios de ambos hemisferios y los viento del este
que cruzan sobre el Océano Atlantico Norte tropical y el Mar Caribe fueron los principales mecanismos

de transporte de humedad.

Para la cuenca WNP se encontraron cuatro regiones habituales para las fases de génesis y disi-
pacién de los CTs y tres para la etapa de maxima intensidad. Mientras la génesis generalmente ocurrié
en el Mar de Filipinas, Mar de China Meridional, mares circundantes a las Islas Marianas y el Océano
Pacifico central entre las Islas Marshall y Hawéi, el pico de méaxima intensidad fue alcanzado en las
regiones del Mar de China Meridional, la zona que comprende desde el Mar de China Oriental hasta
el Mar de Filipinas occidental y otra desde el centro del Mar de Filipinas hasta el centro del Océano
Pacifico Norte. La disipaciéon ocurri6 en la banda entre 0-55°N y 150°-180°E, sobre el mar de Bering,
el mar de China Meridional y una regién que cubre desde la Peninsula de Corea hasta el mar de
Filipinas, incluido el mar de China Oriental y el mar de Japon. El anélisis de las fuentes de humedad
reveld que durante la génesis y pico de maxima intensidad las fuentes de humedad para los CTs for-
mados sobre WNP se extendieron hacia el este con la mayor contribucion (~60%) desde el Océano
Pacifico Norte tropical occidental (WTNPac, por sus siglas en inglés) y el Mar de Filipinas, seguido
por un (~25%) proveniente de los Mares de China. Mientras tanto, la Bahia de Bengala, el sur de
Asia y el Océano Pacifico central al suroeste de las Islas Hawai suministraron el ~15% restante. Sin
embargo, durante la etapa de disipacion, las fuentes de humedad se desplazaron hacia el norte, con la
mayor contribucion (~85%) desde el WTNPac, los mares de China oriental, el mar de Japon, China
oriental y la peninsula de Corea. La humedad que precipitd en el area encerrada por el radio exterior
de los CTs fue mayormente transportada por la circulaciéon de los vientos asociados al alta subtropical

del Pacifico Norte occidental y los vientos del oeste vinculados al monzon del sur de Asia.

En la cuenca SPO se encontraron tres regiones para la génesis y maxima intensidad de los CTs, y
cuatro para su etapa de disipacion. La génesis de los CTs ocurri6 en el norte de Australia, el Océano
Pacifico Sur central y el Mar del Coral, mientras que alcanzaron el maximo de intensificacién en los
mares al norte de Australia y el Mar de Coral occidental, la region extendida desde las Islas Fiji hasta
el Océano Pacifico Sur central y el archipiélago de Melanesia y mares circundantes. Por otro lado, la
disipacién de los CTs en SPO ocurrié en el Océano Pacifico Sur occidental, el Mar del Coral, el Océano
Pacifico Sur central y la region comprendida por Australia continental y el Océano Indico oriental.
La humedad para la precipitacion de los CTs en SPO provino principalmente del Mar de Coral (~40-
50%), del Océano Pacifico Sur tropical occidental (~20-35%) y del norte de Australia (~20-30%).

El Océano Pacifico Sur central también aporté aproximadamente un ~10-15% de la humedad. La
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convergencia de los vientos del oeste y del este que forman la Zona de Convergencia del Pacifico Sur

se identific6 como el principal impulsor de la humedad hacia cada grupo.

En general, y como resumen, se puede concluir que el analisis individual en cada cuenca muestra
diferencias en la distribucion espacial de las fuentes de humedad, las cuales estan relacionadas con
las particularidades de la actividad ciclonica en cada una de ellas. El origen del vapor de agua para
la precipitacion generada por los CTs en NIO proviene fundamentalmente de la Bahia de Bengala y
el Mar Arabigo, las dos regiones de maxima actividad de CTs, mientras que en SIO las fuentes de
humedad se extienden zonalmente hacia el oeste. En NATL y NEPAC es notable la divisién norte-sur
causada por la posiciéon de la ITCZ, mientras que en WNP y SPO, la region con el mayor aporte
de humedad coincide con la posicién media de la vaguada monzoénica y la Zona de Convergencia del
Pacifico Sur, respectivamente. Ademés, como los CTs tienden a disiparse en altas latitudes en NATL
vy WNP, las fuentes de humedad se desplazan ligeramente hacia el norte en estas cuencas durante la

etapa de disipacion.

Como caracteristica comun, los hallazgos también revelan que la absorcion de humedad para los
CTs en todas las cuencas fue mayor durante la categoria de huracan (huracan de categoria 1 y 2
de la escala de vientos Saffir-Simpson) que en cualquier otra etapa. Ademas, el patréon de fuentes
de humedad mostré que los CTs obtuvieron méas humedad proveniente de fuentes ocednicas que de
fuentes terrestres, lo que confirma hallazgos anteriores del papel del océano como la mayor fuente de
energia y humedad para la génesis y desarrollo de los CTs. Por otro lado, el analisis de las fuentes
de humedad para la precipitacion de los huracanes intensos (huracan de categoria 3+ en la escala de
vientos de de Saffir-Simpson) formados en 2017 en la cuenca NATL sugiere que la mayor absorcion
de humedad ocurre generalmente dentro un area posicionada aproximadamente de 3° a 5° respecto
de las trayectorias de los mismos. Ademés, muestra que la evaporacion de fuentes locales no puede
explicar completamente la precipitacion de los CTs, destacando el papel de la convergencia de bajo
nivel asociada con la circulaciéon secundaria en el transporte de humedad hacia la pared del ojo. Este
estudio también confirmé la capacidad del método Lagrangiano de seguimiento de la humedad para

estimar la precipitaciéon asociada con los CTs.

Es importante destacar que la precipitaciéon relacionada con los CTs depende de la disponibilidad
de humedad atmosférica y de los mecanismos de transporte de humedad, los cuales son fuertemente
modulados por el tiempo medio de residencia del vapor de agua (MWVRT, por sus siglas en inglés) en
la atmosfera desde que esta se evapora hasta que se produce la precipitacién. El método Lagrangiano
de diagnostico de fuentes de humedad aplicado en esta tesis también permitié evaluar el MWVRT
para el agua que precipita asociada a los CTs. El MWVRT mas grande se encontré en las dos
cuencas del Hemisferio Sur (SIO y SPO), siendo aproximadamente de 3.08 dias, seguido por WNP
(~2.98 dias), NEPAC (~2.94 dias), NIO (~2.85 dias) y NATL (~2.72 dias). El MWVRT global
durante la ocurrencia de CTs se estimd en ~2.96 0.4 dias. En general, el MWVRT exhibi6 los
valores mas elevados hacia el Ecuador, posiblemente debido a los movimientos verticales en la ITCZ
que inducen una convergencia generalizada de la humedad de las regiones subtropicales en la zona
ecuatorial mediante los vientos alisios. Por otro lado, se observé una disminucién del MWVRT hacia
ambos polos, siendo esta més notable en la cuenca NATL. Ademas, se encontré6 que el MWVRT

esté influenciado por el fenomeno de El Nino-Oscilacion del Sur (ENSO). Asi, durante la fase calida
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de ENSO se encontraron valores de MWVRT superiores a los valores medios en todas las cuencas,
mientras que se detecté un patron opuesto durante la fase fria. El analisis realizado también encontro
que existen tendencias en el MWRVRT, ocurriendo una disminucioén estadisticamente significativa
(p<0.05) del MVWRT a razon de ~2.4 horas/década en NIO y ~1.0 hora/década en el resto de
las cuencas. Aunque la relacion entre el MWVRT y la precipitacién de los CTs es compleja debido
a los procesos termodinamicos y dinamicos que intervienen en la generacién de la precipitacion, la
disminuciéon del MWVRT puede estar asociada al aumento de la tasa de lluvia de los CTs como
consecuencia de una mayor disponibilidad de vapor de agua en la atmodsfera debido al aumento de la
temperatura superficial del mar. Otro resultado importante encontrado durante el desarrollo de esta
tesis doctoral es que el tiempo que pasa el vapor de agua en la atmosfera después de la evaporacion
disminuy6 en las 24 horas anteriores a la llegada a tierra de los CTs, y es ademéas més rapido cuando

los sistemas se movieron sobre tierra que sobre el océano.

Los hallazgos presentados en esta tesis muestran que el método Lagrangiano de diagnostico de
fuentes de humedad es una herramienta adecuada para proporcionar informacion ttil sobre la posicion
geografica de las fuentes de humedad para la precipitacion asociada con los CTs y para cuantificar esa
precipitacién. Los resultados pueden respaldar el pronostico de lluvia asociado con los CTs y, a su
vez, los posibles impactos negativos (inundaciones) y positivos (atenuacion de periodo de sequia) en el
ciclo hidrologico continental y los efectos socioeconémicos asociados. La identificacion de las regiones
donde la humedad que produce la precipitaciéon que acompana a los CTs y donde se originé puede
ayudar a mejorar la prediccion estacional de la actividad de los CTs y la precipitacion relacionada.
Por lo tanto, en un contexto de calentamiento global y el aumento proyectado en el contenido de
humedad a una tasa de 6-7% por grado de calentamiento de la temperatura de la superficie del mar,
los resultados podrian usarse como referencia para identificar los cambios en las fuentes de humedad

para la precipitacion de los CTs en un clima mas calido.



Xvi

List of Figures

1.1 Schematic diagram of the water cycle . . . . . . . . . ... oo

1.2 Schematic representation of the intensification of the hydrological cycle. . . . . . . ..

2
3
1.3 Boundaries of tropical cyclone basins . . . . . . .. ... 0oL 4
1.4 Schematic cross-section of the structure of a typical tropical cyclone . . . .. ... .. 5

5

1.5  Schematic representation of the primary and secondary circulations of a tropical cyclone

3.1 Schematic representation of an air parcel trajectory . . . . . . .. .. .. L. 18



xvil

List of Tables

1.1

4.1
4.2

4.3

4.4

4.5

4.6

4.7

4.8

Saffir-Simpson tropical cyclones wind scale . . . . . . .. .. ... o000

List of publications. . . . . . . . ...
Summary of the impact and quality of the journal where the first paper that conformed
to this thesis was published . . . . . . . . . ..
Summary of the impact and quality of the journal where the second paper that con-
formed to this thesis was published . . . . . . . .. ... o 0o
Summary of the impact and quality of the journal where the third paper that conformed
to this thesis was published . . . . . . . . . ...
Summary of the impact and quality of the journal where the fourth paper that con-
formed to this thesis was published . . . . . . . .. . ... o o
Summary of the impact and quality of the journal where the fifth paper that conform
this thesis was published . . . . . . . . . . . . L
Summary of the impact and quality of the journal where the sixth paper that conformed
to this thesis was published . . . . . . . . . . .. .. .. ...
Summary of the impact and quality of the journal where the seventh paper that con-

formed to this thesis was published . . . . . . . . . .. ... ... .. ... .. ...,



xviil

List of Acronyms

e BTT: Backward transit time

e EASM: East Asian Summer monsoon

e ECMWEF: European Centre for Medium—Range Weather Forecast
e ENSO: El Nino-Southern Oscillation

e EPhysLab: Environmental Physical Laboratory

e FLEXPART: FLEXible PARTicle dispersion model

e HURDAT2: Atlantic hurricane database 2nd generation
e IBTrACS: International Best Track Archive for Climate Stewardship
e ISM: Indian Summer Monsoon

e IOD: Indian Ocean Dipole

e JTWC: Joint Typhoon Warning Center

e LMI: Lifetime Maximum Intensity

e NAM: North Australia Monsoon

e NAO: North Atlantic Oscillation

e NATL: North Atlantic basin

e MH: Major Hurricane

e MSWEP: Multi-Source Weighted-Ensemble Precipitation
e MU: Moisture uptake

¢ MWYVRT: Mean water vapour residence time

e NASH: North Atlantic Subtropical High

e NEPAC: Central and East North Pacific Ocean basin

e NHC: US National Hurricane Center

e NIO: North Indian Ocean basin

e OISST: Optimum Interpolation Sea Surface Temperature



Xix

QuikSCAT:: Quick Scatterometer Satellite
PDO: Pacific Decadal Oscillation

ROCI: Radius of the outermost closed isobar
SC: Sources Contributions

SEAM: Southeastern African Monsoon

SIO: South Indian Ocean basin

SPO: South Pacific Ocean basin

SST: Sea Surface Temperature

TC: Tropical cyclone

US: United States

UTC: Universal Time Coordinated

WMO: World Meteorological Organization
WNP: Western North Pacific Ocean basin
WNPMT: Western North Pacific monsoon trough
WRF: Weather Research and Forecasting

WYVRT: Water vapour residence time



CHAPTER

Introduction

1.1 Atmospheric branch of the hydrological cycle

The hydrological or water cycle is a complex scheme that depicts the transport of water and
its conversion under different statuses as it circulates through both local and global systems (WMO,
2012). In essence, it is an extremely complicated dynamic phenomenon because it occurs through
a wide range of Earth processes associated with the atmosphere, land, oceans, and life on Earth
(Chen and Wang, 2018), such as evaporation from the land, sea, or inland water, cloud-forming
condensation, precipitation, interception, infiltration, percolation, runoff, soil water accumulation, or
water body accumulation, and re-evaporation (Peixoto and Oort, 1992; Palazzi and Provenzale, 2016),

as shown in Figure 1.1.

The atmospheric branch of this cycle plays a key role as a natural conveyor of water bodies
(oceans, rivers, and lakes), evaporation, and continental precipitation (Gimeno et al., 2020). Water
that falls on a specific area as precipitation can be the result of local evaporation or transpiration
or driven by atmospheric winds from remote oceanic or terrestrial sources (Dirmeyer and Brubaker,
1999). Early studies (for example, Baumgartner and Reichel., 1975) found that oceans hold ~ 97%
of the global water resources, and evaporation over oceans is greater than precipitation over oceans,
which leads to oceans playing an important role in moisture supply for precipitation over the continents
(Gimeno et al., 2010). According to VanDerEnt et al. (2010) and VanDerEnt and Savenije (2011),
water vapour from ocean regions accounts for ~60% of the moisture that precipitates over land, while

the remaining ~40% comes from terrestrial evaporation and regional recycling processes.

Several authors have investigated the source-sink relationship (for example, Gimeno et al., 2010;
VanDerEnt et al., 2014; Keys et al., 2016; Sori et al., 2017; Gimeno et al., 2020; Vazquez et al., 2020),
identified geographical regions that act as moisture sources for precipitation over specific areas, and

established the main mechanisms for moisture transport (for example, Gimeno et al., 2016, 2020).



Chapter 1. Introduction 2

To identify the origin of moisture that produces precipitation over a specific region and moisture
transport patterns, authors have commonly applied Eulerian and Lagrangian approaches (Gimeno
et al., 2012, 2020, and references therein) or stable water isotopes (Gedzelman et al., 2003; Jouzel
et al., 2013; Allen et al., 2017). Lagrangian frameworks have been widely used because of their ability
to determine long-term moisture sources (Gimeno et al., 2010, 2020). Previously, Gimeno et al. (2012)
noted that Lagrangian techniques are the most suitable for evaluating the origin of precipitation over
land.
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Figure 1.1: Schematic diagram of the water cycle from the United States Geological Survey (USGS;
https://www.usgs.gov/media/images/water-cycle-png).

The hydrological cycle in tropical regions differs from that in other geographical areas, and it is
characterised by the highest energy inputs and faster rates of change (Wohl et al., 2012). Tropical
cyclones (TCs) are one of the most relevant elements of the hydrological cycle in tropical and sub-
tropical latitudes (Dominguez and Magana, 2018) because they cool the ocean and act as drought
busters over continents (Maxwell et al., 2012; Brun and Barros, 2014). The role of TCs in the hydro-
logical cycle has been investigated in several studies (for example, Prat and Nelson, 2016; Xu et al.,
2017; Franco-Diaz et al., 2019; Fernandez-Alvarez et al., 2020), and the findings indicated that TCs

contribute ~6 to 9% of the annual amount of precipitation over the affected regions.

Understanding the processes that modulate the evaporation of water and moisture transport
throughout the atmosphere is a challenge for atmospheric sciences, particularly under global warming
(Gimeno, 2013). The relationship between the moisture distribution and surface energy balance
implies a link between moisture and temperature. Recent studies have shown that rising sea surface
temperature (SST) due to global warming leads to areas of intensified evaporation around the world,
thus producing and affecting moisture transport and total precipitation over continents (Shi and
Durran, 2015; Giorgi et al., 2019). According to the Clausius—Clapeyron relationship (O’Gorman

and Muller, 2010), atmospheric water vapour will increase by 6-7% per degree of SST warming,
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thereby strengthening horizontal moisture transport (Held and Soden, 2006; Allan et al., 2020) and
the contribution of oceanic evaporation to continental precipitation (Findell et al., 2019), as illustrated
in Figure 1.2. In addition, upward global trends in T'C-associated rainfall have been projected (Kossin,
2018).
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Figure 1.2: Schematic representation of the intensification of the hydrological cycle. Increasing
sea surface temperatures (SSTs) under global warming suggest an increase in evaporation rates, thus
favouring an increase in the moisture content in the atmosphere and precipitation.

1.2 Brief description of tropical cyclone structure

TCs are intense rotating vortices and low-pressure atmospheric systems with warm cores, or-
ganised deep convection, and closed low-level circulation that form over the tropical and subtropical
North Atlantic Ocean (NATL), Central and East North Pacific Ocean (NEPAC), western North Pa-
cific Ocean (WNP), North Indian Ocean (NIO), South Indian Ocean (SIO), and South Pacific Ocean
(SPO). Figure 1.3 shows the boundaries for each basin.

Approximately 80 to 90 TCs form globally every year, and the annual global rate has been
remarkably steady since reliable global best-track data have been recorded (Frank and Young, 2007;
Schreck IIT et al., 2014; Walsh et al., 2015). The WNP basin accounts for ~31% of the global annual
TCs, followed by the NEPAC (~20%), SIO (~17%), NATL (~16%), SPO (~11%), and NIO (~5%)
(Schreck IIT et al., 2014). Overall, the Northern Hemisphere hosts approximately 70% of the total
global TCs, whereas the Southern Hemisphere accounts for the remaining ~30% (Ramsay, 2017).
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According to Gray (1968), TC genesis depends on several large-scale features of the atmosphere
and ocean, such as a pre-existing low-level cyclonic disturbance with at least 5° of latitude from the
Equator, conditional instability, high water vapour content in the low- and mid-troposphere, weak
vertical wind shear, and SSTs higher than 26.5°C to a depth of approximately 40 to 60 m. These

factors are necessary but not sufficient for cyclogenesis (Wang, 2015).
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Figure 1.3: Boundaries of tropical cyclone basins. NATL: North Atlantic Ocean, NEPAC: Central
and East North Pacific Ocean, WNP: western North Pacific Ocean, NIO: North Indian Ocean, and
SIO: South Pacific Ocean.

Based on the Saffir-Simpson wind scale, TCs are classified into tropical depressions, tropical
storms, and Category 1 to Category 5 hurricanes, as shown in Table 1.1. TCs categorised as Category

3 hurricanes or higher are also known as major hurricanes (MHs).

Table 1.1: Saffir-Simpson tropical cyclones wind scale adapted from the United States National
Hurricane Center (https://www.nhc.noaa.gov/aboutsshws.php). The maximum sustained surface
wind speed (Vinqz) is the average wind within 1-minute at the standard meteorological observation
height of 10 m. TD: Tropical Depression, TS: Tropical Storm, Hy, N=1,2,3,4,5: Category 1 to
Ccategory 5 hurricanes.

Category Vinaz Types of Damage
TD < 17m/s -
TS 17 < Ve <33 m/s -
H, 33 < Vinaz < 43 m/s  Very dangerous winds will produce some damage
Hoy 43 < Vipaz < 50 m/s  Extremely dangerous winds will cause extensive damage
Hj 50 < Vipar < 58 m/s  Devastating damage will occur
Hy 58 < Vipazr < 70 m/s  Catastrophic damage will occur
Hs > 70 m/s Catastrophic damage will occur

Figure 1.4 shows a schematic representation of the mature TC structure. As shown, TCs are
formed by eyewall clouds that surround the largely cloud-free eye at the centre of the storm, spiral
bands of deep convection outside the eyewall, and dense cirrus overcast in the upper troposphere (Vogl,
2009). Overall, a TC can be considered a giant vertical heat engine supported by mechanisms driven by

physical forces, such as Earth’s rotation and gravity. The flow in a TC is separated into two circulations
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(Figure 1.5). Primary circulation is a horizontal quasi-symmetric circulation superposed by thermally
direct vertical circulation (secondary circulation). The combination of these two circulations leads to

spiralling motion of TCs, which is often notable in cloud patterns from satellite and radar products.
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Figure 1.4: Schematic cross-section of the structure of a typical tropical cyclone from the United
States National Weather Service (https://www.weather.gov/jetstream/tc_structure).
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Figure 1.5: Schematic representation of the primary and secondary circulations of a tropical cyclone.
Figure adapted from Smith and Montgomery (2016).

Mature TCs are known to be stable. Therefore, by considering a stationary system ( % =0) and

neglecting the radial velocity (u=0), the gradient wind balance (Eq. 1.1) is assumed, establishing the

primary circulation.
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2, LOP
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por
where v is the tangential wind speed, r is the radial distance from the TC centre, P is the pressure,
and f is the Coriolis parameter. Willoughby (1990) demonstrated that considering the tangential

circulation of the TC in gradient wind balance in the free atmosphere is a good approximation strategy.

Nevertheless, Figure 1.5 shows that a reduction in the tangential wind speed due to surface
friction causes a reduction in the centrifugal and Coriolis forces. Therefore, the pressure gradient
force is higher than the sum of the two outwards pointing forces, and the parcel of air moves inward
towards the eyewall, resulting in convergence of the cyclonic boundary layer flow. This process favours
the formation of secondary circulation, in which the air moves from the periphery towards the TC
core and ascends in the eyewall. The angular momentum and equivalent potential temperature are
conserved during the upward motion of the air parcel. This strong upflow transports moist air to
the upper levels. Despite losses due to surface friction and radiative cooling, secondary circulation
supplies the storm of angular momentum and heat energy needed to maintain and intensify the primary
circulation (Malkus and Riehl, 1960).

1.3 Role of water vapour in tropical cyclones

Early studies highlighted the role played by atmospheric moisture availability in the genesis
and intensification of TCs (for example, Gray, 1968; Anthes, 1982; Emanuel, 1987; Gray, 1998;
Montgomery and Farrell, 1993; Hendricks et al., 2004). According to Montgomery et al. (2006) and
Wang (2014), moist convection is the primary factor driving TC formation and development. Low
water vapour content inhibits medium and low-level vortices from becoming TCs, as revealed in the

sensitive experiments performed by Yoshida et al. (2017).

Braun (2006) noted that the water budget of a mature T'C is mainly controlled by the advection
of water vapour and net condensation. Based on high-resolution numerical simulations, the vertically
integrated inward moisture flux supplies substantial moisture for total condensation, increasing from
tropical wave stage to mature TC, while local evaporation exhibits an opposite pattern (Fritz and
Wang, 2014). Similarly, theoretical studies (for example, Emanuel et al., 2004; Kimball, 2006; Ge et al.,
2013) have demonstrated that high environmental moisture favour TC intensification. Nevertheless,
several research studies (Tao and Zhang, 2014; Wang et al., 2009; Ying and Zhang, 2012) have shown

that excess moisture may also limit TC strength owing to the formation of outer rain bands.

TCs induce heavy precipitation, which mostly depends on atmospheric moisture content, and
this process has received attention from researchers as a key component of the TC water budget.
Previously, Wei and Ji-Long (2012) pointed out that a reduction in atmospheric moisture causes a
dramatic reduction in TC precipitation owing to a decrease in moisture convergence. A recent study
performed by Makarieva et al. (2017) revealed that TC precipitation could not be fully explained
by local evaporation, which is consistent with Montgomery and Smith (2017), who showed that TC

precipitation is mainly favoured by secondary circulation transporting moisture inward. Moreover,
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the TC rainfall area is closely related to the TC wind field, with heavy precipitation generally confined

to the area within the outermost closed isobar (Matyas, 2010).

1.4 Scope of this thesis

As noted above and confirmed by Fujiwara et al. (2017) using a cloud-resolving regional model
and Lagrangian diagnostics, the main fuel for TCs is latent heat released from the condensation of
water vapour. Although the ocean is the primary source of water vapour for TCs through evaporation,
TCs can also gain moisture from terrestrial regions, especially from those located in the western or

southern branches of TC spiral bands, as shown in Xu et al. (2017).

The role of secondary circulation of TCs, which transport moisture from the periphery towards
the eyewall, suggests that specific oceanic or terrestrial regions act as the main moisture sources for
a TC, depending on its location. While several studies (for example, Braun, 2006; Ge et al., 2013;
Wang, 2014; Huang et al., 2014; Makarieva et al., 2017; Xu et al., 2017) have focused on the water
budget of TCs, methods of identifying the origin of moisture for TCs genesis and development have
been poorly studied. For example, Schumacher and Galarneau Jr (2012) quantified the moisture
transported by two TCs formed in the NATL basin; Kudo et al. (2014) highlighted that the water
vapour contributed from remote oceans accounted for a large fraction of the total precipitable water of
TC Man-yi, which formed in 2007 over the WNP, and Pazos and Gimeno (2017) applied a Lagrangian
approach to identified the origin of moisture for TCs formed in the NATL between the Lesser Antilles

arc and the western coast of Africa.

Although previous studies that investigated the moisture sources for TCs addressed the contribu-
tion of atmospheric moisture to TCs, they did not provide a complete overview of the different phases
of TC development over each basin. Therefore, this PhD thesis aims to identify the moisture sources
for precipitation associated with tropical cyclones during the genesis, lifetime maximum intensity,
and dissipation stages over each basin from 1980 to 2018 by applying a Lagrangian moisture source

diagnostic method.

Following Gimeno (2013) and Gimeno et al. (2012), the diagnosis of TC sources and transport
could provide a better understanding of future changes in precipitation associated with TCs due to
global warming. Furthermore, identifying the origin of moisture during the different life stages of TCs
is necessary to improve numerical TC prediction models and provide a better understanding of the

global hydrological cycle.



CHAPTER

Objectives

This chapter presents the objectives to be achieved in this work. The main objective of the

current study is to model moisture transport associated with tropical cyclones.

This thesis focuses on the identification of source regions of moisture for precipitation associated
with TCs during the genesis, lifetime maximum intensity (LMI), and dissipation stages. The intensity
and spatial location of these moisture source regions are particularly relevant because an increase (or
decrease) in moisture availability can lead to higher (or lower) moisture transport and, therefore, a
higher (or lower) total amount of precipitations produced by TCs, which could be useful for forecasters

for warning outlooks.

2.1 Specific objectives

To drive the study, a set of specific objectives were followed, as listed below:
1. Developing a climatology of the outer radius of tropical cyclones.

Determining the target region is a critical step for investigating the moisture sources for weather
systems, such as TCs, and in this work, the area enclosed by the TC size was assumed as
the region of interest. Although several metrics (e.g., radius of gale force or radius of the
outermost closed isobar) have been used as a measurement for TC size, they are generally
missing in historical records during the genesis and dissipation stages of TCs. Therefore, a
climatology of the outer radius of TCs was performed. This objective is addressed in articles
titled “Comparative climatology of outer tropical cyclone size using radial wind profiles” (Pérez-
Alarcon et al., 2021c¢) and “Dataset of outer tropical cyclone size from a radial wind profile”
(Pérez-Alarcon et al., 2022d) published in Weather and Climate Extremes and Data in Brief,

respectively.


http://doi.org/10.1016/j.wace.2021.100366
http://doi.org/10.1016/j.dib.2022.107825
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2. Performing a cluster analysis to determine the main zones where the genesis, in-

tensification and dissipation of tropical cyclones occur.

Because TCs can form in a wide area across tropical oceans and present long trajectories, i.e., in
the NATL and WNP basins, the genesis, LMI, and dissipation locations of TCs were grouped in
each basin by applying the K-means clustering technique. Therefore, a moisture source analysis

was performed for each cluster in each basin.

3. Identifying the moisture sources in each basin for the precipitation associated with

tropical cyclones during their different phases of development.

The relative importance of environmental parameters for TC activity and the spatial distribu-
tions of TCs locations during the genesis, LMI, and dissipation stages can be very different
in each ocean basin or even in different regions of the same basin (for example, Zhao et al.,
2018; Shan and Yu, 2020). Therefore, we separately performed the Lagrangian moisture source

analysis for each cluster, phase, and basin.

These last two specific objectives (2 and 3) are addressed in three papers titled “Where does
the moisture for North Atlantic tropical cyclones come from?” (Pérez-Alarcon et al., 2022¢)
for the North Atlantic basin published in Journal of Hydrometeorology, “Moisture source iden-
tification for precipitation associated with tropical cyclone development over the Indian Ocean:
a Lagrangian approach” (Pérez-Alarcon et al., 2022¢) for the Indian Ocean basins published
in Climate Dynamics; and “Moisture source for the precipitation of tropical cyclones over the
Pacific Ocean through a Lagrangian approach” (Pérez-Alarcon et al., 2023) for Pacific Ocean

basins published in Journal of Climate.

4. Estimating the mean water vapour residence time for the precipitation associated

with tropical cyclones.

The time taken by water vapour from evaporation to precipitation is a relevant characteristic
of the hydrological cycle (VanDerEnt and Tuinenburg, 2017; Gimeno et al., 2021). As TCs play
a crucial role in the water cycle in tropical and subtropical regions, the mean water vapour
residence time (MWVRT) for the precipitation associated with TCs in each basin was also es-
timated to have new insights into the origin of moisture for TC-related rainfall. This objective
was attended in the paper titled “Estimation of mean water vapour residence time during trop-
ical cyclones using a Lagrangian approach” (Pérez-Alarcon et al., 2022a) published in Tropical

Cyclone Research and Review.

5. Identifying the moisture sources for the precipitation during the genesis and inten-

sification of individual cases of tropical cyclones.

The genesis and evolution of individual TCs differ (Ren et al., 2014). Thus, the relationship
between the TC trajectory and precipitation moisture sources must be better understood to
improve the knowledge about the mechanism governing the moisture transport of individual
TCs. This objective is addressed by investigating the moisture sources for six TCs formed in

the NATL basin in the article titled “Moisture sources for precipitation associated with major


http://doi.org/10.1175/JHM-D-21-0117.1
http://doi.org/10.1175/JHM-D-21-0117.1
https://doi.org/10.1007/s00382-022-06429-4
https://doi.org/10.1007/s00382-022-06429-4
https://doi.org/10.1007/s00382-022-06429-4
https://doi.org/10.1175/JCLI-D-22-0287.1
https://doi.org/10.1175/JCLI-D-22-0287.1
http://doi.org/10.1016/j.tcrr.2022.08.001
http://doi.org/10.1016/j.tcrr.2022.08.001
http://doi.org/10.1029/2021JD035554
http://doi.org/10.1029/2021JD035554
http://doi.org/10.1029/2021JD035554
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hurricanes during 2017 in the North Atlantic basin” (Pérez-Alarcon et al., 2022b) published in
Journal of Geophysical Research: Atmospheres.
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CHAPTER

Data and Methodology

3.1 Datasets

3.1.1 Tropical cyclone best-track archives

The position and intensity of each TC were extracted from best-track archives. The United States
(US) National Hurricane Centre (NHC) provided the HURDAT?2 database (Landsea and Franklin,
2013) for the NATL and NEPAC basins, while the US Joint Typhoon Warning Center (JTWC)
provided historical records of TCs for the remaining basins (Chu et al., 2002). These databases
include the position of TCs in latitude and longitude, maximum sustained wind speed, and minimum
sea level central pressure during synoptic times (00, 06, 12, and 18 UTC). Non-synoptic time records
are also available in the HURDAT?2 dataset to indicate landfall and intensity maxima (Landsea and
Franklin, 2013). Both the NHC and JTWC registered the intensity of TCs based on the average wind
for 1-minute instead of 10- or 3-minutes. The HURDAT2 and JTWC archives are freely available at
https://www.nhc.noaa.gov/data/#hurdat and https://www.usno.navy.mil/NOOC/nmfc-ph/RSS/
jtwc/best_tracks/TC_bt_report.html. Furthermore, these datasets are hosted in the International
Best Track Archive for Climate Stewardship (IBTrACS) project (Knapp et al., 2010, 2018). Although
other agencies provide historical records of the activity of TCs in the WNP, NIO, SIO, and SPO basins,
that is, the China Meteorological Administration, the Regional Specialised Meteorological Centre of
Tokyo, the Indian Meteorological Department, and the Bureau of Meteorology, the usage of records

from US agencies ensures homogeneity in the maximum wind speed records.

Despite long-term datasets of TC records, changes in observational methods have limited the
reliable detection of climatic signals in TC activity (Emanuel, 2021). Several authors noted that after
the beginning of the meteorological satellite era in the 1970s, TC records were of high quality for
climatic studies (for example, Vecchi and Knutson, 2008; Kossin et al., 2013; Bhatia et al., 2019).

Although the climatological analysis of TC size based on radial wind profiles was performed since


https://www.nhc.noaa.gov/data/#hurdat
https://www.usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/best_tracks/TC_bt_report.html
https://www.usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/best_tracks/TC_bt_report.html
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records began in each basin, the study period for the Lagrangian analysis of moisture sources was
from 1980 to 2018 because data from ERA-Interim were only available until August 2019.

3.1.2 ECMWF ERA-Interim reanalysis

The ERA-Interim dataset is a global reanalysis generated by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Dee et al., 2011). This reanalysis was performed using a data
assimilation system based on the Integrated Forecast System (IFS) released in 2006, and it includes a
4-dimensional variational analysis with a 12-hour analysis window. ERA-Interim reanalysis data
can be obtained from https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/

era-interim.

Data from the ERA-Interim reanalysis from 1980 to 2018, which were recorded every 6 hours
with 1° x 1° horizontal resolution and 61 vertical levels from 0.1 to 1000 hPa, were used to feed
the FLEXPART model. The three-dimensional wind field, specific humidity and temperature, two-
dimensional total cloud cover, eastern/western and northern/southern surface stress, 10 m horizontal
wind components, large-scale and convective precipitation, 2 m temperature, dew point temperature,
surface pressure, sub—grid standard topography deviation, topography, sensible heat flux, land-sea

mask, and eastward /northward vertically integrated moisture flux were used.

3.1.3 Sea surface temperature

The US National Oceanic and Atmospheric Administration provided the Daily Optimum Interpo-
lation Sea Surface Temperature (OISST) dataset v2.1 (Banzon et al., 2020; Huang et al., 2021). This
dataset combines daily data from different platforms, namely, satellites (from the Advanced Very High
Resolution Radiometer), ships, buoys, and Argo floats, into a regular global grid of 0.25° x 0.25° spatial

resolution. This is available at https://www.ncei.noaa.gov/products/optimum-interpolation-sst.

3.1.4 Precipitation data

Daily precipitation data were extracted from the Multi-Source Weighted-Ensemble Precipitation
(MSWEP) database with a grid spacing of 0.1° x 0.1° and temporal resolution of three hours, and it
covered the temporal period from 1979 to seven months from the present (Beck et al., 2017, 2019). The
MSWEP merges observations from a wide range of data sources, namely, ~13762 gauges across the
globe, satellite, and reanalysis data, to eliminate systematic biases. Therefore, this is a high-quality
precipitation estimate. Precipitation from this dataset was used to determine the onset and demise
of the Indian Summer Monsoon (ISM), East Asian Summer Monsoon (EASM), North Australian
monsoon (NAM), and Southeastern African Monsoon (SEAM). The MSWEP database is available
upon request in http://www.gloh2o0.org/


https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
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3.2 Methodology

3.2.1 Outer radius of tropical cyclones

The size of TCs is an important structural parameter (Jaiswal et al., 2019), and its estimation
is crucial for identifying the origin of moisture for precipitation. Several metrics have been defined to
estimate the size of TCs; however, the radius of the gale force (R34, radius at which the maximum
wind speed is equal to 34 kt (~17.5 m/s)) (Dean et al., 2009; Wu et al., 2015), and radius of the
outermost closed isobar (ROCI) (Lu et al., 2011; Kilroy and Smith, 2017) have been widely used to
achieve this goal. However, by definition, R34 is frequently missing during the genesis and dissipation
stages of TCs. Likewise, the ROCI is generally missing in the first and last times of TC development
or during a marked weakness of TC. Other authors have assumed that the TC outer radius is the
radial distance from the TC centre at which the tangential wind speed is equal to 15 m/s (Cocks and
Gray, 2002), 12 m/s (Chavas and Emanuel, 2014) or 2.5 m/s (Knaff et al., 2014). The latter approachs
are based on the QuikSCAT global near-surface wind vector database, which has been available only
since 1999.

To fill these gaps and use a homogeneous TC size approach across the study period, many radial
wind profiles were applied to define the TC outer radius, which followed the definition of TC size
by Knaff et al. (2014). Several radial wind profiles (for example, Holland, 1980; DeMaria, 1987;
Willoughby et al., 2006; Emanuel and Rotunno, 2011; Frisius et al., 2013; Holland et al., 2010; Wood
and White, 2011; Wood et al., 2013) have been developed to depict the radial distribution of tangential
wind speed of TCs. The first approximations were based on the Rakine combined vortex (for example,
Deppermann, 1947) and rectangular hyperbolas (Schloemer, 1954; Holland, 1980), whereas the most
recent approach involved many parameters, namely, scaling and statistical parameters (for example,
Willoughby et al., 2006; Emanuel and Rotunno, 2011; Frisius et al., 2013).

Holland (1980) improved the relationship of Schloemer (1954) and proposed one of the most
widely used radial wind profiles of TCs:

oV [(@n)*’el—m)br“” (3.1)

where v is the wind speed at a distance r from the centre, 7, is the radius of the maximum winds,
Vinaz 1s the maximum wind speed, and b is a parameter that ranges between 1 and 2.5. The 7, in the
NATL and NEPAC was computed using the empirical formula proposed by Willoughby et al. (2006).
In the other basins, it was estimated following Tan and Fang (2018). Following Kowaleski and Evans
(2016), b = 2. Meanwhile, DeMaria (1987) developed a radial wind profile given by

-G
v = Viae (7’) e( ! ) (3.2)

T'm

where ¢ = 0.63 and d = 1 according to Kowaleski and Evans (2016).



Chapter 3. Data and Methodology 14

The main limitations of the Holland (1980) wind profile are the (i) unrealistically strong winds in
the eyewall compared to observations and (ii) rapid decay of the tangential wind with increasing radial
distance from the T'C centre (Wood et al., 2013). Willoughby et al. (2006) addressed the shortcomings
of Holland (1980) and proposed a parametric radial wind profile designed to fit observational data

from reconnaissance aircraft. This profile is given by

Vinaa (%) r<r
v=49 Vi(l—w)+Vow 1 <r<rg (3.3)

T_Tm —Tm
2

Viaz [(1 —Ae ™+ AeiTT] T > Ty

where n, A, X1, and X, are parameters associated with T'C intensity, V; and V) are the tangential wind
speeds at r; and ro radii, respectively, and w is a weight function. Holland et al. (2010) highlighted
that the Willoughby et al. (2006) profile accurately fits known profiles.

In addition, this thesis includes the wind profiles developed by Emanuel and Rotunno (2011) and
Frisius et al. (2013). The parametric wind profile proposed by Emanuel and Rotunno (2011) is as

follows.

~ 2r(rmVimae + 0.5fr2) fr
v = rgn n 7"2 7 (34)

where f denotes the Coriolis parameter. Frisius et al. (2013) developed another radial wind profile:

-
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where Cy is the surface drag coefficient and C is the surface transfer coefficient for enthalpy.

(3.5)

Using five previously described radial wind profiles (Holland, 1980; DeMaria, 1987; Willoughby
et al., 2006; Emanuel and Rotunno, 2011; Frisius et al., 2013), a climatology analysis was performed
to determine the outer radius of each TCs at 6-hour interval. This outer radius was then used to

delimit the target region during Lagrangian identification of the moisture sources.

3.2.2 Cluster analysis

To gain a complete overview of the moisture sources for the TC precipitation during the genesis,
LMI, and dissipation stages, TCs were grouped during each stage by applying the K-mean cluster
analysis technique (MacQueen et al., 1967; Jain and Dubes, 1988; Jain, 2010). This method is one
of the simplest and most extensively used unsupervised machine learning algorithms (Kim and Seo,
2016). K-means proceeds as follows: (i) K centroids are randomly selected to group each sample into

different classes, (ii) the Euclidian distance is computed between each sample in the dataset and the
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centroids, and (iii) each sample is assigned to the closest centroid based on the minimum distance
from the centroids. This process is iterative until the squared error between the empirical centroid of

a cluster and points in the cluster is minimised.

As input parameters, the K-means algorithm requires a cluster number K and data points.
According to Jain (2010), the selection of K is the most critical choice because an increase in the
number of clusters leads to a decrease in squared error. Therefore, K is objectively selected based
on the geographical distribution of clusters and by applying the Silhouette coefficient (Sinnott et al.,
2016; Belyadi and Haghighat, 2021). The Silhouette coefficient for a single sample (X;) is computed
using Eq. 3.6

s(i) = 20 —ald) (3.6)

max{a,b}
where a(i) denotes cluster cohesion, which is defined as the average distance from X; to other data
points within the same cluster, and b(4) is the cluster separation, which is defined as the mean distance
between X; and all data points within the nearest cluster. The Silhouette coefficient ranges between
-1 and 1. When S(i) — 1, X; is correctly assigned to a cluster; S(i) = 0, X; is on or very close to the
decision boundary between two neighbouring clusters; and S(:) — —1, X; is assigned to an incorrect

cluster.

This cluster technique has been previously applied to TCs for classifying their genesis, track, and
decay locations in the NATL basin (Corporal-Lodangco et al., 2014), identifying the landfall regions of
TCs in the whole NATL (Pérez-Alarcon et al., 2021b) and for Cuba (Coll-Hidalgo and Pérez-Alarcon,
2021), detecting interdecadal changes in the genesis of TCs over WNP (Ye et al., 2022), and grouping
TC trajectories in the WNP (Yu et al., 2016) and NIO (Rahman et al., 2018) basins.

3.2.3 Identification of the onset and demise of the monsoon season

Several regions of TC activity (e.g., NIO, SIO, and WNP) are influenced by monsoon systems;
therefore, it is important to investigate how the changes in the atmospheric circulation induced by the
monsoon systems influence the moisture sources for TC precipitation. The Indian Summer Monsoon
(ISM) is part of the Asia Summer Monsoon, which is the most important monsoon system in the world
(Liu et al., 2019b), and causes changes in atmospheric circulation patterns over the NIO basin. TC
activity over the NIO basin has a bimodal distribution, with peaks of activity during the pre-monsoon
(May-June) and post-monsoon (October-November) seasons (Krishna, 2009; Yanase et al., 2012; Li
et al., 2013).

According to Misra et al. (2018), the onset and demise of the ISM vary annually. Therefore, to
objectively identify the linkages between the monsoon season and the intensity and spatial pattern of
moisture sources for TC precipitation, the onset and demise of the monsoon system were computed
following Noska and Misra (2016). Monsoon onset (demise) is defined as the first day of the year after
the minimum (maximum) daily cumulative anomaly (C/,) of the average rainfall over a specific area

(A). The C/, for day i of year m is given by
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Cra(i) = [Dm(n) — R] (3.7)
where,
] M N
R.= UN mZ:1 7;1 D(m,n) (3.8)

R. is the climatology of the annual mean rainfall over A for N days for M years and D,,(n) is the

daily rainfall over A for day n of year m.

Here, the onset and demise of the East Asian Summer monsoon (EASM), Southeastern African
Monsoon (SEAM), and North Australian Monsoon (NAM) were also estimated. The area A corre-
sponds to the limited regions (7° to 22° N, 73° to 90° E), (5° to 45° N, 90° to 125° E), (0° to 40° S,
25° to 50° E) and (10° to 22° S, 110° to 140° E) for the ISM, EASM, SEAM, and NAM, respectively.

3.2.4 FLEXPART model simulations

The FLEXible PARTicle dispersion model (FLEXPART) is a Lagrangian transport and particle
dispersion model that was first developed in the 1990s (Stohl et al., 1998; Stohl and Thomson, 1999)
to investigate the long-range and mesoscale dispersion of hazardous substances from point sources.
The FLEXPART model is also a useful tool for atmospheric transport modelling and analysis (Stohl
et al., 2005), that is, for investigating the global or regional water cycle (Gimeno et al., 2012, 2020).
Moreover, this model includes a set of parameterisations but the parameterisation of turbulence and

convection are particularly relevant in the simulation of the effects of humidity.

In this thesis, global simulations of FLEXPART v9.0 developed by the Environmental Physical
Laboratory (EPhysLab) research group of the University of Vigo (Spain) were used. The outputs
of this Lagrangian model have been used in several studies to investigate the moisture source-sink
relationships. For example, the outputs have been used to investigate moisture sources for extreme
precipitation events (Liberato et al., 2012; Vazquez et al., 2020; Sun and Wang, 2014), moisture
transport from oceans to continents (Gimeno et al., 2010; Gimeno, 2013, 2014; Gimeno et al., 2015;
Drumond et al., 2014; Ciric et al., 2018; Gimeno et al., 2020), low-level jets (Algarra et al., 2019a,b),
and the origin of atmospheric humidity for atmospheric rivers (Algarra et al., 2020; Ramos et al.,
2016). The full list of studies of the EPysLab group that have used the global outputs of FLEXPART
v9.0 can be found at https://ephyslab.uvigo.es/moisturetransport/index.php/Publications.
The model source code is available at https://flexpart.eu/. Recently, Pisso et al. (2019) launched
FLEXPART v10.4, which is forced with the ECMWF fifth-generation reanalysis product (ERA-5;
Hersbach et al., 2020); however, it requires a long computing time to perform global simulations for
the entire study period. Nonetheless, the EPhysLab research group is now performing FLEXPART
v10.4 simulations forced with the ERA-5 reanalysis.

For this thesis, FLEXPART v9.0 was fed by the ECMWF ERA-Interim reanalysis; however, it can

also be forced with data from the US National Centers of Environmental Prediction Global Forecast


https://ephyslab.uvigo.es/moisturetransport/index.php/Publications
 https://flexpart.eu/

Chapter 3. Data and Methodology 17

System. For the global simulations performed in EPhysLab, the atmosphere was homogeneously
divided into approximately 2 million air parcels with a constant mass. The model requires three-
dimensional wind temperature and specific humidity fields as inputs to the ECMWF vertical hybrid
coordinate system. It also requires several two-dimensional variables, such as surface pressure, total
cloud cover, 10 m horizontal wind components, 2 m temperature, and dew point temperature. The
model outputs were recorded at 6-hour intervals containing the information of each parcel, that is,

position in latitude and longitude, height, topography, and specific humidity.

3.2.5 Lagrangian moisture source diagnostic method

According to the Lagrangian approach, the atmosphere is divided into a finite number of homoge-
neously distributed parcels, for which the position and properties are known at every time step (Stohl
and James, 2004, 2005). Therefore, an air parcel was advected by the 3D wind field according to the
trajectory equation (Eq. 3.9).

i—f = v[Z(t)] (3.9)
where 7 is the parcel’s position and 0[Z(t)] is the wind velocity interpolated in space and time from the
analysis grid to Z(¢). By interpolating the specific humidity (¢) to Z(t) and assuming that the specific
humidity changes only occur by evaporation (e) or precipitation (p) along the parcel trajectory, the

net rate of change of the water vapour content of a parcel is given by

—p=m— 3.10
e~ p=m (3.10)

where m is the mass and (e — p) is the freshwater flux of the parcel. In this approach, the presence of

liquid water and ice in the atmosphere was neglected.

By applying Eq. 3.10, the precipitant parcels over a target region were followed every 6 hours
backward in time. The parcel trajectories were extracted from the global outputs of the FLEXPART
model, the target region was defined at each TC position as the area enclosed by the outer radius
of the TC, and the precipitant parcels were those in which the specific humidity decreased more
than 0.1 g/kg in the 6 hours before until the arrival at the area of interest following Liderach and
Sodemann (2016). In addition, every parcel was backtracked for up to 10 days (240 hours), which is
considered the mean residence time of water vapour in the atmosphere (Numaguti, 1999; VanDerEnt
and Tuinenburg, 2017; Gimeno et al., 2021).
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Figure 3.1: Schematic representation of an air parcel trajectory. Along the trajectory, the parcel
can gain or lose moisture by evaporation or precipitation, respectively. Figure adapted from Laderach
and Sodemann (2016).

The Stohl and James (2004, 2005) approach has been widely used to identify moisture sources and
investigate the source—sink relationship (for example, Gimeno et al., 2016; Algarra et al., 2019a; Nieto
et al., 2019; Gimeno et al., 2020; Vazquez et al., 2020; Sori et al., 2021). Cloux et al. (2021) and Keune
et al. (2022) noted that this approach could overestimate the moisture sources in some cases because
the moisture gained by a parcel over an specific area could precipitate before it reaches the target
region (Figure 3.1). To avoid this issue, Sodemann et al. (2008) quantified the relative contribution
of the sources by proportionally discounting the precipitation along the route to all previous moisture

uptakes, and this approximation was used in Cloux et al. (2021) and Keune et al. (2022).

As previously noted, an air parcel can precipitate before reaching the target region, as illustrated
in the schematic trajectory of the parcel shown in Figure 3.1. Then, starting at the end of the
trajectory (240-hour before) and assuming that evaporation or precipitation dominates in a particular
6-hour interval following Sodemann et al. (2008), the adjusted moisture of the parcel (Ag}) at time

t; after discounting the precipitation in route (Ag;) at time ¢; is given by

A .
Adj = Dgj + Dgi = — (3.11)
ki Ok

where i denotes the parcel position at time t; and j represents the parcel position at time t;_g, t;_12,
<y ti—240. By amassing the final moisture changes (Agj) of all the parcels over area A, the total

moisture uptake (MU) was estimated as follows:

m E]](:VZI qu
A

where N denotes the number of parcels residing over A.

MU = (3.12)
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The moisture source diagnostic method proposed by Sodemann et al. (2008) also provides the
fractional contribution (fc) of each evaporation location along the parcel trajectory to the final pre-

cipitation over the target region, which can be estimated by applying Eq. 3.13:

_ L4
Q
where i denotes the parcel position at time ¢; and @ is the total specific humidity of the parcel that

fei (3.13)

precipitates over the target region. By averaging all the fractional contributions over area A, the

moisture source contributions (SC') was computed.

M
SC = % (3.14)

where M denotes the number of fractional contributions over A.

3.2.6 Lagrangian estimation of the mean water vapour residence time

The time spent by water vapour in the atmosphere from evaporation to precipitation is called the
backward transit time (BTT) or water vapour residence time (WVRT) (Gimeno et al., 2021). Several
metrics have been used to estimate the WVRT, such as turnover time, which is defined as the ratio of
the global average of water vapour and precipitation; depletion time constant, which is defined as the
local ratio of water vapour and precipitation; and metrics that require Eulerian, Lagrangian, or tracer
moisture tracking models (Gimeno et al., 2021). Based on all metrics, the mean WVRT (MWVRT)
globally ranged from to 4-5 to 8-10 days (Trenberth, 1998; Numaguti, 1999; Liderach and Sodemann,
2016; VanDerEnt and Tuinenburg, 2017; Sodemann, 2020). The review paper by Gimeno et al. (2021)
provides a description of all the methods for estimating the MWVRT.

In this thesis, the MWVRT for precipitation associated with TC was estimated following the
Lagrangian approach proposed by Liderach and Sodemann (2016). That is, the WVRT for each
particle was computed by weighting the time between evaporation and final precipitation according
to Eq. 3.15.

T
WVRT =Y fe;-t; (3.15)

i=1
where t ranges from ¢t = 6 to t = 240 at 6-hour intervals and f¢; is the fractional contribution at
time ¢; (Eq. 3.13). Then, by averaging the WVRT of all parcels, we estimated the MWVRT for

precipitation at each TC location.

3.2.7 Determination of the mean position of the moisture sources

The annual mean position of the moisture sources for each TC development stage in each cluster

was determined by computing the weighted centroids (lat. and lon.), as described in Nishikawa (2020):
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il wi(laty, lony)
Zszl W

where N is the number of grid points where moisture uptake (MU) occurs and w is the weighted

(late,lon) (3.16)

vector.

MU

- maz{MU} (3.17)
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CHAPTER

Set of publications

4.1 List of publications

This chapter includes a total of 7 publications, with two addressing the global climatology of
TC size based on radial wind profiles; three addressing the identification of moisture sources for the
precipitation associated with TCs during their three well-known stages: genesis, lifetime maximum
intensity, and dissipation; one investigating the MWVRT for the precipitation produced by TCs; and
one studying the moisture sources along the trajectory of six particular TCs formed in the NATL
basin. Table 4.1 provides a summary of each paper and the title, authors, year of publication and
journal where the articles have been published. The articles were not listed in the order of publication,
but in a coherent sequence. Moreover, the supplementary material linked to each article is presented

in Appendix A.

The first article is titled “Comparative climatology of outer tropical cyclone size using radial wind
profiles” by A. Pérez-Alarcon, R. Sori, J.C. Fernandez-Alvarez, R. Nieto, R. and L. Gimeno, pub-
lished in 2021 in Weather and Climate Extremes (Pérez-Alarcon et al., 2021¢). This study performed
a global climatology of TC size based on five radial wind profiles to identify the radial wind profile
that better fits the TC radial structure using observations from the best track archives. From the
analysis, the radial wind profile by Willoughby et al. (2006) was the most skilful for reproducing the

tangential velocity of TCs and, therefore, for estimating the outer radius.

Based on the results of this first article, a dataset of the TC outer radius was generated, which
was published in a second article titled “Dataset of outer tropical cyclone size from a radial wind
profile” by A. Pérez-Alarcén, R. Sori, J.C. Fernandez-Alvarez, R. Nieto, R. and L. Gimeno, and
published in 2022 in Data in Brief (Pérez-Alarcon et al., 2022d). Statistical analysis of this database
revealed that the largest TCs occurred in the NATL basin and the smallest occurred in the NIO.


http://doi.org/10.1016/j.wace.2021.100366
http://doi.org/10.1016/j.wace.2021.100366
http://doi.org/10.1016/j.dib.2022.107825
http://doi.org/10.1016/j.dib.2022.107825
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Furthermore, this dataset was used to determine the target region corresponding to each TC for a

Lagrangian analysis for moisture source determination.

For each oceanic basin, by applying the K-mean cluster analysis technique (as explained in Sec-
tion 3.2.2), the areas for genesis, lifetime maximum intensity (LMI), and dissipation of TCs were
identified. The third article that forms part of this thesis is titled “Where does the moisture for North
Atlantic tropical cyclones come from?”, by A. Pérez-Alarcéon, R. Sori, J.C. Fernandez-Alvarez, R.
Nieto, R. and L. Gimeno; published in 2022 in Journal of Hydrometeorology (Pérez-Alarcon et al.,
2022¢). In this study, by applying the Lagrangian moisture source diagnostic method, the main mois-
ture sources for the precipitation of TC formed over the NATL basin during the genesis, LMI, and
dissipation stages were identified. Although previous studies have performed several analyses of the
water budget of specific TCs, this study is the first to investigate the climatological moisture sources
for TC precipitation. Additionally, this study determined the main moisture drivers of TCs during

each stage.

The fourth article in this thesis is titled “Moisture source identification for precipitation associated
with tropical cyclone development over the Indian Ocean: a Lagrangian approach”, by A. Pérez-
Alarcéon, J.C. Fernandez-Alvarez, R. Sori, R. Nieto, R. and L. Gimeno; published in 2022 in Climate
Dynamics (Pérez-Alarcon et al., 2022¢). By applying a methodology similar to that in the third paper,
this study focuses on determining the origin of moisture that precipitated over the location of TCs
formed over the NIO and SIO basins. In addition, the relationship between moisture sources and the
TC precipitation during monsoon seasons is presented. This study revealed that the moisture sources
for TCs that formed over the NIO were mainly modulated by the monsoon seasons than in the SIO

basin.

The fifth article that forms this thesis is focused on the moisture sources for the TC precipitation
over the Pacific Ocean in the NEPAC, WNP and SPO basins and follows the same methodology as
in the previous papers for other basins. It is titled “Moisture source for the precipitation of tropical
cyclones over the Pacific Ocean through a Lagrangian approach”, by A. Pérez-Alarcéon, R. Sori,
J.C. Fernandez-Alvarez, R. Nieto, R. and L. Gimeno; published in 2023 in Journal of Climate (Pérez-
Alarcon et al., 2023). This study also presents how large-scale and local conditions that favoured
cyclogenesis modulate moisture transport during TC genesis. Likewise, the role played by seasonal
variations in the subtropical pressure highs in the seasonal variation of moisture contributions is also

discussed.

The sixth paper provides a climatological overview of the mean water vapour residence time
(MWVRT) for precipitation associated with TCs in each basin. It is titled “Estimation of mean water
vapour residence time during tropical cyclones using a Lagrangian approach" by A. Pérez-Alarcon,
P. Coll-Hidalgo, J.C. Fernandez-Alvarez, R. Nieto and L. Gimeno; published in 2022 in Tropical
Cyclone Research and Review (Pérez-Alarcon et al., 2022a). This study examined the interbasin
differences in the MWVRT, its annual trend, spatial distribution, and changes 24 hours before and
after TCs made landfall.

The seventh article titled “Moisture sources for precipitation associated with major hurricanes
during 2017 in the North Atlantic basin”, by A. Pérez-Alarcéon, P. Coll-Hidalgo, J.C. Fernandez-
Alvarez, R. Sori, R. Nieto, R. and L. Gimeno, was published in 2022 in Journal of Geophysical


http://doi.org/10.1175/JHM-D-21-0117.1
http://doi.org/10.1175/JHM-D-21-0117.1
https://doi.org/10.1007/s00382-022-06429-4
https://doi.org/10.1007/s00382-022-06429-4
https://doi.org/10.1175/JCLI-D-22-0287.1
https://doi.org/10.1175/JCLI-D-22-0287.1
http://doi.org/10.1016/j.tcrr.2022.08.001
http://doi.org/10.1016/j.tcrr.2022.08.001
http://doi.org/10.1029/2021JD035554
http://doi.org/10.1029/2021JD035554
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Research: Atmospheres (Pérez-Alarcon et al., 2022b). The major hurricanes that formed in the NATL
basin in 2017 were particularly interesting. Harvey caused extreme rainfall amounts in metropolitan
areas of Texas (Emanuel, 2017), Irma was the strongest and costliest hurricane on record in the NATL
basin (Cangialosi et al., 2021), Ophelia formed and intensified in the central North Atlantic Ocean
under relatively cold SSTs (Stewart, 2018), and Jose, Maria, and Lee reached Category 3 on the
Saffir-Simpson wind scale. This study examines the SST anomalies that favoured the development of
these MHs and precipitation along their trajectories. In addition, this study confirms the ability of the
Lagrangian methodology to estimate the precipitation associated with individual TCs because it fits

very well with the rainfall measured from the Global Precipitation Measurement mission (Huffman

et al., 2019).

Table 4.1: List of publications.

Title Authors Year Journal
Comparative climatology of Pérez-Alarcén, A.; Weather
outer tropical cyclone size Sori, R.; 2021 and
using radial wind profiles Fernandez-Alvarez, J.C. Climate Extremes
Nieto, R.; Gimeno, L.
Dataset of outer tropical Pérez-Alarcon, A.; Data
cyclone size from a radial Sori, R.; 2022 in
wind profile Fernandez-Alvarez, J.C.; Brief
Nieto, R.; Gimeno, L.
Where does the moisture for Pérez-Alarcén, A.; Journal
North Atlantic tropical Sori, R.; 2022 of
cyclones come from? Fernandez-Alvarez, J.C.; Hydrometeorology
Nieto, R.; Gimeno, L.
Moisture source identification Pérez-Alarcén, A.;
for precipitation associated with Fernandez-Alvarez, J.C.; 2022 Climate
tropical cyclone development over Sori, R.; Dynamics
the Indian Ocean: a Lagrangian approach Nieto, R.; Gimeno, L.
Moisture source for the Pérez-Alarcén, A.;
precipitation of tropical cyclones over Sori, R.; 2023 Journal of
the Pacific Ocean through Fernandez-Alvarez, J.C.; Climate
a Lagrangian approach Nieto, R.; Gimeno, L.
Estimation of mean water Pérez-Alarcén, A.; Tropical
vapour residence time Coll-Hidalgo, P.; 2022 Cyclone
during tropical cyclones Fernandez-Alvarez, J.C.; Research
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using a Lagrangian approach

Nieto, R.; Gimeno, L.

and Review

Moisture sources for precipitation
associated with major hurricanes
during 2017 in the
North Atlantic basin

Pérez-Alarcon, A.;
Coll-Hidalgo, P.;
Fernandez-Alvarez, J.C.;
Sori, R.;

Nieto, R.; Gimeno, L.

Journal of
2022 Geophysical
Research:

Atmospheres

4.2 Comparative climatology of outer tropical cyclone size us-

ing radial wind profiles

Pérez-Alarcon, A., Sori, R., Fernandez-Alvarez, J.C., Nieto, R., Gimeno, L., 2021. Comparative

climatology of outer tropical cyclone size using radial wind profiles. Weather and Climate Extremes

33, 100366. doi:10.1016/j.wace.2021.100366.

Table 4.2: Summary of the impact and quality of the journal where the first paper that conformed
to this thesis was published. The data correspond to the year 2021 (last year available at the date of
preparation of this document) in the Web of Science (JCR). IF: Impact Factor

Journal Description

Journal Metrics

It is published by Elsevier

Weather and and provides publications on

Climate different aspects of research
Extremes in weather and climate
extremes.

IF: 7.761,
5-year IF: 8.757
Ranking: 10 out of 108 (Q1)
in Meteorology

& Atmospheric Sciences
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ARTICLE INFO ABSTRACT

Keywords: In this study was performed a comparative climatology of outer tropical cyclone (TCs) size using radial wind
Tropical cyclone size profiles. A wind speed of 2 ms™! (~4 kt) was taken as the threshold to define the TC size. The method
Radial wind profiles proposed by Willoughby et al. (2006) (W06) to determine the wind profile showed the least variance and

Tropical cyclones database

. X the smallest coefficient of variation of all profiles. W06 correctly described the radial wind structure of storms
Tropical cyclones climatology

such as Hurricane Irma (2017) and Cyclone Giri (2010), compared with the European Centre for Medium-
Range Weather Forecasts ERA-5 reanalysis data. Thus, W06 was used to develop the climatological TC size
(TCSize) database. It was found that the tropical cyclones are largest when the maximum wind speed ranges
between 20 and 40 ms~! and they most frequently reach a size between 700 and 800 km. The TCs exhibit their
maximum size when they are in extratropical latitudes, while the smallest are observed in the low latitudes
of both hemispheres. The global mean size is 748.7 km with a 95% confidence interval of [748.2,749.2] km.
Median storm size is largest in the North Atlantic basin and smallest in the North Indian Ocean. The method
proposed here is designed to be an objective metric that can be quickly applied to any TC when its position,
maximum wind speed, and minimum central pressure are known. As a result, a TCSize database was created
for all ocean basins, which could be useful for many applications, including different risk analyses.

1. Introduction time constraints under which forecasters operate and the subjectivity
and complexity of the methods make it challenging to issue accurate

The need for a better understanding of the structure of tropical cy- storm size warnings.
clones (TCs) to improve prediction, dynamics and climatological studies Several metrics have been defined to estimate the size of TCs.

makes the determination of the size of TCs increasingly important.
The parameters referring to the TC structure (maximum wind speed,
minimum central pressure and size metrics) should be estimated as
realistic as possible to guarantee forecasts of acceptable quality (Weber
et al., 2014). Therefore, the size of a TC greatly affects the way that
forecasters issue warnings and alerts to the public. If the estimated
affected area by the TC is unreliable due to the size of the TC, the fore-
casts may potentially be incomplete, and livelihoods can therefore be These are defined in a similar way to Rsy, considering the radial
impacted without sufficient warning (McKenzie, 2017). However, the distance in direction of the four quadrants, where the sustained wind

One of the most recognized is the R;, radius, defined as the radial
distance from the centre to the four quadrants (NE: northeast, SE:
southeast, SW: southwest and NW: northwest), where sustained winds
of 34 kt (approximately 17 ms~!) are observed on the surface (Sampson
and Knaff, 2015). This wind radius is taken as the extent of tropical
storm force winds. The Rs, and Rg, radii are also commonly used.
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on surface reaches speeds of 26 ms~! (~ 50 kt) and 33 ms~! (~ 64
kt) respectively. However, the Ry, wind radius is reserved for TCs of
hurricane strength. The combination of Ry, Rs), and Rg, are known as
the TC critical wind radii and are used to approximate the TC wind field
structure (McKenzie, 2017). It is remarkable that, starting in 2004, the
National Hurricane Center (NHC) began to provide poststorm analyses
of the R34, Rsy, and Ry, wind radii (Carrasco et al., 2014).

The radius of outermost closed isobar (ROCI) is another metric
used to estimate the size of TCs. The method for calculating ROCI
was proposed by Merrill (1984) and since then, many researchers have
used ROCI as the first metric of TC size. The ROCI values have also
been recorded by many agencies, such as the JTWC (Joint Typhon
Warning Center) (Chu et al., 2002), while the NHC records ROCI in
the TCVitals (Tropical Cyclone Vitals Database) database. However, the
ROCI has a number of shortcomings that make difficult climatological
studies and interbasin comparisons. Generally, it is subjective estimated
from the available data, and it is method dependent (Knaff et al.,
2014). Moreover, the specific methods used to estimate the ROCI
have changed throughout the years, and such changes are not well
documented. According to Knaff et al. (2014), the ROCI also depends
on the pressure field and the environment where the TC is developed.
For example, the ROCI would be infinity for a vortex with no ambient
flow. Additionally, it is worth noting that the ROCI is only operationally
estimated and not quality controlled after the TC season.

Climatological studies and model simulations (e.g. Cocks and Gray,
2002; Kimball and Mulekar, 2004; Willoughby and Rahan, 2004; Knaff
and Zehr, 2007) have motivated researchers to understand impor-
tant details linked to TC size, such as seasonal and large-scale atmo-
spheric preferences for various-sized storms. Surface wind observations
from scatterometers available on several satellites have led many au-
thors to analyse the wind structure of TCs (Jaiswal and Kishtawal,
2019). Chavas and Emanuel (2010) employed version 3 of the Quick
Scatterometer (QuikSCAT) database (1999-2008) to analyse the global
climatic features of TC size, defined by these authors as the radius
where the winds disappear. Knaff et al. (2014) estimated the radius of
2.5 ms™! (~ 5 kt) from a combination of satellite infrared data and a cli-
matological linear model of the outer wind field. More recently, Chavas
et al. (2016) created a new dataset of the radius of 12 ms~! winds
based on a recently updated version of the QuikSCAT ocean wind vector
database. These authors applied an improved analytical outer wind
model (Emanuel, 2004) to estimate the outer radius of vanishing wind.
This model has been shown to fit very well with observations (Chavas
et al., 2015). On the other hand, Jaiswal and Kishtawal (2019) used the
wind data observed by a scatterometer onboard Oceansat —2 satellite
(OSCAT) to estimate the size of the cyclones formed from 2010-2013
in the North Indian Ocean (NIO).

All of the above mentioned methods provide an estimate of the
size of the TC; however, they depend on observations from satellites,
which hinders the analysis of TCs formed before the start of these mea-
surements. Unfortunately, the size of a TC is very difficult to estimate
directly from observations or numerical models due to the interaction
between the TC circulation and the variability of background flow over
large radii (McKenzie, 2017). Additionally, neglecting the shortcomings
of the ROCI, the data records of R;, and ROCI are too short to create
a TC size climatology. For this reason, in this study, we developed a
database of the size of TCs in every cyclogenetic basin of the planet,
applying an uniform method since records began. This database was de-
veloped based on comparative climatology of the size of TCs estimated
from radial wind profiles that are presented in Section 2.

2. TC radial wind profiles

Several radial wind profiles have been developed to estimate the TC
wind structure. Some of these profiles are relatively simple requiring
two to four parameters (Depperman, 1947; Jelesnianski, 1965; Holland,
1980; DeMaria, 1987; Frisius and Scgonemann, 2013). Recent models
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appear to be more complex but more accurately represent the structure
of a TC (Emanuel, 2004; Willoughby et al., 2006; Chavas et al., 2015;
Olfateh et al., 2017). Here, five radial wind profiles (Holland, 1980;
DeMaria, 1987; Willoughby et al., 2006; Emanuel and Rotunno, 2011;
Frisius and Scgonemann, 2013) are evaluated to calculate the TC size.
A brief description of each profile is provided below.

Holland (1980) (hereafter H80) developed a universal model to
determine the wind profiles for all TCs, given by:

L4705

b= Vmax[(’Tm)bel‘(w) ] &)
where v is the wind speed at a distance r from the centre, V,,,. is the
maximum wind speed, r,, is the radius of maximum winds and b5 is a
parameter ranging between 1 and 2.5. For this study it is assumed b = 2
following Kowaleski and Evans (2016). According to Kepert (2010), the
H80 radial wind profile continues to be one of the most widely used by
forecasters and researchers due to its simplicity and somewhat accurate
representation of the wind structure of a TC.

DeMaria (1987) (hereafter D87) developed the following radial

wind profile:

s
(L>e< ¢ ) )
p

m

v= Vmax
where ¢ = 0.63 y d = 1 according to Kowaleski and Evans (2016).
Willoughby et al. (2006) (hereafter W06) demonstrated that on the
eyewall, the wind increases in proportion to the decrease the radius
until the radius of maximum winds, while in the outer region, the wind
decreases exponentially with the distance to the centre of the storm.
The tangential wind profile is given by:
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where n, A, X, and X, are parameters that are associated with the TC
intensity, V; and V|, are the tangential wind speeds at r,; and r, radius,
respectively, and w is a weight function (see Willoughby et al., 2006).

In Emanuel and Rotunno (2011) (hereafter E11), the parametric
wind profile is given by:

2 Viax +05/10)  fr
B r'zn +r2 2

v 4
where f is the Coriolis parameter. This profile is most applicable
to the region inside of approximately 2.5r, (Morris and Ruf, 2017).
Moreover, Chavas et al. (2015) showed that the outer wind radii tend
to be underestimated by this profile. Despite this fact, E11 was tested
in this research.

Frisius and Scgonemann (2013) (hereafter F13) developed another
radial wind profile:

_%u
r 2y “ fr
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where C, is the surface drag coefficient and Cj; is the surface transfer
coefficient for enthalpy. The separation between the inner and outer
region is not necessary because the solution satisfies the entire vortex,
following F13 Cy /C, = 1.

In all cases, the Coriolis parameter is determined by the storm centre
location coordinates. These radial wind profiles all depend on param-
eters such as the position and maximum wind speed of TCs, which
generally are included in the best-track records of many agencies, such
as the NHC and JTWC, but also depend on the radius of maximum
winds. For North Atlantic (NATL) and Central & East Pacific (NEPAC)

o=
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basins, Vickery and Wadhera (2008) proposed an empirical formula for
., as a function of the minimum central pressure (P,); however, there is
a high percentage of missing P, values in the NATL best-track records
caused by a lack of measurements before the 1950s (Tan and Fang,
2018). For that, r,, will be calculated following the expression proposed
by Willoughby et al. (2006) in these basins :

ry = 46.6¢(-0015 e +0.01690) ®)

where ¢ is the latitude. Additionally, for the North Western Pacific
(WNP, Eq. (7)), NIO (Eq. (8)), South Indian Ocean (SIO, Eq. (9)) and
South Pacific Ocean (SPO, Eq. (10)) the empirical functions of r,, by Tan
and Fang (2018) are used.

r, =—1829-1n(1010 — P,) + 113.23 (@]
r, =—26.73-1n(1013.25 — P,) + 142.41 (€)]
r, =—18.82-1n(1010 — P,) + 111.95 9
r, =—22.31-1n(1010 — P.) 4+ 126.50 (10)

These expressions for the r,, are also a function of P,. Where there
are missing values in the best-track database, Eq. (6) will be used.

3. Data and methodology
3.1. Data availability

To calculate the radial wind profiles of the TCs in the NATL and
NEPAC basins, the NHC HURDAT2 (https://www.nhc.noaa.gov/data/
#hurdat) database (Landsea and Franklin, 2013) was used, while for
the systems formed on the WNP, NIO, SIO and SPO the best-track of the
JTWC (https://www.metoc.navy.mil/jtwe/jtwc.html?best-tracks) was
used. These datasets have a text format which contains the location,
maximum winds, and minimum central pressure of all known tropical
and subtropical cyclones at every six hours. The NATL best-track con-
tains information from 1851 to 2020, the NEPAC one from 1949 to
2020 and the rest of the basins from 1945 to 2019. Furthermore, to
verify the maximum wind radius estimations made in this study using
the Egs. (6) to (10), we use the maximum wind radius operationally
estimated (hereafter R,,) by the NHC for the NATL and NEPAC basins
from the TCVitals database (free available at https://ftp.nhc.noaa.gov/
atcf/archive/), and by the JTWC for the remaining basins. However,
like the ROCI, R, is not poststorm quality controlled.

In addition, the European Centre for Medium-Range Weather Fore-
casts (ECMWF) ERA-5 reanalysis data (Hersbach et al., 2020) were used
for the structure of TC case studies. This reanalysis covers the period
from 1979 to the present and contains data at six-hourly intervals with
a spatial resolution of 0.25° x 0.25° in latitude and longitude. This
dataset is freely available at https://cds.climate.copernicus.eu/cdsapp#
!/home. The TC structure observed in the reanalysis data was compared
with TC size calculated from each radial wind profile. Moreover, the
mean TC size in each basin obtained by Chavas et al. (2016) (hereafter
C16), was used as a baseline.

To analyse the radial profile of the rain rate of TCs, the GPM (Global
Precipitation Measurement) database (Huffman et al., 2019) was used.
In this dataset, the precipitation is estimated every 30 min from the var-
ious precipitation—relevant satellite passive microwave sensors com-
prising the GPM constellation, computed using the Goddard Profiling
Algorithm (Kummerow et al., 2015; Randel et al., 2020), then grid-
ded and intercalibrated to the GPM Combined Ku Radar-Radiometer
Algorithm (CORRA, Grecu et al., 2016) product, and merged into half-
hourly 0.1° x 0.1° (approximately 10 x 10 km) fields. The CORRA is
adjusted to the monthly Global Precipitation Climatology Project (Adler
et al.,, 2003, 2018) Satellite-Gauge (Behrangi et al., 2014) product
over high-latitude ocean and tropical land to correct known biases.
This database is publicly available from June 2000 to present at https:
//gpm.nasa.gov/data-access/downloads/gpm.
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3.2. Determination of TC size

Similar to Knaff et al. (2014), the radial distance from the centre to
where the wind speed of each radial wind profile is equal or less than
2 ms~! (~ 4 kt) was selected as the metric of TC size. In addition, the
ability of each profile to estimate the critical wind radii of R34, R5,, and
Rg4 was evaluated by comparison with those recorded in the best-track
database. A similar procedure was performed to assess the ability to
estimate the radius of maximum winds. To understand the relationship
of TC size and intensity (the TC intensity is defined as the maximum
wind speed in each record of the best-track database), Spearman’s
correlation between these TC metrics as well as the correlation between
TC size and latitude were calculated. In order to verify the ability to
estimate the size of TCs, twelve TCs evenly distributed in each basin
were used, as shown in Fig. 1. These systems were chosen because of
the intensity they reached, the socioeconomic damage caused, and the
loss of human lives.

For example, Hurricane Irma, which formed in the NATL in 2017,
damaged more than 150,000 homes and completely destroyed nearly
15,000 homes in Cuba. Across the island, losses from damage caused
by Irma were estimated to be close to 200 million USD, which was
the greatest economic loss in Cuba in the 55-year period preceding
the event (Cangialosi et al., 2018). Hurricane Harvey (developed in
the NATL in 2017) was the most significant tropical cyclone precipi-
tation event in United States history, both in range and in maximum
rainfall amount. Harvey’s highest total storm rainfall was reported to
be 1538.72 mm (60.58 inches) in Nederland, near Texas. Although
maximum rainfall amounts were exceptional in Texas, the observed
extent of heavy rainfall was exceptionally large (Blake and Zelinsky,
2018).

Hurricane Patricia was a historic tropical cyclone that broke many
records, such as the intensification rate, peak intensity, and overwater
weakening rate, during a life cycle of just four days in late October
2015 in the NEPAC basin (Rogers et al., 2017). On 8 November 2013,
cyclone Haiyan over the WNP basin made landfall in the islands of the
central Philippines. It is considered one of the most powerful typhoons
to make landfall. By crossing the Philippines archipelago, it caused
extreme loss of life and widespread property damage due to strong
winds, heavy rain, and storm surges (Lagmay et al., 2015). Cyclone
Chapala (from 28 October to 4 November 2015) is the second strongest
cyclone event since 1945 (the strongest being Cyclone Gonu in 2007)
in the Arabian Sea (NIO basin) (Sarker, 2018). Cyclone Winston caused
heavy rains in Fiji (SPO basin), with the cumulative rainfall on 20
and 21 February 2016 reaching 479 mm in Nadarivatu, compared to
the long-term average rainfall for February based on the period 1971-
2000, which is less than 300 mm. This intense precipitation over a short
duration generated flooding in various locations in Fiji (Jacot, 2020).

To analyse the geographical distribution of the size of TCs, a seg-
mentation of the dataset was performed considering the maximum
wind speed and the position of the TC in each best-track record. Thus,
the dataset was subdivided into Tropical depression (TD, V,,, < 17
ms~!), Tropical storm (TS, 17 < V,,. < 33 ms~!), Hurricane (H,
33 < Voo < 49 ms™!), Major Hurricane (MH, V,,,, > 49 ms™!), TC
in a tropical zone (Trop, |/atitude| < 30°), TC in an extratropical zone
(ExTrop, |latitude| > 30°), and Hurricane in tropical areas (HTrop,
|latitude| < 30° and V,,,, > 33 ms~!). The last classification is similar
to a classification made by C16, making them statistically compara-
ble. Moreover, in this study, the TC extratropical stage records were
neglected.

Additionally, with the goal to evaluate the ability of each radial
wind profile to estimate the TC outer radius, the TC size was also
estimated using the ERA-5 reanalysis by averaging the radial distance
to the TC centre of grid points in all directions where the wind speed
was equal to or less than 2 m/s.

Statistical analysis was performed to develop a TC size database in
each basin. The data acquired from the methods already described were
compiled to produce the new database of TC size. The interpercentile
range used in this research denotes the 25th-95th percentile.
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Fig. 1. Trajectories of all TCs taken as case studies: NATL y NEPAC (top), WNP, NIO, SIO, and SPO (bottom). The marker represents the genesis point.

4. Results
4.1. North Atlantic basin

According to Hart and Evans (2001) and Chavas et al. (2016), in
the NATL the smallest storms are developed at low latitudes in the
central and eastern Atlantic. Additionally, a mix of sizes are observed
at intermediate latitudes while the largest TCs are observed at high
latitudes. In this study, reports every 6 h for all TCs formed in the NATL
basin from 1851 to 2020 were analysed.

The estimated r,, for a Tropical storms using Eq. (6) is 50.1 km,
while the mean R,, from the TCVitals database records is 87.6 km.
Therefore, r,, was underestimated by 37.1 km. During TS intensity
category of TCs, W06 performs best estimating Rs,4, although its esti-
mation is lower than the mean value of R;, from the best-track records.
Moreover, D87 and W06 have greater ability to estimate Rs,, however,
they both underestimate it at 11 km and 13 km, respectively, as shown
in supplementary Table S1. The estimated mean r, [by Eq. (6)] for
Hurricanes is 40.1 km, close to the 47.2 km obtained from the TCVitals
records. W06 most accurately estimates the R;, and Ry, wind radius,
while E11 and H80 are better to calculated Rg,.

For Major Hurricanes, the estimated r, from Eq. (6) is almost
equal to the mean maximum wind radius obtained from the TCVitals
database. Again, W06 most accurately estimates the R3, and Rj,, with
mean absolute error of 68.0 km and 42.1 km, respectively, while D87,
E11 and H80 most accurately estimate Rq,. Furthermore, H80, W06,
E11 and F13 estimated an R, of approximately 43 km. W06 yields the
most accurate estimate of Rz, and Rs, for TC over the tropical NATL
(see Table S1); however, it was the least accurate at estimating Ry,
which is best estimated by E11 and H80. For Ry, all profiles estimate

an outer radius ranging from 40 to 46 km. The estimated r,, in this study
for Trop TCs was 44.5 km, lower than the R,, operationally estimated
by NHC.

Moreover, as shown in supplementary Table S1, the estimated r,
from Eq. (6) for the TCs that reach the Hurricane category on the Saffir—
Simpson scale and move over tropical waters in NATL basin is very
similar to the maximum wind radius operationally estimated by NHC.
As in previous classifications, W06 estimated R;, and Rs, somewhat
accurately, while E11 and H80 have better ability to estimate Rg,.
In this work, the estimated maximum wind radius for TCs that move
over extratropical waters (ExTrop) is underestimated by approximately
29 km. Additionally, the critical wind radii of R;4, Rs, and Rg, are
more accurately estimated by W06, and all profiles have a similar
behaviour for the R}, estimation. By analysing all TCs classifications,
the maximum wind radius is underestimated (see Table S1). Similar to
previous analysis, W06 most accurately estimates R;, and Rs,, while
D87 and E11 are better to estimate R4, in the whole basin.

The largest TD are estimated by W06 and H80, while from F13 is
computed the smallest. Moreover, H80 estimates a TS size of 962.21
km, higher than the 821.21 km estimated by W06. E11 and F11 simi-
larly estimate an outer radius of TS less than 255 km. W06 has a lower
coefficient of variation, while H80 has the highest standard deviation
(see Table S2). In Addition, H80 estimates the largest Hurricanes with
1319.3 km of outer radius, while W06 estimates a mean Hs size of 876.8
km. E11, F13, and W06 have the lowest coefficients of variation; and
H80, W06, and D87 have the highest standard deviation, as shown in
supplementary Table S2. H80 estimated a MH mean size of 1368.2 km
while W06 calculated a MH outer radius of 800.93 km. D87, E11, and
F13 estimated an outer radius less than 350 km. The mean outer radius
estimated by W06 (H80) for tropical cyclones moving over the tropical
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NATL is 768.11 km (914.07 km). As shown in Table S2, the outer radius
estimated by the rest of the remaining profiles is less than 400 km.
Moreover, W06 has the lowest coefficient of variation and H80 has the
largest variance.

The mean TC size estimated for HTrop by H80 is 1234.9 km and
WO06 estimated a size of 818.42 km, comparable to the mean size
estimated by C16 of 795.9 km. Additionally, H80 estimates an exterior
radius of 1200.4 km for TCs classified as ExTrop, comparable to the
outer radius proposed by Emanuel (2004), while the size estimated by
WO6 is 889.77 km. The remaining profiles estimate the smallest outer
radius and W06 shows the lowest coefficient of variation of all (see
Table S2).

In the entire NATL basin, as indicates in Table 1, H80 calculated the
largest outer radius, with an average value of 999.17 km, slightly lower
than the 1200 km proposed by Emanuel (2004). Nevertheless, H80 has
the highest variance of all, while W06 calculated 804.3 km, and shows
the lowest coefficient of variation. D87, E11, and F13 calculate an
outer radius significantly smaller than previous works (Emanuel, 2004;
Kimball and Mulekar, 2004; Knaff et al., 2014; Chavas et al., 2016).

In addition, in order to have a robust criterion to determine which
radial wind profile estimate better the TC outer radius, we calculated
the TC size using ERA-5 reanalysis data from 1980 to 2020 and recal-
culated the outer radius of the TC using each radial wind profile for
the same period. By comparing both estimates, H80 and W06 show the
lowest mean absolute error (MAE) in all classes, but W06 is the most
skillful, as shown in Supplementary Table S3. It is worth noting that
there are no noticeable differences between the estimated TC sizes for
the periods 1851-2020 and 1980-2020 (see Table 1 and Tables S2 and
S3).

The largest TCs according to W06 estimations have maximum wind
speeds between 20 and 40 ms~! when the system is in an intensification
or weakening process. However, it is more likely to be dissipating
when they move over extratropical latitudes, as revealed by previous
studies (e.g., Hart and Evans, 2001; Knaff et al., 2014). For intense TCs,
WO06 estimates a size ranging between 650 and 850 km (supplementary
Fig. S1). Besides, the frequency distribution of TCs is greater than 400
km. In the NATL basin, TCs that reach a size between 700 and 900 km
during their life cycles are more frequent. The frequency distribution
of the TC size in the NATL is similar to a Gaussian distribution.

As an example, for Hurricane Irma, on 9 September 2017 at 0600
UTC each radial wind profile shows a similar behaviour in the inner
region (r < r,); however, in the outer region a rapid decrease in
azimuthal velocity is observed in E11 and F13, while W06 described a
similar behaviour in the tangential velocity for distances r > r,,. In the
case of D87, the change in tangential velocity with the radius was less
than E11 and F13 (Fig. 2a). The maximum wind radius operationally
estimated by NHC for Hurricane Irma on this date was 28 km, while the
r,, estimated by Eq. (6) was 24 km. The estimated critical wind radii
for each profile are underestimated in all cases, although W06 showed
the smallest errors.

The NHC reports that Hurricane Irma recorded an Rs, of 315 km and
ROCI of 445 km. Fig. 2b shows that the outer radius estimated by F13
is similar to the R;, wind radii, while W06 calculated an outer radius
of 745 km, comparable with the C16 mean TC size and H80 estimates
of 1376 km. Analysing the wind field (Fig. 2c), it is easy to see that
HB80 overestimates the size of Hurricane Irma, while W06 makes a more
realistic representation of the TC circulation. On the other hand, the
rain rate associated with Irma is represented within the size described
by W06.

Fig. 3 shows the radial distribution of the rain rate for Hurricanes
Harvey and Irma every 24 h throughout their life cycles. As shown in
Fig. 3a, the size of Harvey at 20170823 0000 UTC estimated using
ROCI would not include the area between 350 and 400 km from the
centre, with a maximum rain rate close to 25 mmh™'. This could have
serious consequences for the spatial public warning coverage. A similar
behaviour is observed for Hurricane Irma (Fig. 4b) at 20170831 0000
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UTC where a maximum rain rate is observed between 400 and 550
km from the centre, beyond the size estimated by the ROCL In both
cases, the size estimated by W06 includes all areas with precipitation
intensities greater than 10 mmh~'. However, the area observed in
Hurricane Irma at 20170910 0000 UTC 950 km from the centre, where
a rain rate close to 30 mmh~! is observed, is not taken into account.

In summary, W06 most accurately estimates the TC critical wind
radii in the NATL basin and exhibits the smallest errors when its TC
outer radius estimation is compared with the estimated TC size from
the ERA-5 reanalysis. It is also capable of giving a more accurate
representation of the radial wind profile of the TC while the heaviest
precipitation is included in the area enclosed by the TC size estimated
by WO06. H80 estimates the largest TC size, and E11 and F13 showed a
similar behaviour in all cases. The largest TCs in the NATL are observed
in extratropical latitudes, while the smallest are close to the equator. It
was observed that category 1 and 2 hurricanes on the Saffir Simpson
scale reach the largest size over all intensities. In addition, in the NATL
a significant correlation is observed between the TC size estimated by
WO06 and the latitude (0.77, p < 0.05), higher than the correlation
between the TC intensity and size (0.62, p < 0.05). This result agrees
with Merrill (1984), Chan and Chan (2012) and Knaff et al. (2014). H80
yields coefficients of correlation of 0.56 and 0.90 (p < 0.05), suggest a
statistically significant relationship between TC size and latitude and
intensity, respectively.

4.2. Central and East Pacific basin

Small TCs frequently occur in the NEPAC (Hart and Evans, 2001;
Chavas et al., 2016). The NEPAC HURDAT?2 database contains informa-
tion for every six hours since 1949. Only 1.2% of the analysed reports in
the study period were found in extratropical latitudes. Thus, we remove
them for the statistical analysis.

WO06 yields the best estimates of R;, and Rs, critical wind radii
of tropical storms. Moreover, the maximum wind radius of TS is un-
derestimated by approximately 17 km respect to the R,, operationally
estimated by the NHC agency. The mean r,, estimated by Eq. (6) for
Hurricanes was 34.3 km, which is similar to that obtained from the
TCVitals database. Again W06 more accurately estimates R;, for hur-
ricanes, E11 and D87 best estimate Rs,, while H80 and F13 calculate
the most accurate Rg,. Furthermore, the mean r,, of Major Hurricanes
estimated by Eq. (6) underestimates by ~ 5 km the R,, operationally
estimated by NHC. The R3; and Rs, critical wind radii are most
accurately estimated by W06 and E11, respectively, while H80 and E11
most accurately estimate the Rgy. D87, W06, and E11 estimated R,
to be slightly higher than 40 km.

The TCs that move over the tropical waters in the NPEAC have an
mean estimated r,, from Eq. (6) of 42.9 km, similar to the R,, oper-
ationally estimated by NHC. W06 accurately estimates R;, but least
accurately estimates Rs, and Rg,. D87 is most able to calculate Rj,
while H80 is better to estimate R¢,. Additionally, F13 estimated a lower
Ry than the other radial wind profiles. For HTrop, the estimated r,,
[by Eq. (6)] of approximately 31.9 km is similar to the R,, operationally
estimated by NHC for these systems. Again, W06 is able to estimate R;,,
D87 most accurately calculates Rsy, and H80 calculates Rg, better. The
mean maximum wind radius (43.2 km) estimated in this study using
Eq. (6) for the NEPAC underestimates the r,, operationally estimated by
NHC. As previously discussed, Rs4, Rsy, and Ry, are more accurately
estimated by W06, D87, and H80, respectively. This statistics are shown
in supplementary Table S4

In the NEPAC basin, the TD outer radius estimated by W06 is higher
than that estimated by the remaining radial wind profiles. For TS,
WO06 estimated an outer radius of 758.4 km the smallest coefficient of
variation of all, while H80 estimated an outer radius higher than that
estimated by W06, with the greater standard deviation and coefficient
of variation than all methods. The remaining profiles estimated a TS
size less than 400 km. Moreover, W06 estimates an average hurricane



A. Pérez-Alarcén et al.

Table 1
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NATL statistics for TC outer radius from 1851 to 2020: including the mean (x), median, standard deviation (o), coefficient of variation (CV),
25th percentile (Pys), 75th percentile (Py5), 95th percentile (Pys) and the 95% confidence interval (CI). N represents the total data analysed

and the outer radius is given in km.

Wind profile N u Median 4 cv Py Py Pys CI

H80 46847 999.17 980.00 314.2 0.3145 732.50 1244.0 1524.5 996.32, 1002.0

D87 46847 414.61 408.50 64.99 0.1567 364.50 458.50 528.00 414.02, 415.20

Wo06 46847 804.30 803.50 94.69 0.1177 739.00 872.50 958.50 803.44, 805.16

E11 46847 253.96 255.50 36.81 0.1449 227.50 281.00 312.00 253.63, 254.29

F13 46847 244.72 247.00 41.77 0.1707 215.00 275.50 309.50 244.34, 245.10
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Fig. 2. Hurricane Irma on 9 September 2017 at 0600 UTC. (a) Radial wind profiles. (b) Radial wind profiles and the wind speed threshold for TC size (2 m/s, dotted black line),
R;, (17 m/s, dotted red line), Ry, (26 m/s, dotted blue line), Ry, (33 m/s, dotted green line) and the TC size estimated from the ERA-5 reanalysis (vertical dashed grey line). (c)
Estimated TC size from each radial wind profile. R;,, C16, ROCI radius, the surface wind obtained and TC size from the ERA-5 reanalysis, and the GPM rain rate have also been
plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Radial rain rate profile taken from the GPM (Northeast quadrant) (a) Hurricane Harvey. (b) Hurricane Irma. The critical wind radii estimated by W06 are plotted: R;, (red
point), R, (black point), outer radius (blue point). The C16 mean TC size (green point), the outer radius estimated by H80 (brown point) and the ROCI (orange point) recorded
in the TCVitals database are also plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

size of 794.9 km and H80 calculates hurricanes with an outer radius of
1104.3 km. For major hurricanes, H80 estimates a larger size than W06;
the remaining profiles estimated a small MHs. Additionally, TCs over
tropical waters have a mean size of 804.65 km estimated by H80 and
725.45 km by W06. The remaining profiles considerably underestimate
the TC size. For HTrop, W06 estimated a mean TC size of 777.55 km,
similar to the 759.3 km estimated by C16, while H80 estimated a size
greater than 1100.0 km. Similar to the behaviour observed in the NATL,
both H80 and W06 estimate the largest TCs in the extratropical zone.
Supplementary Table S5 summarizes these results.

In the whole basin, the outer radius calculated using the H80 radial
wind profile has the greatest variance of all, while the mean outer
radius computed using W06 is 726.93 km. The smallest outer radii are
obtained using D87, E11, and F13. Moreover, W06 yields the lowest
coefficient of variation and H80 yields the greatest, as shown in Table 2.
By comparing the estimated TC size using each radial wind profile
with the TC outer radius computed from the ERA-5 reanalysis, it is
verified that H80 and W06 have a similar behaviour, although W06
is most able to compute TC size, as shown in supplementary Table S6.
The estimation of the TC outer radius by E11 and F13 is similar too,
however, it exhibits the largest mean absolute error.

In the NEPAC basin, the TCs are largest when the wind speed ranges
between 25 and 40 ms~', while the most intense TCs are generally be-
tween 600 and 700 km. Supplementary Fig. S2 shows this distribution
for W06. Besides, TCs size is most frequently between 650 and 800 km.

On 24 October 2018 at 0000 UTC, Hurricane Willa had a maximum
wind speed of 50.0 ms~! and was a category 3 hurricane on the Saffir—
Simpson scale. Fig. 4a shows the radial structure of the azimuthal
velocity estimated by each profile. F13 decreases rapidly while W06
and H80 have a slower decrease in tangential velocity. Therefore they
are a better representation of the storm wind structure. The estimated
maximum wind radius from Eq. (6) for Willa was 31.0 km, similar
to the 28.0 km operationally estimated by NHC. H80 more accurately
estimated R34, although it underestimated wind radii and accurately
estimated Rsy and Rg. The TCVitals database, recorded a R;, wind
radii of 185.0 km and an outermost closed isobar of 318.0 km. D87,
E11 and F13, calculated the size of Willa similar to the ROCL.

WO06 estimated an outer radius of 812.0 km, slightly higher than the
size computed from ERA-5 reanalysis (736.6 km), and more than the
TC size estimated by C16 and the mean MH size estimated by it for the
NEPAC basin. Fig. 4b shows that the estimated size by H80 of 1336.0
km is significantly more than the rest of the profiles. W06 best satisfies
the condition imposed in this study, to determine the outer radius of
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Table 2
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NEPAC statistics for TC outer radius from 1949 to 2020: including the mean (u), median, standard deviation (¢), coefficient of variation (CV),
25th percentile (Pys), 75th percentile (Py5), 95th percentile (Py5) and the 95% confidence interval (CI). N represents the total data analysed

and the outer radius is given in km.

Wind profile N u Median 4 cv Py Py Pys CI

H80 29435 806.99 787.00 238.7 0.2958 595.50 1010.5 1200.0 804.26, 809.72

D87 29435 359.62 358.50 36.99 0.1028 338.50 380.50 418.50 359.19, 360.04

Wo06 29435 726.93 738.00 69.47 0.0955 674.50 778.50 825.00 726.14, 727.72

E11 29435 261.45 259.00 43.70 0.1671 227.00 296.00 332.00 260.95, 261.95

F13 29435 254.51 252.50 47.26 0.1857 218.50 292.00 330.00 253.97, 255.05
1:2
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Fig. 4. Hurricane Willa on 24 October 2018 at 0000. (a) Radial wind profiles. (b) Radial wind profiles and the wind speed threshold for TC size (2 m/s, dotted black line), R;,
(17 m/s, dotted red line), Rs, (26 m/s, dotted blue line), Ry, (33 m/s, dotted green line) and the TC size estimated from the ERA-5 reanalysis (vertical dashed grey line). (c)
Estimated TC size from each radial wind profile. R,,, C16, ROCI radius, the surface wind obtained and TC size from the ERA-5 reanalysis, and the GPM rain rate have also been
plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

TCs; however, it does not include the north of Mexico with a rain rate
greater than 15.0 mmh™!, in the area enclosed by the outer radius, as
shown in Fig. 4c.

Fig. 5 shows the radial rain rate profile for Hurricanes Patricia
and Willa throughout their life cycles. As can be seen, taking a TC
size greater than the ROCI allows consideration of the areas of intense
precipitation associated with the outermost spiral bands. Thus, issuing
alerts to the areas affected by heaviest rain is guaranteed assuming
there is a TC with an outer radius similar to that determined by WO06.

To summarize, W06 more accurately estimated the TC outer radius
by comparing it with the size estimation from ERA-5 reanalysis. Fur-
thermore, similar correlations were observed between the size of the TC
estimated by W06 and latitude, as well as the intensity. The correlation
coefficients were 0.59 and 0.67 (p < 0.05), respectively. However, the
strong correlation of 0.96 observed between the TC size estimated by
H80 and the intensity contradicts previous work. This behaviour can
be explained by the formulations of both profiles.

4.3. Western North Pacific basin

Kimball and Mulekar (2004) suggested that TC eyes are slightly
smaller in the WNP than in the NATL, thus resulting in a smaller r,
in the WNP. All wind profiles studied to determine the TC size depend
on the r,, which has an impact on the expected TC size in the WNP.

The estimated r,, using Eq. (7) for TS is less than the R, opera-
tionally estimated by the JTWC and is similar to the maximum wind
radius observed for TCs with wind speeds higher than 33 ms~!' over
the entire basin. Furthermore, the calculated r,, has a similar behaviour
to that operationally estimated for all systems moving over tropical
and extratropical waters, while for TCs with V,,,. > 33 ms™! in the
tropical latitudes (HTrop), the estimated r,, from Eq. (7) is quite similar
to that operationally estimated by JTWC. For the entire basin, the
estimated maximum wind radius applying Eq. (7) was 47.6 km, slightly
less than the mean R,, operationally estimated by JTWC. Moreover,
WO06 most accurately estimates R;, in all TC segmentations, showing
the least errors, while H80 accurately estimates Rg,. E11 calculates
better Rs, for TS, while D87 yield better estimations of Ry, for the
remaining classes. With the exception of F13, all profiles yield similar
estimations of R,y,. As previously shown, for the whole basin, W06
more accurately calculates R;,, while D87 and H80 more accurately

estimate Rs, and Rg,, respectively. For Ry, the behaviour discussed
previously was observed; however, it is not possible to assess the skill of
each profile because the used database does not contain R, records.
Supplementary Table S7 shows these statistics.

The largest TCs observed in the WNP are found in extratropical
latitudes where the estimated mean size using W06 is 886.33 km,
while H80 estimates an outer radius of 1150.0 km. Tropical depressions
exhibit the smallest size in the entire basin of approximately 580.07
km and 632.28 km estimated using H80 and W06, respectively. For
TS, both, H80 and W06 estimate the largest size. In TCs moving over
tropical waters, the outer radius estimated using W06 is 724.23 km
from the centre, while H80 estimates a slightly bigger size than W06.
The most intense TCs (MHs) reach an average size of 748.51 km using
WO06 and 1359.2 km using H80. Furthermore, the size estimation for
HTrop using W06 is lower than those of C16 (993.5 km), while H80
estimates a significantly bigger TC. The smallest TCs are obtained using
D87, E11, and F13. In all cases, W06 yields a smaller variance and
coefficient of variation than H80. These results are summarized in
supplementary Table S8.

In the whole basin, H80 calculates a mean TC size of 932.8 km;
however, the variance is considerably high. W06 yields an outer radius
of 741.66 km. D87, E11, and F13 show similar results to those observed
in the NATL and NEPAC, with the lowest outer radius, as shown in
Table 3. The largest coefficient of variation is found using H80, while
WO6 yields the smallest.

When comparing the estimated TC size using each radial wind
profile with the estimated TC outer radius from the ERA-5 reanalysis,
again W06 shows the smallest mean absolute error for all classes,
as it is revealed by supplementary Table S9. In contrast to previous
research (Chan and Chan, 2015; Chavas et al., 2016), the mean size of
TCs in the WNP calculated by each profile is less than the respective
mean outer radius in the NATL. Nevertheless, the mean TC size from
ERA-5 reanalysis is slightly higher to that in the NATL and NEPAC
basins, which confirms previous research findings (Chan and Chan,
2015; Chavas et al., 2016).

In the WNP basin, following W06, TCs reach the largest size when
the wind speed is between 20 and 45 ms~'. A major contribution
to this behaviour corresponds to systems that move in extratropical
latitudes, in correspondence with the results of (Merrill, 1984; Kim-
ball and Mulekar, 2004; Knaff et al., 2014). In addition, intense TCs
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Fig. 5. Radial rain rate profile taken from the GPM (Northeast quadrant) (a) Hurricane Patricia. (b) Hurricane Willa. The critical wind radii estimated by W06 are plotted: R;,
(red point), Ry, (black point), outer radius (blue point). The C16 mean TC size (green point), the outer radius estimated by H80 (brown point) and the ROCI (orange point)

recorded in the TCVitals database are also plotted.

Table 3

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

WNP statistics for TC outer radius from 1945 to 2019: including the mean (x), median, standard deviation (¢), coefficient of variation (CV),
25th percentile (P,5), 75th percentile (P;5), 95th percentile (Pys) and the 95% confidence interval (CI). N represents the total data analysed

and the outer radii are given in km.

Wind profile N u" Median o cv Py Py Pys CI

H80 61711 932.80 935.00 344.1 0.3689 660.00 1190.0 1510.0 930.09, 935.52
D87 61711 396.33 378.50 87.20 0.2200 332.50 459.00 555.00 395.64, 397.02
Wo6 61711 741.66 755.00 111.2 0.1500 675.00 816.50 906.00 740.78, 742.54
Ell 61711 275.28 274.00 58.49 0.2125 233.50 310.00 374.50 274.82, 275.74
F13 61711 266.69 266.00 62.09 0.2328 222.00 305.50 369.50 266.20, 267.18

are frequently close to 600 + 100 km (supplementary Fig. S3). The
frequency of TCs between 700 and 850 km estimated using W06 is
greater than those of smaller size . In the WNP basin, smaller TCs are
typically associated with a strong subtropical ridge and monsoon de-
pression and their trajectory is strongly influenced by environmental or
topographic characteristics, while larger TCs frequently form within a
south-westerly surge or late-season synoptic pattern (McKenzie, 2017).

A maximum wind radius of 29.0 km was estimated using Eq. (7)
for Cyclone Utor on 11 August 2013 at 0000 UTC. This r,, is sim-
ilar to the maximum wind radius operationally estimated by JTWC.
WO06 overestimated R;, but gave the most accurate estimation of all.
Nevertheless, D87 almost matched the Rsy, while the R¢, estimated
using H80 is similar to that recorded in the best-track database. The
radial wind profiles described the wind structure for Cyclone Utor using
E11 and F13 showed a rapid decrease in tangential velocity from the
eyewall towards the undisturbed environment, as shown in Fig. 6a.
WO06 most accurately fits the radial wind profile obtained from the
ERA-5 reanalysis.

The JTWC recorded a ROCI of 370 km. On the abovementioned
date, Utor had a maximum wind speed of 48.6 ms~! and a minimum
central pressure of 952 hPa. D87, E11, and F13 estimated a TC size
bigger than the Rs,, but similar to the ROCI. W06 estimated an outer
radius of 783.5 km and H80 estimated 1568.0 km (Fig. 6b). The
analysis of the wind field associated with Utor confirms that W06
provides a good estimation of the TC size, being quite similar to the
TC size (783.68 km) estimated using the ERA-5 reanalysis, while H80
overestimates it. Moreover, the areas with the highest rain rate are
enclosed in the area determined by W06, as shown in Fig. 6¢c. However
towards the southeast on the periphery of the outer radius estimated by
W06, a maximum rain rate over 30.0 mmh~! is observed, which is in the
outermost spiral bands associated with the Utor external circulation. A
somewhat accurate estimation of the TC size over the WNP using W06
is observed in Fig. 7 where the rain rate radial profile is shown for
cyclones Utor and Haiyan during their life cycles. As can be seen, the
rain rate does not exceed 5 mmh~! at any distance more than the outer
radius calculated by WO06.

The latitude and TC size estimated using W06 in the WNP has a
strong correlation coefficient (0.75, p < 0.05), likewise the maximum

wind speed and the outer radius has a higher correlation (0.63, p <
0.05). The former can be easily explained by the dependency between
the latitude and the parameters of the W06 radial wind profile and
is in agreement with previous work (Knaff et al., 2014). Additionally,
all profiles studied in this work depend on the maximum wind speed.
This would explain why when using H80, the highest correlation (0.88,
p < 0.05) is observed between the TC size and intensity. The remaining
profiles behave similar to WO06.

4.4. North Indian Ocean basin

Chavas et al. (2016) showed that the NIO basin is characterized
by small and medium storms, although this may be a consequence of
the geometry of the confined coastline of South Asia. Owing to these
conditions, none of the analysed samples moved over extratropical
latitudes.

The NIO gave one the most accurate estimation using Eq. (8) of the
maximum wind radius of any basins. Furthermore, W06 yields the most
accurate Rz, estimation in all cases, although D87 accurately estimated
the R;, of TS. H80 and W06 accurately estimate Ry, in TS, while D87
most accurately estimate this critical wind radii in MHs. Moreover, H80
accurately estimated Rg, in all TCs and Rs, in HTrops and hurricane
systems. The estimated R, has a similar behaviour to that discussed
in Section 4.3. The mean radius of maximum winds for the entire basin
is overestimated by approximately 1.5 km. As previously discussed,
WO06, E11, and H80 most accurately estimate the Rs;, Rsj, and Ry
critical wind radii, respectively. Supplementary Table S10 exhibits a
more complete overview of these statistics.

The smallest TCs in the NIO are tropical depressions, with a mean
size of 628.36 km estimated using H80 and 632.55 km using WO06.
The largest TCs estimated by H80 are those that exhibit V,,,. > 49

-1 (MH) with an outer radius of 1256.7 km. However, W06 estimates
an outer radius of the largest TCs of 784.5 km for systems where the
maximum wind speed ranges from 33 to 49 ms~! (H). For TCs with
Viwax > 33 ms™! that move over the tropics (HTrop), C16 estimated an
outer radius of 880.5 km. Therefore, this metric is underestimated by
WO06 and overestimated by H80, as indicated supplementary Table S11.
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Fig. 6. Cyclone Utor on 11 August 2013 at 0000 UTC. (a) Radial wind profiles. (b) Radial wind profiles and the wind speed threshold for TC size (2 m/s, dotted black line),
R;, (17 m/s, dotted red line), Ry, (26 m/s, dotted blue line), Ry, (33 m/s, dotted green line) and the TC size estimated from the ERA-5 reanalysis (vertical dashed grey line). (c)
Estimated TC size from each radial wind profile. R;,, C16, ROCI radius, the surface wind obtained and TC size from the ERA-5 reanalysis, and the GPM rain rate have also been
plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Radial rain rate profile taken from the GPM (Northeast quadrant) (a) Cyclone Utor. (b) Cyclone Haiyan. The critical wind radii estimated by W06 are plotted: R;, (red
point) Rg, (black point), outer radius (blue point). C16 mean TC size (green point), the outer radius estimated by H80 (brown point), and the ROCI (orange point) recorded by
JTWC have also been plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In all cases, H80 has the highest variance, while W06 has the lowest
coefficient of variation.

The largest outer radius was calculated in the NIO using the H80
wind profile; however, it presents the highest variance and largest
coefficient of variation. The mean outer radius obtained from W06 is
696.62 km, as shown in Table 4. D87 exhibits a coefficient of variation
slightly lower than that of H80, but the mean value of the outer
radius is noticeably lower than the outer radius recorded in previous
work (Chavas et al., 2016). Nevertheless, the TC sizes calculated using
E11l and F13 are similar to the TC size obtained by Jaiswal and
Kishtawal (2019).

Furthermore, the mean outer radius estimated by H80 using the TC
records from 1980 to 2019 is almost similar to that estimated using the
ERA-5 reanalysis for the same period. Again, W06 exhibits the smallest
mean absolute error for all classes (see supplementary Table S12). This
behaviour and the previously discussed findings allow us to affirm that
WO06 is the most able to estimate the size of TCs formed over the NIO
basin.

As in the NATL, NEPAC, and WNP basins, in the NIO the TCs
are larger when the maximum wind speed ranges between 25 and 35
ms~! and the size of the most intense TCs is more than 650.0 km
(supplementary Fig. S4). Tropical cyclones greater than 650.0 km are
most frequency in the North Indian Ocean basin. The most frequent TC
size ranges from 650.0 to 800.0 km. Only 5.8% of the best-track records
analysed reached a size greater than 800.0 km (supplementary Fig. S4).

As an example, the maximum wind radius estimated using Eq. (8)
for the Cyclone Giri on 22 October 2010 at 1200 UTC was 21.8
km, somewhat close to the R,, operationally estimated by the JTWC
agency. W06 estimated R;, better than all other profiles, while the
Rs, estimated by the remaining profiles was comparable with the
recorded wind radii. Furthermore, all profiles overestimated Rg,, but
H80 showed the least errors. Fig. 8a shows the radial wind profiles for
the Cyclone Giri and Fig. 8b exhibits the wind speed threshold for TC

size metrics. There is a rapid decrease in tangential wind speed in the
outer region (r > r,), although W06 overestimates tangential speed
up to a distance of 10r,, from the centre. At the abovementioned time,
Giri had a maximum wind speed of 69.5 ms~! and a minimum central
pressure of 922 hPa.

The ROCI and R;, estimated by JTWC are 222.0 km and 175.0 km,
respectively. Fig. 8c shows that both metrics are lower than the values
obtained by each profile. The NIO TC size obtained by Jaiswal and
Kishtawal (2019) ranged from 196.3 to 480.6 km from OSCAT data
and from 217.2 to 452.5 km using the ROCI recorded by JTWC. For
the Cyclone Giri specifically, Jaiswal and Kishtawal (2019) obtained a
mean TC size of 262.45 km, similar to the value obtained by D87. The
spatial distribution of the precipitation rate around the centre of Giri
(Fig. 8c) shows that H80 (1245.0 km) overestimates the outer radius,
while W06 (704 km) yields a more realistic TC size estimation, which
is also verified by analysing the wind circulation associated with Giri
and the TC size (681.55 km) estimated from the ERA-5 reanalysis.

Countries that have their coastlines in the North Indian Ocean are
vulnerable to destruction by strong winds, storm surge, and heavy
rainfall associated with landfalling TCs that form in this cyclogenetic
basin. Understanding the radial rainfall distribution of a TC allows us
make more reliable forecasts (Balachandran et al., 2014). It has been
shown that the rain rate distribution around a TC is highly complex
and is determined by several factors (Chen et al., 2006; Yu et al., 2010).
Therefore, an outer radius of a TC that considers the maximum areas of
precipitation contributes to the issuance of public advisories to reduce
possible damage by the TC. The outer radius obtained using W06 is a
good approximation for the TC size in the NIO, as shown in Fig. 9, in
which the radial profiles of rain rate for the cyclones Giri and Chapala
during their life cycles are shown. It is clear that the precipitation rate
can be neglected at distances more than the outer radius estimated by
WO06.
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Table 4

NIO statistics for TC outer radius from 1945 to 2019: including the mean (x), median, standard deviation (¢), coefficient of variation (CV),

25th percentile (Pys), 75th percentile (P;5), 95th percentile (Pys) and the 95% confidence interval (CI). N represent the total data analysed and

the outer radius are given in km.

Wind profile N u Median 4 cv Py Py Pys CI
H80 5393 813.06 819.50 278.4 0.3424 579.50 1004.5 1272.0 805.63, 820.50
D87 5393 414.35 376.50 102.9 0.2485 330.50 523.50 577.00 411.60, 417.10
Wo06 5393 696.62 712.50 86.62 0.1243 647.00 762.50 809.00 694.31, 698.93
E11 5393 288.98 282.00 70.42 0.2436 238.00 331.00 401.40 287.10, 290.86
F13 5393 279.54 271.50 71.82 0.2569 228.50 324.50 393.20 277.62, 281.45
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Fig. 8. Cyclone Giri on 22 October 2010 at 1200 UTC. (a) Radial wind profiles. (b) Radial wind profiles and the wind speed threshold for TC size (2 m/s, dotted black line),
R;, (17 m/s, dotted red line), Ry, (26 m/s, dotted blue line), Ry, (33 m/s, dotted green line) and the TC size estimated from the ERA-5 reanalysis (vertical dashed grey line). (c)
Estimated TC size from each radial wind profile. R;,, C16, ROCI radius, the surface wind obtained and TC size from the ERA-5 reanalysis, and the GPM rain rate have also been

plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Radial rain rate profile taken from the GPM (Northeast quadrant) (a) Cyclone Giri. (b) Cyclone Chapala. The critical wind radii estimated by W06 are plotted: Rs, (red
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of this article.)

Balachandran et al. (2014) studied the climatological rainfall char-
acteristics of 43 TCs formed over the NIO from 2000-2010. They
demonstrated that the most frequent rain rate of TCs in the NIO is in the
range of 1-2.5 mmh~! which occur over an area of approximately 10%-—
14% within 5° (~ 555.0 km) radial distance during the intensification
stages. The mean TC size over the NIO determined in this research
using the W06 radial wind profile is greater than the TC size assumed
by Balachandran et al. (2014). Thus, it also demonstrates that the W06
accurately estimates the TC size in this basin.

To summarize, over the NIO basin, W06 accurately estimates the
TC outer radius and D87, E11, and F13 estimate small TCs. Moreover,
the correlation between the intensity and the TC size (0.84, p < 0.05) is
notably higher than the correlation between latitude and TC size (0.5,
p < 0.05). This can be explained by the fact that the TCs in this basin
have limited latitudinal movement over ocean water before landfall. In
addition, the estimations yielded by H80 are similar to those of WO06.

4.5. Southern Indian Ocean basin
The expression (Eq. (9)) used to determine the maximum wind

radius in the SIO was a good fit. The maximum absolute error ob-
served is 15.1 km for tropical storms. Additionally, W06, E11, and

H80 most accurately estimate the R;4, Rsy, and Rg, critical wind radii,
respectively. H80 also accurately estimated Ry, in all cases. For the
entire basin, the mean radius of maximum winds was underestimated
by approximately 0.8 km. As previously analysed, W06 accurately
estimates R;,, and E11 and H80 more accurately calculate R, and Ry,
respectively. See supplementary Table S13 for further details.
Following the W06 estimation, the largest TCs are found in the
extratropical zone of the South Indian Ocean, similar to observations in
the NATL, NEPAC, and WNP basins. For these systems, the W06 radial
wind profile estimates an outer radius of 842.96 km. However, for H80
the largest TCs are those that reach a maximum wind speed greater
than 49 ms~' (MH), with an average size of 1337.7 km. For tropical
depressions and tropical storms, W06 estimates a size of 633.26 km and
764.73 km, respectively. The W06 TD outer radius estimations is very
close to the average size estimated by H80, however, H80 estimates
the higher TS than all radial wind profiles. Over tropical waters, the
average size of the TCs is 710.47 km and 841.32 km estimated by W06
and H80, respectively. Moreover, TCs with V,,,. > 33 ms~! over tropical
waters (HTrop) have an average size of 781.9 km estimated by W06 and
1234.9 km by H80. The size of W06 TCs is lower than the mean outer
radius obtained by C16 (871.9 km), while H80 obtains a much larger
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value. The mean sizes estimated by D87, E11, and F13 are not discussed
here as they estimate small TCs, similar to observations in other basins.
These statistics are summarized in Table S14.

The Southern Indian Ocean basin does not present a characteristic
pattern in TC size (Chavas et al.,, 2016). As previously shown, the
highest outer radius was obtained using H80 at 843.4 km; however,
it exhibits the biggest variation coefficient and the greatest variance.
Furthermore, W06 has the lowest coefficient of variation with a mean
outer radius of 712.4 km. D87, E11, and F13 exhibit coefficients of
variation and variances less than H80, but the outer radius obtained
using them are very small compared to H80 and W06, as shown
in Table 5. Furthermore, W06 has the lowest mean absolute error when
comparing the estimated TC outer radius by each radial wind profile
with that estimated using the ERA-5 reanalysis from 1980 to 2019. As
we found for the basins previously presented, W06 is the most skillful
to estimate the TC size (see supplementary Table S15).

In the South Indian Ocean, tropical cyclones generally reach their
greatest size when maximum wind speeds range between 20 and 35
ms~!, similar to the North Indian Ocean, while the most intense TCs
reach a size estimated using W06 between 600.0 and 750.0 km (sup-
plementary Fig. S5). In addition, the most frequent size of TCs in this
basin ranges between 700.0 and 800.0 km, although TCs of 650.0 to
700.0 km of size are very common.

The maximum wind radius estimated using Eq. (9) for Cyclone
Imani on 25 March 2010 at 1200 UTC is 39.4 km. This is less than
the maximum wind radius (46 km) operationally recorded by JTWC.
WO06 overestimates Rj,, but is the most accurate. The Rs, wind radii
estimated by D87 and E11 is similar to the recorded value, while H80
and F13 estimates Ry, similar to the recorded value. Through analysis
of the radial velocity distribution in Cyclone Imani obtained from the
ERA-5 reanalysis, we can see that W06 accurately estimates the TC
outer wind structure (Fig. 10a), while D87, E11, and F13 show a rapid
decrease in tangential velocity.

The JTWC reports show that E11 and F13 estimates an external TC
size similar to ROCI (305.0 km), while W06 estimates an outer radius
of 728.0 km, lower than the 986.96 km estimated using the ERA-5
reanalysis. Moreover, H80 calculates an outer radius of 1229.0 km, the
largest of all profiles, as shown in Fig. 10b. The wind field associated
with Imani shows that the estimation of the TC size by W06 is accurate.
Additionally, from Fig. 10c, the analysis of the rain rate obtained from
the GPM shows that the maximum rainfall intensities are in the area
enclosed by W06.

Fig. 11 shows the radial distribution of rainfall intensity for cyclones
Imani and Bruce throughout their life cycles. As can be seen in the
case of Imani (Fig. 11a), W06 did not consider the maximum rain rate
of approximately 27.0 mmh™! and 23.0 mmh~' observed at 20100327
0000 UTC and 20100329 000 UTC, respectively. Nevertheless, for
Bruce, the size estimated by W06 is reasonable. In both cases, assuming
the ROCI outer radius value would cause areas located more than 500.0
km from the centre to be affected by heavy rains without prior warning.
However, it has been demonstrated in previous studies that the distri-
bution of the rain rate associated with the TCs is affected by several
factors such as wind shear, TC intensity, sea surface temperature, and
moisture distribution. Consequently, the TCs rainfall characteristics can
vary significantly from one TC to another, and even sometimes for a
singular TC (Balachandran et al., 2014).

In the SIO, a correlation of 0.80 (p < 0.05) is observed between the
TC intensity and size, and 0.60 (p < 0.05) between the latitude and the
TC size. This result agrees with Chan and Chan (2015), who suggests
that the outer radius does not necessarily increase with latitude mono-
tonically. Moreover, H80 exhibits a strong correlation of 0.87 (p < 0.05)
between TC size and intensity. As it was demonstrated for each group
into which the sample was divided, WO06 is the radial wind profile that
most accurately describes the R;, and the TC size. Thus, W06 is useful
to use in different applications that require the TC size.
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4.6. South Pacific Ocean basin

According to Chavas et al. (2016), the South Pacific Ocean basin has
similar trends to the Southern Indian Ocean. The estimated maximum
wind radius using Eq. (10) is similar to the mean R,, operationally
estimated by the JTWC agency for all cases, except for tropical storms
which has the greatest mean absolute error of 16.5 km. As previously
shown for the other basins, W06, E11, and H80 most accurately es-
timate the Rs;, Rsy, and Rgy, respectively. For the entire basin, the
average radius of maximum winds is similar to the mean R,, opera-
tionally estimated by the JTWC agency. More details of these statistics
are presented in the supplementary Table S16.

Both W06 and H80 estimate that the smallest TCs developed in the
South Pacific Ocean are tropical depressions at 635.89 km and 605.96
km, respectively, while the largest TCs determined by W06 are found in
extratropical latitudes at 841.38 km. However, similar to observations
in the SIO basin, the largest TCs estimated by H80 with an outer radius
of 1320.8 km are the TCs that reach a maximum wind speed higher
than 49 ms~! (MH). For this basin, only 2.95% of the analysed best-
track reports were found in the extratropics, while 5.24% of all TCs
records can be classified as MH. C16 estimated an outer radius of 948.0
km for TCs classified as HTrop at any time of their trajectories. This
metric is underestimated by W06 and overestimated by H80. The TCs
in the first intensification stages of the hurricane category of the Saffir
Simpson scale (categories 1 and 2) reach a mean size of 803.33 km
estimated by W06 and 1198.6 km calculated by H80. E11, D87 and
F13 underestimates the size of the TCs in the SIO as well as in the other
basins, as it was discussed in Chavas et al. (2015). Supplementary Table
S17 summarizes these findings.

For the whole basin, H80 calculates an outer radius of 843.96 km.
Nevertheless, as it was previously found, H80 has the highest variance
and the highest coefficient of variation of all. Moreover, W06 estimates
an outer radius of 717.27 km, as shown in Table 6. These values are
very similar to those obtained for the SIO. D87, E11, and F13 also
present similar values to those of the SIO basin. Furthermore, similar
to what was observed in NIO and SIO basins, the mean TC outer radius
estimated by H80 is almost similar to that calculated using the ERA-
5 reanalysis from 1980 to 2019, however, W06 has the least mean
absolute error of all, which suggests that W06 is the most skilled to
estimate the TC size, as indicated in supplementary Table S18.

There are no significant differences in the distribution of TC size and
intensity compared to observations in the Southern Indian Ocean basin,
these results are similar to those of Chavas et al. (2016). The largest TCs
according to W06 have a maximum wind speed of approximately 20—
30 ms~!, while TCs with a size between 700.0 and 800.0 km are more
frequent (supplementary Fig. S6). Only 5% of the analysed reports were
less than 450.0 km and 0.08% were more than 900.0 km.

The maximum wind radius operationally estimated by JTWC for
Cyclone Donna on 8 May 2017 at 0000 UTC, is 23 km. This is slightly
overestimated by the r,, calculated in this study (28.0 km). All profiles
showed the least accurate performance in the R;, estimation, however
WO06 had the least amount of errors. F13 accurately estimated Rs,
while E11 and F13 were similar to the recorded Ry,. W06 accurately
reproduces the radial wind structure of Cyclone Donna when compared
with the radial velocity obtained from the ERA-5 reanalysis. H80, D87,
E11, and F13 show a rapid decrease in the tangential wind speed from
r,, towards the periphery, although H80 at a distance of 15r,, from the
centre showed a slower change in azimuthal velocity (Fig. 12a).

D87 estimated a size of 280.0 km less than the R;, recorded by the
JTWC agency, while E11 calculated a size of 368.0 km, comparable
to the ROCI of 388.0 km. However, as shown in Fig. 12b, these
metrics should not be assumed as the size of Cyclone Donna as on the
abovementioned date, due to the TC had a maximum wind speed of
64.0 ms~! and a minimum central pressure of 929 hPa. This intensity
suggests a circulation of the winds beyond the 368.0 km estimated
by E11. W06 estimated a radius of 728.0 km, close to the estimated
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Fig. 10. Cyclone Imani on 25 March 2010 at 1200 UTC. (a) Radial wind profiles. (b) Radial wind profiles and the wind speed threshold for TC size (2 m/s, dotted black line),
R, (17 m/s, dotted red line), Ry, (26 m/s, dotted blue line), Ry, (33 m/s, dotted green line) and the TC size estimated from the ERA-5 reanalysis (vertical dashed grey line). (c)
Estimated TC size from each radial wind profile. R;,, C16, ROCI radius, the surface wind obtained and TC size from the ERA-5 reanalysis, and the GPM rain rate have also been
plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Radial rain rate profile taken from the GPM (Northeast quadrant) (a) Cyclone Imani. (b) Cyclone Bruce. The critical wind radii estimated by W06 are plotted: R;, (red
point), Rg, (black point), and outer radius (blue point). The C16 mean TC size (green point), outer radius estimated by H80 (brown point), and ROCI (orange point) recorded in
the JTWC best-track database are also plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Cyclone Donna on 8 May 2017 at 0000 UTC. (a) Radial wind profiles. (b) Radial wind profiles and the wind speed threshold for TC size (2 m/s, dotted black line), R;,
(17 m/s, dotted red line), Ry, (26 m/s, dotted blue line), Ry, (33 m/s, dotted green line) and the TC size estimated from the ERA-5 reanalysis (vertical dashed grey line). (c)
Estimated TC size from each radial wind profile. R;,, C16, ROCI radius, the surface wind obtained and TC size from the ERA-5 reanalysis, and the GPM rain rate have also been
plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Radial rain rate profile taken from the GPM (Northeast quadrant) (a) Cyclone Winston. (b) Cyclone Donna. The critical wind radii estimated by W06 are plotted: R;,
(red point), Ry, (black point), and outer radius (blue point). The C16 mean TC size (green point), the outer radius estimated by H80 (brown point), and the ROCI (orange point)
recorded in the JTWC best-track database are also plotted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Table 5
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SIO statistics for TC outer radius from 1945 to 2019: including the mean (i), median, standard deviation (c), coefficient of variation (CV),
25th percentile (Pys), 75th percentile (Py5), 95th percentile (Py5) and the 95% confidence interval (CI). N represents the total data analysed

and the outer radii are given in km.

Wind profile N u Median o cv Py Pys Pys CI

H80 22758 843.40 828.00 297.7 0.3530 608.50 1053.8 1379.5 839.53, 847.27
D87 22758 398.97 374.50 83.44 0.2091 336.00 475.00 544.50 397.89, 400.06
WO06 22758 712.40 728.00 94.41 0.1325 659.50 780.00 836.50 711.17, 713.63
El1 22758 258.33 256.50 64.52 0.2497 212.12 303.50 365.00 257.49, 259.17
F13 22758 267.62 265.50 61.10 0.2283 223.50 309.00 370.50 266.83, 268.42
Table 6

SPO statistics for TC outer radius from 1945 to 2019: including the mean (x), median, standard deviation (c), coefficient of variation (CV),
25th percentile (P,s), 75th percentile (P;5), 95th percentile (Pys) and the 95% confidence interval (CI). N represents the total data analysed

and the outer radii are given in km.

Wind profile N u Median o cv Py Py Pys CI

H80 13380 843.96 855.00 304.5 0.3608 592.00 1071.0 1359.5 838.80, 849.12
D87 13380 404.94 373.50 97.70 0.2412 338.00 467.50 600.00 403.29, 406.60
W06 13380 717.27 735.50 100.8 0.1405 663.00 787.50 847.02 715.57, 718.98
E11l 13380 249.18 245.50 63.76 0.2558 205.50 293.00 355.52 248.10, 250.26
F13 13380 259.40 255.50 60.53 0.2333 217.00 300.50 362.50 258.38, 260.43

average size for this basin, but lower than the 957.9 km estimated using
the ERA-5 reanalysis. Moreover, H80 calculated a size of 1229.0 km,
approximately 300.0 km higher than the mean value estimated by C16.

Fig. 12c shows that the most intense rain rate areas are within
the circulation associated with the TC estimated by W06, determined
from the outer radius. Fig. 13 shows the rain rate radial profile for
cyclones Winston and Donna throughout their life cycles. For Winston
(Fig. 13a), the most intense rainfall is observed by the size estimated
by WO06; however, at 20170803 1200 UTC and 20170504 0000 UTC
in the radial distribution of the precipitation rate of Cyclone Donna
(Fig. 13b), a maximum rain rate as much as 1000 km from the centre
is observed. Therefore, these intensities were not considered in the TC
size determined by W06, but they are included in the area enclosed by
outer radius calculated by H80.

In the SPO, correlations similar to the SIO are observed between the
TC intensity and size (0.78, p < 0.05) as well as between the latitude
and the TC size (0.62, p < 0.05). However, a strong correlation (0.84,
p < 0.05) is found between the intensity and size in the outer radius
estimated by H80.

5. Discussion

Fig. 14 displays the plot of the estimated r,, (by Egs. (6)—(10)) glob-
ally and within each ocean basin. The statistics for these distributions
are shown in Table 7. The mean value of the estimated r,, in the tropics
ranges between 20.0 and 55.0 km. The radius of maximum wind speed
of the TCs can reaches extreme values, with a greater incidence in the
WNP basin. The global mean value of r,, is 47.67 km, in agreement with
previous works (Smith, 2003; Willoughby et al., 2006; Takagi and Wu,
2016; Morris and Ruf, 2017).

On average, the TCs of the NIO had a larger mean r,, and variance
than in any basin and the NEPAC presents the lowest variance of all.
Furthermore, there is a significant correlation between the latitude and
radius of maximum winds in the NATL (0.53, p < 0.05) and NEPAC
(0.48, p < 0.05), not observed for the remaining cyclogenetic basins.
This can be explained by the empirical expression used to determine
r, in these basins. Overall, W06, and H80 more accurately estimate
the Ry, and Rg, critical wind radii, respectively, as previously was
discussed; while, D87 and E11 are able to estimate Rs,.

Globally, W06 estimate the largest tropical depression, as we found
in each basin. Moreover, tropical storms have a mean size of 789.99
km and 923.72 km estimated by W06 and H80, respectively. For the
remaining classes, the mean size estimated y W06 is lower than that
estimated by H80. From Table 8 is also observed that H80 calculates a
mean global outer radius similar to that obtained by C16, however, H80
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exhibits the highest variance and the highest coefficient of variation, as
it was demonstrated in the individual analysis of each basin. Further-
more, W06 estimates a mean global TC size of 748.71 km, while the
remaining radial wind profiles estimate smaller TCs than W06 and H80.
Additionally, W06 shows the most accurate statistics in each basin, as
it was discussed in previous sections. More details of these statistics are
presented in supplementary Table S19.

Table 9 show the mean values of the TC size obtained for each
radial wind profile in each basin. As can be seen, with 60% of the
profiles the largest TCs are formed and developed over the NATL
ocean, in contradiction with the results obtained by Chan and Chan
(2015) and Chavas et al. (2016), where they state that the largest TCs
are formed in the WNP. Overall, following W06 and H80, TCs are
larger in the NATL than in any basin (see supplementary Table S20 for
further information). Nevertheless, according to Chan and Chan (2013,
2015), the TCs in the WNP are the largest most likely because they
are mostly embedded monsoon channels and are more likely to move
poleward so that they can grow through the angular momentum import
mechanisms; however, in the climatology presented in this research,
those characteristics are not taken into account. Here, the latitudinal
dependence has a strong impact on the calculation of r, and the
tangential velocity by each radial wind profile. In addition, the results
show that the smallest TCs are observed over the NIO basin.

In addition, as discussed in the assessment of the ability of radial
wind profile to estimate the TCs outer radius, the ROCI underestimates
the TC size. Table 9 shows that the mean TC size estimated using W06,
H80 and the ERA-5 reanalysis is at least two times higher than the
TC size estimated using ROCI. This result confirms previous research
findings (e.g. Dean et al., 2009). Conversely, D87 estimated a mean
TC outer radius quite similar to the ROCI, while the E11 and F13 esti-
mations are lower than ROCI, as previously was discussed. However, it
should be noted that according to our findings the ROCI underestimates
the size of TCs.

Based on the statistical analysis performed for each basin, on the
error analysis between the estimated outer radius by each radial wind
profile and the mean TC size estimated from the ERA-5 reanalysis, and
on the ability to estimate R;,, W06 is determined to more accurately
estimate the TC outer radius. Fig. 15 shows the geographic distribution
of the TC size obtained from W06 over each ocean basin. It is worth not-
ing that TC size is smaller when TCs are relatively close to the Equator.
This behaviour shows the same pattern in each basin. Following this
findings, Fig. 16 displays box-and-whisker plots of TC size globally and
within each ocean basin, confirming the results previously discussed.

Furthermore, the TCs increase in size as they move towards ex-
tratropical latitudes, coinciding with the results of Hart and Evans
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Fig. 14. Global spatial distribution of the r, estimated by Egs. (6) to (10) smoothed by averaging the r,, in a grid cell of 1° x 1° of horizontal resolution for each TC position
along their trajectory from the best-track records. The extratropical stage of tropical cyclones was neglected. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 7

Statistics for the r,, estimated in this study using Eqgs. (6)-(10) in each basin as appropriate: including the mean (), median, standard deviation
(o), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (P;5), 95th percentile (Py) and the 95% confidence interval (CI). N
represents the total data analysed and the radius of maximum winds are given in km.

Basin N u Median o cv Pys Py Py CI

NATL 46847 47.746 47.470 10.55 0.2210 40.831 54.602 65.642 47.650, 47.84
NEPAC 29435 43.163 44.289 8.597 0.1991 37.663 48.614 56.326 43.06, 43.26
WNP 61711 47.610 45.721 14.91 0.3131 37.867 54.356 77.639 47.49, 47.72
NIO 5393 53.547 48.368 16.39 0.3062 42.848 66.287 82.945 53.10, 53.98
SIO 22758 50.130 47.552 14.30 0.2854 41.164 56.667 78.229 49.94, 50.32
SPO 13380 51.163 47.855 15.69 0.3068 42.344 55.664 86.525 50.89, 51.42
Global 179524 47.674 46.32 13.26 0.2783 39.54 53.63 73.04 47.61, 47.73
Table 8

Global statistics for TC outer radius: including the mean (), median, standard deviation (o), coefficient of variation (CV), 25th percentile (Ps),
75th percentile (Py5), 95th percentile (Pys) and the 95% confidence interval (CI). N represents the total data analysed and the outer radii are
given in km.

Wind profile N u" Median 4 cv Pys Py Pys CI
H80 179524 907.93 888.5 318.5 0.3508 652.0 1143.0 1450.5 906.46, 909.40
D87 179524 396.60 378.5 78.59 0.1981 342.5 446.5 543.5 396.23, 396.96
W06 179524 748.71 756.5 103.5 0.1383 686.0 813.0 913.0 748.23, 749.19
E11 179524 263.77 262.0 54.15 0.2053 226.5 297.5 352.5 263.52, 264.02
F13 179524 258.92 257.0 56.10 0.2166 219.0 294.5 351.0 258.66, 259.18
C16 578 909.4 881.0 248.5 0.27 740.7 1054.4 - -
Table 9
Mean outer radius (km) estimated using each radial wind profile in each basin.
Wind profile NATL NEPAC WNP NIO SIO SPO Global
H80 999.17 806.99 932.80 813.06 843.30 843.96 907.93
D87 414.61 359.62 396.33 414.35 398.97 404.94 396.60
W06 804.30 726.93 741.66 696.61 712.40 717.27 748.71
El1l 253.96 261.25 275.28 288.98 258.33 249.18 263.77
F13 244.72 254.52 266.69 279.54 267.62 259.40 258.92
ERA-5 808.25 789.50 824.62 688.75 780.41 776.20 796.86
ROCI 342.17 322.06 336.18 314.69 323.55 323.11 329.72
C16 795.90 759.30 993.50 880.50 871.00 948.10 909.40
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Fig. 16. Box-and-whisker plot of the distributions estimated by W06 globally and by basin. The box plot displays median and interquartile range [ql , q3], whiskers (black line)
and outliers (grey markers outside the range [ql - 1.5(q3 - q1), @3 + 1.5(q3 - q1)]). q1 and g3 represent the 25th and 75th percentile respectively. Corresponding statistics and

basin expansions are displayed in Table 8.

(2001). Knaff et al. (2014) suggested that the smallest TCs are gen-
erally located at the lowest latitudes associated with the westward
steering flow, while the largest TCs are located at the high latitudes on
their poleward movement. Kimball and Mulekar (2004) demonstrated
that the critical wind radii of TCs generally increase as storms move
poleward and westward, which may be due to increased angular mo-
mentum in response to changes in the synoptic environment. A similar
trend is expected to happen with TC size, as shown in Fig. 15.
Moreover, supplementary Fig. S7 shows the frequency distribution
for the TC size estimated by WO06. Globally, systems with sizes between

15

700.0 and 800.0 km are more frequent. This distribution is similar to
that obtained by Chavas and Emanuel (2010), although their mean
outer radius is lower than that obtained here. Additionally, as it was
observed in previous sections, tropical cyclones in all basins reach their
greatest size when the maximum wind speed ranges between 20 and
40 ms~!, associated with the intensification and weakening processes.
It is assumed that the greatest impact on this behaviour is movement of
TCs over extratropical latitudes, where they are generally in dissipation
processes.
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Fig. 17. Representation of various positions of the Hurricane Irma track and the area enclosed by the different TC metrics. Ry, Rs, Rg4, 1, and ROCI are taken from the TCVitals
database and the TC size is estimated by W06. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Previous research (e.g, Merrill, 1984; Weatherford and Gray, 1988;
Chavas and Emanuel, 2010; Chan and Chan, 2012) suggests that the
correlation between TC size and intensity is low. In this study, the
Spearman’s correlation coefficients (p < 0.05) obtained are 0.84 for
the NIO, 0.80 for the SIO, 0.78 for the SPO, 0.76 for the NEPAC,
0.63 for the WNP and 0.62 for the NATL. Therefore, it is possible to
confirm that exists some direct relationship between the TC size and
intensity. Nevertheless, these high correlations may be the result of
the dependence of the expressions of maximum wind radius and radial
wind profiles on intensity and position.

Supplementary Fig. S8 shows the scatter diagram for TC size as
a function of the maximum wind speed. The shape observed here
is similar to the mean size distribution produced from the datasets
of Knaff et al. (2014) and Wu et al. (2015). The TC mean size generally
increases with increasing TC intensity before reaching the maximum
and slightly decreases with further intensity increase. Tsuji et al. (2016)
showed that TC size is influenced more by external factors than the in-
tensity. Carrasco et al. (2014) studied the relationship between TC size
and the potential to undergo rapid intensification processes; however,
they did not find a relationship between the TC intensity and the ROCI.

In addition to the subjectivity in outer radius determination, the
low correlation may also be due to the nonlinear relationship between
the TC size and intensity, in agreement with Wu et al. (2015), who
calculated the correlations between the TC intensity for the samples
with intensity less than 48 ms~! (~ 93 kt) and Rs, less than 427.0 km
(3.85° of latitude). They found a correlation of 0.64 in the MTCSWA
(Multiplatform Tropical Cyclone Surface Wind Analysis, Knaff et al.
(2011)) data for the WNP basin, suggesting a statistically significant
relationship between TC intensity and size.

6. Applicability of the TCSize database and implications for future
studies

TC size has a direct impact on weather and climate, and corre-
sponding effects on the ocean (Li et al.,, 2019). In recent years, it
has been assumed that hurricane storm surge depends primarily of
the TC intensity. However, Irish et al. (2008) showed that using only
the maximum wind speed of Hurricane Katrina was insufficient to
describe the surge behaviour. In fact, the size of the storm plays an
important role in the generation of storm surges, particularly for very
intense storms (Irish et al., 2008; Needham and Keim, 2014), and must
be considered when predicting the socioeconomic impacts and flood
risk (Irish et al., 2008; Li et al., 2019). Therefore, the TC size database
generated for each cyclogenetic basin will allow further studies on

16

the relationship between size and storm surge, but also support the
assessment and mapping of potential storm surge impacts on global
population, ecosystems, and economies.

As the size attribute of hurricanes is operationally difficult to esti-
mate and predict (Knaff and Zehr, 2007), one of the most important
uses of the methodology developed in this research is its ability to
determine the TC size from the output of the numerical weather pre-
diction models, and thus, forecasters can prepare special warnings for
the possible affected areas before the storm landfalls. Fig. 17 shows
the different metrics for Hurricane Irma throughout its trajectory. As
can be seen, a greater area is considered for the emission of warnings
if the outer radius estimated by W06 is taken as the TC size instead
of the ROCI. Therefore, more people can take actions to minimize the
damage produced by TC heavy rain, strong winds, or storm surges.

The analysis of the TC rainfall characteristics helps to understand
and improve quantitative precipitation forecasts of TCs. This is another
important application in which the database presented here would be
useful. For analysis of the rain rate, radial distribution around the
TC centre is needed to approximate the TC outer radius, as shown
by Balachandran et al. (2014).

Chavas et al. (2016) noted that the outer radius translates to the
surface area occupied by a storm, and thus its dynamics may impose
limits on the number of storms that can form in a limited area at a
given time. The database of TC sizes developed in this research contains
information for each basin since records began. Therefore, it could be
also used for statistical analysis of tropical cyclogenesis, as suggested
by Chavas et al. (2016). Moreover, this dataset could be employed to
represent the area occupied by a TC in climatological studies, related
to the influence of some atmospheric variables on the TC genesis and
development, in any of the cyclogenetic basins.

The TCsize database generated in this research is freely available at
Mendeley Data (http://dx.doi.org/10.17632/8997r89fbf.1).

7. Conclusions

This study provides a new climatology of the tropical cyclones’ (TCs)
size in every cyclogenetic basin. The proposed method is designed to
be a more objective metric that can be quickly applied to any TC,
knowing its position and maximum wind speed. These parameters are
registered in the best-track databases of agencies such as National
Hurricane Center (NHC) and Joint Typhoon Warning Center (JTWC).
Moreover, the geographic variation in size was analysed and the sta-
tistical distributions of each size metric were calculated globally and
for each basin separately. The results reveal that the largest TCs exists
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in extratropical zones, while the smallest storms are found close to
equatorial line. Contrary to previous work, the largest TCs are found in
the North Atlantic (NATL), while the smallest are in the North Indian
Ocean basins. Furthermore, a significant correlation between TC size
and latitude was found in the NATL and the Central & East Pacific.
Moreover, the TC increase in size as they intensify before reaching
their maximum size; thereafter, the outer radius slightly decreases as
the wind speed increases. Despite the limitations and contradictions
found here with other research, the database presented could be useful
for many applications, including different risk analysis. Furthermore, it
could be used to determine sources and sinks of atmospheric moisture
associated with the genesis, intensification, and weakening of TCs.
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ABSTRACT

Pérez-Alarcon et al. [1] developed a comparative climatology
of the outer radius of tropical cyclones (TCs) from several ra-
dial wind profiles. They showed that the Willoughby et al.
(2006) (WO06) profile can be used to reproduce the TC tan-
gential wind speed; thus, this profile is skilful for estimating
the TC outer radius. Here, we present a database of TC sizes
estimated from the WOG6 radial wind profile in each cycloge-
netic basin worldwide. The database incorporates the critical
wind radii, where the tangential wind speed is approximately
17.5 ms~! (Rag), 26 ms~! (Rsp), 33 ms~! (Rgs), and 51 ms~!
(Rigo), estimated by the WO06 profile. The database has a
comma-delimited text format with six-hour information on
the location, maximum wind speed, central pressure, and the
different TC metrics mentioned above. This database has a
similar structure to that of the Atlantic Hurricane Database
(HURDAT?2) of the National Hurricane Center. The database
presented here is applicable to studies on TC storm surge
risks as well as to the determination of the sources and sinks
of atmospheric moisture related to tropical cyclogenesis pro-
cesses.
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Specifications Table

Subject Climatology

Specific subject area Tropical cyclones size climatology

Type of data Text

How data were acquired The data were acquired by processing the best-track databases of the National
Hurricane Center and the Joint Typhoon Warning Center, which are freely
available.

Data format Secondary Data (Analyzed)

Parameters for data collection For database preparation, the entries with missing maximum wind speed
values in the best-track database records were excluded.

Description of data collection The database was created from the Willoughby et al. [2] radial wind profile
with known tropical cyclone position and intensity in each best-track record.

Data source location Institution: Environmental Physics Laboratory, Faculty of Science, University of
Vigo,

City/Town/Region: Ourense
Country: Spain
Primary data sources: The National Hurricane Center tropical cyclones best
track archive (HURDAT2, https://www.nhc.noaa.gov/data/#hurdat) and the Joint
Typhon
Warning Center best track tropical cyclones records
(https://www.metoc.navy.mil/jtwc/jtwc.html?best- tracks)

Data accessibility With the article and at http://doi.org/10.17632/89971r89fbf.1

Related research article A. Pérez-Alarcén, R. Sori, . C. Fernandez-Alvarez, R. Nieto, L. Gimeno,
Comparative climatology of outer tropical cyclone size using radial wind
profiles. Weather and Climate Extremes. 33 (2021), 100366.
10.1016/j.wace.2021.100366

Value of the Data

This dataset provides climatology information on the tropical cyclone sizes over each cycloge-
netic basin worldwide since the beginning of cyclone records, and this information is useful
for different applications.

 Researchers could use this dataset for many applications, including different risk analyses.

 Researchers could use this dataset to analyse the rain rate radial distribution around the TC
centre to map potential storm surge risk impacts on the global population and to determine
sources and sinks of atmospheric moisture related to tropical cyclone genesis as well as to
intensification and weakening mechanisms.

« Tropical cyclone forecasters could use the methodology used to generate this database to
quickly determine the TC size using the position and intensity predicted by numerical
weather forecast models and thus make their tropical cyclone warnings applicable to a larger
population exposed to the possible impact of the storm.

« Machine learning researchers can use the dataset for benchmarking the performance of dif-

ferent methodologies to obtain tropical cyclone sizes.

1. Data Description

The size of tropical cyclones (TCs), as well as the TC intensity, is a very important structural
parameter. Determining the TC size climatology is essential for adopting strategies that minimize
the damage caused by these storms.
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The TC size database presented here has a comma-delimited text format with six-hourly
information on the date, location, maximum wind speed (kmh~!), minimum central pressure
(hPa), estimated radius of maximum wind speed (km), estimated Rsy4, Rsg, Rgs, and Rygg critical
wind radii, and outer radius (km) calculated by the Willoughby et al. [2] radial wind profile of
all known TCs and subtropical cyclones. The TCSize database format is similar to that described
by Landsea and Franklin [3] for the HURDAT2 database. The supplementary files contain the full
TCSize database for each TC basin, which also can be download from the Mendeley Data repos-
itory [4]. Below is an example of the TCSize database entries, with each part defined.

AL112017, IRMA, 66,

20170902, 1800, 18.7N, 44.1W, 175.7, 973, 29.99, 237.0, 145.5, 93.00, -9999, 786.00
20170903, 0000, 18.5N, 45.5W, 175.7, 973, 29.89, 236.5, 145.0, 93.00, -9999, 784.00
20170903, 0600, 18.2N, 46.7W, 175.7, 973, 29.73, 235.0, 144.0, 92.50, -9999, 781.50
20170903, 1200, 17.9N, 47.9W, 185.0, 969, 28.43, 237.0, 148.5, 97.50, -9999, 771.00
20170903, 1800, 17.6N, 49.2W, 185.0, 965, 28.29, 236.0, 147.5, 97.00, -9999, 768.50
20170904, 0000, 17.3N, 50.4W, 185.0, 959, 28.14, 235.0, 146.5, 96.00, -9999, 766.00
20170904, 0600, 17.0N, 51.5W, 194.2, 952, 26.91, 236.0, 150.0, 100.5, 32.50, 754.00
20170904, 1200, 16.8N, 52.6W, 203.5, 945, 25.77, 236.5, 152.5, 104.0, 37.00, 742.00
20170904, 1800, 16.7N, 53.9W, 212.7, 944, 24.72, 236.5, 154.5, 107.0, 41.00, 730.50
20170905, 0000, 16.6N, 55.1W, 231.2, 943, 22.79, 235.0, 157.5, 112.0, 48.00, 705.50
20170905, 0600, 16.6N, 56.4W, 249.7, 933, 21.04, 232.0, 158.5, 115.5, 53.50, 678.50
20170905, 1200, 16.7N, 57.8W, 2775, 929, 18.70, 223.5, 156.5, 117.5, 59.50, 635.50
20170905, 1800, 16.9N, 59.2W, 286.7, 926, 18.04, 221.0, 156.0, 118.0, 61.00, 622.00
20170906, 0000, 17.3N, 60.6W, 286.7, 915, 18.16, 222.5, 157.0, 118.5, 61.50, 625.50
20170906, 0545, 17.7N, 61.8W, 286.7, 914, 18.28, 224.0, 158.0, 119.5, 62.00, 629.00

The TCSize database contains two line types. The first type is the heading with information
about the basin, the number, and the year of TC genesis, and the second type contains informa-
tion on the different parameters of the TC. The first line has the following format:

AL112017, IRMA, 66,

The first two spaces correspond to the basin identifier (AL: North Atlantic, EP: East Pacific,
CP: Central Pacific, WP: Western North Pacific, 10: North Indian Ocean, SI: South Indian Ocean,
and SP: South Pacific Ocean. The third and fourth characters refer to the Automated Tropical
Cyclone Forecast (ATCF, Sampson and Schrader [5]) TC number. Characters 5-8 before the first
comma represent the year. The characters between the first and the second commas refer to the
TC name. The TC entry number in the database appears after the second comma. The rest of the
lines contain the data information for each TC. These have the following format:

20170905, 0000, 16.6N, 55.1W, 231.2, 943, 22.79, 235.0, 157.5, 112.0, 48.00, 705.50

The element in the first column represents the date in the yyyyddmm (20170905) format. In
the second column, the UTC time of the report appears in the hhmm (0000) format, generally
coinciding with the synoptic time, although non-synoptic times are found that indicate either TC
landfall or the peak maximum intensity. The third column contains the latitude (16.6N), speci-
fying the hemisphere (N: Northern Hemisphere and S: Southern Hemisphere), and similarly, the
fourth column represents the longitude (55.1W) (W: Western Hemisphere and E: Eastern Hemi-
sphere). The fifth and sixth columns contain the maximum wind speed in kmh~! (231.1 kmh~1)
and the minimum central pressure in hPa (943 hPa), respectively, while the seventh column
records the estimated radius of maximum wind speed in km (26.91 km). The eighth to the
twelfth columns contain the estimated Rs4, Rsg, Rgs, and Rygq critical wind radii (in km), re-
spectively. The last column contains the TC outer radius in km (754.00 km) estimated from the
radial wind profile of Willoughby et al. [2]. Missing values are given by -9999.

The global mean size of tropical cyclones from the database presented in this article is
755.2 km with a standard deviation of 109.5 km and a 95% confidence interval of [754.4, 755.7]
km. The interpercentile range (25th-95th percentiles) is from 689.0 to 933.0 km. The median
storm size is largest in the North Atlantic and smallest in the North Indian Ocean basins. The
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Fig. 1. Spatial distribution map of the outer tropical cyclone sizes estimated using the Willoughby et al. [2] radial wind
profile.
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Fig. 2. Mean outer TC size (km) in each basin: North Atlantic (NATL), Central and East Pacific (NEPAC) Western North
Pacific (WNP), North Indian Ocean (NIO), South Indian Ocean (SIO), and South Pacific Ocean (SPO).

Western North Pacific exhibits the largest variance in size of any basin, while the largest coeffi-
cients of variation are found in the basins of the Southern Hemisphere. Fig. 1 shows the global
distribution of the TC sizes, whereas Fig. 2 shows a comparison of the mean TC size in each
basin.
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2. Experimental Design, Materials and Methods

The database of the TC sizes in each cyclogenetic basin worldwide was obtained from the
Willoughby et al. [2] radial wind profile. This wind profile is given as follows:

Vmax(#)nr <R
4‘/,'(1-W1)-}-V0W]R1SI’SRZ (1)

—(r—r

) —(r=rm)
Vmax[(l—A)e S opAe % i|r>R2

where V is the tangential wind speed at a distance r from the centre, Vpax is the maximum wind
speed, ry, is the radius of maximum wind speed, A, Xy, and X, are parameters associated with
the TC intensity, V; and Vj are the tangential wind speeds at radii of R; and R;, respectively,
and w is a weight function (see Willoughby et al. [2]). The radius of maximum wind speed was
estimated following Willoughby et al. [2] for the North Atlantic (NATL) and Central and East
Pacific (NEPAC) basins, whereas for the Western North Pacific (WNP), North Indian Ocean (NIO),
South Indian Ocean (SIO), and South Pacific Ocean (SPO) basins, it was estimated following Tan
and Fang [6].

Determination of the radial wind profile requires the position and intensity of the storm.
This information, for the NATL and NEPAC basins, was extracted from the National Hurricane
Center (NHC) HURDAT2 database [2], which is freely available at https://www.nhc.noaa.gov/data/
#hurdat, whereas for the rest of the cyclogenetic basins, this information was taken from the
Joint Typhoon Warning Center (JTWC) best-track databases available at https://www.metoc.navy.
mil/jtwc/jtwc.html?best-tracks. The NATL best-track contains information from 1851 to 2020;
NEPAC, from 1949 to 2020; and the rest of the basins, from 1945 to 2019.

Similar to the procedure described by Knaff et al. [7], a tangential wind speed of 2 ms~! was
assumed as the threshold to define the TC size. Thus, from the Willoughby et al. [2] radial wind
profile, the radial distance from the centre where the tangential wind speed was equal to or
less than 2 ms~! was considered as the tropical cyclone outer radius. A similar procedure was
applied to determine the R34, Rsg, Rg4, and Rygg critical wind radii.

15°5
30°S
45°S

60°S

Missing ™ = T5 H1 H2 H3 m Hé m Hs f

0° 30°E 60°E 90°E 120°E 150°E 180°W 150°W 120°wW 90°W 60°W 30°W

Fig. 3. Global tropical cyclone tracks by ocean basin based on historical TC best track datasets. Tropical cyclone intensi-
ties are displayed with seven scales according to the Saffir-Simpson scale: TD - Tropical Depression, TS - Tropical Storm,
H1 - Hurricane category 1, H2 - Hurricane category 2, H3 - Hurricane category 3, H4 - Hurricane category 4, and H5 -
Hurricane category 5.
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During processing of the best-track database records, missing values of the maximum wind
speed were disregarded; however, the records encoded with -9999 were incorporated into the
TC size database presented in this article, with the intention of keeping all records of each trop-
ical cyclone in each basin.

Fig. 3 shows the trajectories of all tropical and subtropical cyclones in each basin since the
beginning of the records.
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Where Does the Moisture for North Atlantic Tropical Cyclones Come From?

ALBENIS PEREZ-ALARCON,*® ROGERT SORI,*° JOSE C. FERNANDEZ-ALVAREZ,*® RAQUEL NIETO,?
AND LUIS GIMENO?

& Environmental Physics Laboratory, Centro de Investigacion Mariia, Universidade de Vigo, Ourense, Spain
® Departamento de Meteorologia, Instituto Superior de Tecnologias y Ciencias Aplicadas, Universidad de La Habana, Havana, Cuba
¢ Instituto Dom Luiz, Faculdade de Ciéncias, Universidade de Lisboa, Campo Grande, Portugal

(Manuscript received 17 June 2021, in final form 27 November 2021)

ABSTRACT: In this study, we identified the origin of the moisture associated with the tropical cyclones’ (TCs) precipitation
in the North Atlantic Ocean basin during their three well-differentiated life stages between 1980 and 2018. The HURDAT?2
database was used to detect the location of 598 TCs during their genesis, maximum intensification peak, and dissipation
phases. The global outputs of the Lagrangian FLEXPART model were then used to determine the moisture sources. Using a
k-means cluster analysis technique, seven different regions were identified as the most common locations for the genesis and
maximum intensity of the TC phases, while six regions were found for the dissipation points. Our results showed that the ori-
gin of moisture precipitating was not entirely local over the areas of TC occurrence. The North Atlantic Ocean to the north
of the intertropical convergence zone at 10°N (NATL)—especially from tropical latitudes, the Caribbean Sea, and the Gulf
of Mexico—provides most of the moisture for TCs (~87%). The Atlantic Ocean basin southward of the ITCZ (SATL)
played a nonnegligible role (~11%), with its contribution being most pronounced during the TC genesis phase, while the
eastern tropical Pacific Ocean made the smallest contribution (~2%). The moisture supported by TCs varied depending on
their category, being higher for hurricanes than for major hurricanes or tropical storms. Additionally, the approach permitted
the estimation of the mean residence time of the water vapor uptake that produces the precipitation during TC activity, which
ranged between 2.6 and 2.9 days.

SIGNIFICANCE STATEMENT: Atmospheric moisture transport plays an important role in the genesis and intensi-
fication of tropical cyclones (TCs). In this study, we investigated the moisture source for the genesis, intensification, and
dissipation of TCs in the North Atlantic Ocean basin using a Lagrangian approach. This model allowed us to track air
masses backward in time from the target area to identify regions where air masses experienced an uptake of moisture
prior to reaching the area of interest. The sources were identified individually for each TC, and the results were then
combined to provide a broad general picture with some surprising outstanding results, such as the role of the North and
South Atlantic and the eastern tropical Pacific as important moisture sources during the different TCs phases and
intensities.

KEYWORDS: Tropical cyclones; Climatology; Moisture/moisture budget

1. Introduction obtained from Earth’s spin (a background rotation that can
be later amplified); and (iv) low vertical wind shear from the
surface to the tropopause.

Gray (1968) defined a TC formation parameter as the product
of thermodynamic and dynamic terms. The effects of SSTs and
humidity at the upper midlevel were included in the thermody-
namic term, while the effects of vertical shear and low-level vor-
ticity were included in the dynamic term. The results of
McBride (1995) revealed a significant correlation between the
climatological values of this parameter and the global regions of
TC formation. Another parameter for estimating the genesis
of TCs in the North Atlantic Ocean basin was developed by
DeMaria et al. (2001). Similar to the statements by Gray
(1968), this genesis parameter combines thermodynamic and
dynamic factors using a pentad running mean of the vertical
shear, vertical instability, and midlevel moisture available in
the atmosphere.

Atmospheric moisture transport and its convergence play an
important role in the latent heat distribution of TCs (Huang

Corresponding author: Albenis Pérez-Alarcén, albenis.perez. €t al. 2014; Makarieva et al. 2017). Thus, one of the key aspects
alarcon@uvigo.es for understanding the contribution of dynamic mechanisms,

Tropical cyclones (TCs) are atmospheric phenomena that
are most likely to cause natural disasters in terms of heavy
rainfall, flash flooding, storm surges, and strong winds (Ankur
et al. 2020). During the cyclonic season, many disturbances
travel over tropical oceans in each cyclogenetic basin; how-
ever, very few become TCs. This occurs because TCs form
over warm regions in tropical oceans and strengthen when
environmental conditions are favorable (Ren et al. 2020).
According to Gray (1968), for the formation of a TC, the sea
surface temperature (SST) must be higher than 26.5°C at an
ocean depth of approximately 50 m (Montgomery 2016). In
addition, there must be (i) sufficient atmospheric instability to
favor the formation of thunderstorms to release latent heat;
(ii) a high water vapor content in the layers of the middle
atmosphere; (iii) the presence of an atmospheric disturbance
generally above 5° of latitude (north or south), which is
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air-sea interactions, and large-scale process interactions in the
genesis and development of TCs is the water circulation and
budgets inside and outside of a TC system (Fujiwara et al.
2017). Numerical sensitivity experiments performed by Yoshida
et al. (2017) showed that despite the existence of medium- and
low-level vortices, the disturbance did not become a TC
because of the low water vapor content. Furthermore, through
a regional cloud resolution model and Lagrange diagnostics,
Fujiwara et al. (2017) found a positive feedback between the
TC intensity in the western North Pacific basin and the moisture
transported from the Indian Ocean, South China Sea, and Phil-
ippine Sea. Numerical simulations using the Weather Research
and Forecasting (WRF) Model also revealed that environmen-
tal moisture modifications had insignificant impacts on a storm
unless it changed moisture transport to move into it (Wu et al.
2015). Braun (2006) and Yang et al. (2011) evaluated the water
budgets in the inner cores of TCs based on high-resolution sim-
ulations with a horizontal grid size of 2 km and concluded that
the underlying ocean water vapor was relatively small in the
inner core area compared to the humidity gain due to the hori-
zontal convergence of water vapor. Several research studies
have been conducted regarding global and regional water vapor
transport, as well as the relationship between moisture trans-
port and TCs (DiMego and Bosart 1982; Kung and Zhao 2007,
Boutle et al. 2011; Wu et al. 2015).

The main fuel for TCs is the release of latent heat derived
from the condensation of water vapor (Fujiwara et al. 2017).
Therefore, water vapor from the evaporation of surface ocean
water due to high SSTs along with moisture transport via local
and global patterns of atmospheric circulation favors the gen-
esis and intensification of TCs. Moisture sources can be identi-
fied by analyzing the particle paths through the application of
different techniques. Both Lagrangian and Eulerian methods
can be used with a good approximation to study the moisture
source-sink relationship and its influence on atmospheric pro-
cesses (Bosilovich and Schubert 2002; de Leeuw et al. 2017,
Guo et al. 2018; van der Ent and Tuinenburg 2017). The
Lagrangian approach is currently considered to be one of the
most suitable methods for the identification and evaluation of
moisture sources because it also permits the computation of
the amount of moisture uptake (Gimeno et al. 2012).

Climatological statistics show that the highest number of
TC genesis in the North Atlantic Ocean basin occurs between
mid-August and mid-November, in which TCs generally form
from tropical waves between the West Africa coast and the
Lesser Antilles Arc (DeMaria et al. 2001; Neumann 1993).
According to DeMaria et al. (2001), this region is the source
of 40% of TC genesis in the North Atlantic Ocean basin, of
which 60% become major hurricanes. Pazos and Gimeno
(2017) used a Lagrangian approach to identify the moisture
uptake by air masses before reaching the region of the genesis
of 110 TCs within a predefined region between 15°-45°W and
8°-20°N from 1979 to 2012. They identified the areas from
which the moisture uptake exceeded the climatological aver-
age, which were the central and eastern tropical North Atlan-
tic Ocean, the eastern South Atlantic Ocean, and the
continental areas of West Africa, and the Sahel. These terres-
trial sources involve complex hydroclimatic interactions in
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several atmospheric processes at different time scales, such as
low-level atmospheric moisture transport and the West Afri-
can monsoon (LéI¢ et al. 2015; Redelsperger et al. 2002, 2006).
Most recently, Pérez-Alarcon et al. (2021a) improved the find-
ings of Pazos and Gimeno (2017) by considering a variable tar-
get region, defined as the area within the TCs outer radius
(Pérez-Alarcéon et al. 2021b). Although Pazos and Gimeno
(2017) and Pérez-Alarcon et al. (2021a) provided new insights
into the contribution of atmospheric moisture to the genesis of
TCs in the North Atlantic, they did not provide a complete
overview of all TC phases over the entire basin. Therefore, no
study has identified the source regions of moisture for the dif-
ferent evolution phases of TCs in the North Atlantic Ocean
basin. To help fill this knowledge gap, the present study
applies a Lagrangian approach to identify the moisture sources
precipitating for the area enclosed by the outer radio of the
TCs for the three different climatological regions of TC gene-
sis, maximum intensity, and dissipation.

The paper is organized as follows. Section 2 describes the data
and methods, including information on the data sources, cluster
analysis technique, and moisture uptake for precipitation compu-
tation and identification. The results and discussion are presented
in section 3, and a summary is provided in section 4.

2. Materials and methods
a. Data

The positions of TCs in the North Atlantic basin from 1980
to 2018 were extracted from the Atlantic hurricane database
(HURDAT?), which is freely provided by the National Hurri-
cane Centre and available online at https://www.nhc.noaa.gov/
data/. This database is a text format with information every 6 h,
including the position, intensity, and critical wind radii in the
northeast, southeast, southwest, and northwest quadrants of all
tropical and subtropical cyclones originating in the Atlantic
basin (Landsea and Franklin 2013).

Global outputs every 6 h from the Flexible Particle disper-
sion model (FLEXPART) v9.0 (Stohl and James 2004; Stohl
et al. 2005) were used to investigate the sources of precipitat-
ing moisture for TCs. The model is executed for the period
from 1980 to 2018 by assuming that the atmosphere was
homogeneously divided into approximately 2.0 million uni-
formly distributed particles of constant mass. The trajectories
of these particles are calculated using a 3D wind field (zonal,
meridional, and vertical components). In the simulation,
FLEXPART model is fed by the global reanalysis ERA-
Interim dataset from the European Centre for Medium-
Range Weather Forecasts (Dee et al. 2011; ECMWF), using
the available data at 6-h intervals with a horizontal resolution
of 1° on 60 vertical levels from 0.1 to 1000 hPa. The model
implements several parameterizations, such as subgrid-scale
atmospheric motions unresolved by meteorological input data
(Stohl et al. 2005).

Additionally, ERA-Interim reanalysis was used to compute
the vertically integrated moisture flux (VIMF) in a horizontal
grid spacing of 1.0° latitude X longitude every 6 h (from the
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vertically integrated northward and eastward moisture flux at
0000, 0600, 1200, and 1800 UTC).

b. Methodology
1) CLUSTER ANALYSIS

A k-means (MacQueen 1967) cluster analysis was performed
using information from the HURDAT? database for the genesis,
maximum intensity peak, and dissipation point. The k-means
technique is a particular case of a normal mixture model with an
estimation of the mixtures by maximum likelihood (Morissette
and Chartier 2013). To determine the optimum number of clus-
ters, we applied the silhouette coefficient. This technique is based
on a full pairwise distance matrix for all data. For a single data
point X;, the silhouette value s(i) is calculated using Eq. (1):

s(i) = b(i) — a(i)

a max{a(i), b(i)}’ M

where a(i) is the distance of the cluster of X, which is defined
as the mean distance of X; from all other data points in its own
cluster, and b(i) is the distance between X; and its closest neigh-
boring cluster, which is defined as the mean distance of X; from
all data points in its closest neighboring cluster (Wang et al.
2017). These techniques were previously applied by Corporal-
Lodangco et al. (2014) for the classification of TC genesis loca-
tions, tracks, and decay locations in the North Atlantic basin.

2) COMPUTATION OF MOISTURE SOURCES

To investigate the moisture sources that contribute precipita-
tion for TC genesis, intensification and dissipation phases, a
Lagrangian approach based on the global outputs from FLEX-
PART v9.0 (Stohl and James 2004; Stohl et al. 2005) was used.
This technique of diagnostic or similar has been successfully
used in numerous studies to identify the origin of global or
regional continental precipitation (Gimeno et al. 2010, 2012,
2020). In particular, the approach has also been used to identify
moisture sources associated with meteorological systems, such
as subtropical cyclogenesis over the southwestern Atlantic
Ocean (Gozzo et al. 2017) and extratropical cyclones (Brimelow
and Reuter 2008; Liberato et al. 2012; Jana et al. 2018; Cloux
et al. 2021; Zhao et al. 2021). Further details of the advantages,
disadvantages, uncertainties, limitations, and significance of this
methodology are discussed in Gimeno et al. (2012).

The humidity budget of an air parcel can be modified by
evaporation and precipitation as the air mass moves throughout
the atmosphere. According to Stohl and James (2004), along
each particle pathway following a Lagrangian approach, the
moisture changes in an atmospheric particle are controlled by
gains, through evaporation from the environment (e), or losses,
through precipitation (p), of specific humidity (g),

m% x m(%) =(e—p) 2)

where m is the mass of each parcel, assumed to be constant.
The disadvantage of assuming a constant parcel mass was
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eliminated by considering multiple parcels (Stohl and James
2004; Stohl et al. 2005).

To identify the sources of the precipitating moisture for TCs,
and to estimate the time interval before the uptake and the final
precipitation [the lifetime known as backward transit time (BTT)
or the mean water vapor residence time (WVRT); Gimeno et al.
2021], during the genesis, peak of maximum intensification, and
dissipation stages we procedure as described below.

In this study, we are interested on the moisture sources
associated with TCs precipitation. Therefore, we considered
only precipitant particles inside the area enclosed by the outer
radius of the TCs. The criteria used is the same as in Laderach
and Sodemann (2016), which implies that the specific humid-
ity decreased more than 0.1 g kg™ ' in the 6 h prior to arrive at
the TC radius. These particles were tracked backward in time
for a period of up to 10 days, which is considered the mean
global residence time of the water vapor in the atmosphere
(Numaguti 1999; van der Ent and Tuinenburg 2017). The
outer radius for each TC was determined as those where the
TC tangential wind speed was less than or equal to 2 m s~ !,
applying the radial wind profile developed by Willoughby
et al. (2006). See Pérez-Alarcén et al. (2021b) for further
details on how the TC outer radius was computed.

Along each particle backward trajectory, the moisture
changes were estimated using the moisture source diagnostic
by Sodemann et al. (2008). By considering that evaporation or
precipitation dominates in a particular 6 h interval, the particle
can gain moisture in several evaporation locations. Therefore,
the moisture loss amount Ag; due to precipitation in route is
proportionally discounted to all previous moisture, according
to Eq. (3):

Aq) = Ag; + Ag, 39, forall j>i, i=k=j. (3)
T D Ay

Here, i denotes the particle position at time ¢, j represents
the position at time f#;_¢, t;—12, ..., lend- NOte that fenq is
referred to the particle position 10 days before arrival at the
target region. By adding the final moisture changes (Aq’) of
all precipitant particles over the area A, we estimated the
total moisture uptake (MU) as

N
mz Aq)
MU= -*=L 4

L @
where N is the number of particles residing over A.

Due to moisture losses by precipitation along the particle tra-
jectory, the remote moisture sources will contribute less and
less to the final precipitation over the target region (Sodemann
et al. 2008). Thus, the fractional contribution of each evapora-
tion location to final precipitation can be estimated as

_ Aq;
Q 9

fei ©)
where i denotes the particle position at time ¢, Q is the spe-
cific humidity of the particle when arrival to the target region.
By averaging all the fractional contributions over the grid cell
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FIG. 1. Genesis of tropical cyclones (TCs) in the North Atlantic Ocean basin during 1980-2018. (a) Each TC genesis position is indicated
by a filled point. The colors represent the seven TC genesis clusters calculated by the k-means technique. (b) The number of TCs by month

and cluster.

of area A, we computed the moisture source contribution
(SC) by grid as follows:

M
chk

SC = % X 100, (6)

where M represents the number of fractional contributions
over the grid cell of area A.

This Lagrangian moisture source diagnostic method pro-
vides an estimation of the times and locations where the par-
ticles gained moisture. Following Laderach and Sodemann
(2016), the WVRT is computed along each particle trajectory
from the end to the start point (#;) according to Eq. (7):

WVRT = chi X t;. (7)

The WVRT is given by weighting the time between evapo-
ration and final precipitation; and averaging all the WVRTs
estimated the mean is calculated.

3) DETERMINATION OF THE MOISTURE SOURCE
WEIGHTED CENTROID

The mean position (latitude and longitude) of each main
moisture source for the studied TCs was determined by cal-
culating the weighted centroid coordinates (lat., lon.) of
the moisture uptake pattern during TC season, according to

Eq. (8):

N
Z wi(latg, long)
(lat,lon.) = kzl—,

N
2
k=1

MU

W= max(MU)’ ®)

where N is the number of moisture uptake (MU) grid points,
and w is the weighted vector. As the weights are all positive,
the moisture source-weighted centroid is guaranteed to exist
inside the moisture uptake pattern.
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3. Results and discussion

a. Identification of moisture sources for the TC
genesis phase

Seven regions of TC genesis were determined in the
North Atlantic basin using the k-means cluster analysis,
which agrees with the results of Corporal-Lodangco et al.
(2014) and Pérez-Alarcén et al. (2021c). These regions
included the tropical central North Atlantic (G1, yellow),
the western Caribbean Sea (G2, red), the Lesser Antilles
Arc (G3, green), the region near the West Africa coast (G4,
orange), the central North Atlantic (G5, blue), the western
North Atlantic (G6, brown), and the Gulf of Mexico (G7,
purple) (Fig. 1a).

Of the 598 TCs formed in the period 1980-2018, almost
50% (271 TCs) corresponded to clusters 1, 3, and 4, as shown
in Fig. 1b. This behavior has been previously attributed to the
fact that the TCs that form in these areas originate from tropi-
cal waves (DeMaria et al. 2001). In addition, 162 TCs were
classified within clusters 2 and 7, which comprised the Carib-
bean Sea and Gulf of Mexico, respectively, while 163 were
observed northward in clusters 5 and 6. Of all the regions, the
western North Atlantic (G6) had the highest number of TCs
(125, i.e., 20.9% of the total). On a monthly basis for the entire
basin, the highest frequency of TC genesis was observed in Sep-
tember (31.5%), followed by August (26.5%). During the
remaining months of the hurricane season, the frequency
decreased considerably to 15.1% in October, 11.1% in July,
6.4% in June, and 4.9% in November.

Figure 2a shows the climatological pattern of moisture uptake
associated with TC genesis in the North Atlantic basin for each
cluster. For each TC, the moisture source for precipitation was
calculated individually for the area inside the outer radius. In
general, easterly winds transport atmospheric humidity along the
central Atlantic, and the moisture transport patterns are similar
to those of the VIMF. During the most TC active season, the
boreal summer, the ITCZ is normally northward positioned over
10°N (Carvalho and Oyama 2013; Pottapinjara et al. 2019), and
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FIG. 2. (a) Climatological patterns of the moisture sources (moisture uptake; greenish colors; mm day ') for the genesis phase of tropical
cyclones (TCs) integrated backward over 10 days, and the vertically integrated moisture flux (VIMF) (arrows; kg m s '). The red line con-
tours the composite of the outer radius for all TCs in the cluster. (b) Moisture sources contribution composite (percentage). The patterns
show the composite for the days of all TCs in each cluster (numbered at the top). Period of study: 1980-2018.

we denote, along the text, the source to the north of the ITCZ as
NATL and the source to the south as SATL.

For the TCs positioned over the most southeastward regions
(G1 and G4) during their genesis, the moisture came from simi-
lar sources. In these two clusters, the moisture uptake pattern
showed a north—south spatial configuration on both sides of the
intertropical convergence zone (ITCZ), showing a reduction
over the ITCZ. The moisture uptake occurred mainly from the
NATL source, which extends from the Iberian Peninsula/Atlan-
tic coasts along the West African coast including the band in
tropical continental Africa (the Sahel, ~30%). The SATL
source, from the vicinity of the Gulf of Guinea, supplied up to
~25%-30% of atmospheric humidity (Fig. 2b). This pattern is
similar to that reported by Pazos and Gimeno (2017). Com-
bined with the other preconditions for TC genesis, these areas
provide the necessary water vapor to initiate convective activity,
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as described by Gray (1968). Furthermore, these results agree
with those of Meynadier et al. (2010) and LéI¢ et al. (2015),
who pointed out that West Africa is a moisture source during
the summer.

The TCs formed in the G3 region received approximately
75%—-80% of moisture from the NATL over the tropical cen-
tral area, while the remaining amount was supported by the
eastern NATL, the Sahel region, and the SALT.

For the TCs formed in the G2 region, the main moisture
source was also the NATL, but with its maximum uptake over
near the Caribbean Sea, which contributed with ~55%-70%
of moisture; however, TCs in this cluster also took approxi-
mately 25% of atmospheric humidity from the eastern tropi-
cal Pacific Ocean (ETPac) and northern South America. The
area enclosed in the line contouring G2 includes the region of
the Central America, for which Duran-Quesada et al. (2017)
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found similar sources. In particular, these authors highlighted
the role of the ETPac when a reduction in the easterly flow
occurs in September-November, which is in concordance with
our results showing the maximum activity of TC genesis for
G2 (see Fig. 1b).

Moreover, the dominance of the Caribbean Sea region as a
source of moisture for G7 was clear, supplying more than ~70%
of moist air, whereby the source was induced by the easterlies
recurving northward during the summer, accompanied by the
Caribbean low-level jet (CLLJ). The climatological moisture
uptake pattern suggests that the CLLJ not only acts as a moisture
belt, but also acts as a humidity collector that is capable of modu-
lating surface evaporation as a result of its moisture content,
which agrees with Wang et al. (2007).

For the TCs located in the large G5 region of TC genesis
over the central North Atlantic basin, the moisture mainly
came from its own oceanic area (~45%-60%), although some
moisture (~10%-15%) was transported along the eastern coast
of the United States (see also the pattern of VIMF), possibly
modulated by the Gulf Stream, while the coast of West Africa
and the Iberian Peninsula provide the remaining ~10%-20%.
Furthermore, for G6, the North Atlantic subtropical high
(NASH) pressure system circulation acted as the principal
mechanism of moisture transport, and the moisture uptake by
TCs during genesis phase mainly came from the NATL source
(~80%-90%, Fig. 2b), over the northeastern part of the Atlan-
tic warm pool north of the Antilles (Wang et al. 2007).

Figure 3 presents a more complete overview of the moisture
sources precipitating for all the clusters, showings the moisture
values of the three main moisture sources: two over the Atlantic
basin (NATL and SATL) and the ETPac over the Pacific basin.
The moisture uptake pattern in the Atlantic Ocean was clearly
reduced around at 10°N, where the ITCZ is positioned. Figure 3a
clearly shows that the NATL moisture source was the major
source of TC genesis. The greatest moisture uptake was found
along the belt between 10° and 20°N, stretching from North
Africa to Central America, over the main development region
(MDR) of the TCs (Gray et al. 1993), indicating the moistening
of air parcels by evaporation over the ocean. Therefore, the east-
erly winds along this same band were the main mechanism of
moisture transport for the TC genesis phase in the North Atlan-
tic basin, transporting atmospheric water vapor from the Sahel
and eastern tropical North Atlantic basin to the west. Addition-
ally, Fig. 3a reveals the secondary source of moisture to the south
of the ITCZ, the SATL, which was associated with the northern
branch of the atmospheric circulation corresponding to the South
Atlantic subtropical high (SASH) pressure system; the ETPac
provided less water vapor to the regions of TC genesis over the
region influenced by the Chorro del Occidente Colombiano
(“Chocé”) jet (Poveda and Mesa 1999, 2000; Gallego et al.
2019). On average, the NATL source contributed 85.1% of the
total moisture that reached the TCs during their genesis phase, in
which the major contribution occurred from the tropical North
Atlantic, with two marked maximums around 25°W over
Madeira archipelago and over the Antilles and the Caribbean
Sea, while the SATL and ETPac supplied 12.8% and 2.1%,
respectively. Furthermore, the three moisture sources found
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FIG. 3. (a) Climatological pattern of moisture uptake integrated
from 1 day to 10 days backward in time from the genesis location
of each TC in the entire basin during 1980-2018. The red dots
mark the position of the annual moisture source weighted centroid.
(b) Moisture sources contribution composite (percentage). The red
dashed line indicates the mean annual position of the intertropical
convergence zone (ITCZ, ~10°N).

were quasi-permanent in position, as shown the weighted cent-
roids (red dots).

Figure 3b show that the MDR area, as a part of the
NATL source, contributed locally with values that reached
60%-80% of the moisture for the TC genesis phase, and
that the NATL moisture contribution gradually decreases
northward. The SALT moisture contributions reached from
15% to 45%, while the ETPac atmospheric humidity sup-
plied did not exceed 15%.

Our findings also reveal that the mean water vapor resi-
dence time (MWVRT) during TC genesis phase ranged from
2.5 to 3.1 days. The highest MWVRT were found over the
central tropical North Atlantic (G1) and the lowest value in
the cluster positioned over the north-middle Atlantic (G5).
Overall, the MWVRT is approximately 2.9 = 0.4 days (spatial
variability indicated by one standard deviation). This result is
close but shorter to the findings of Laderach and Sodemann
(2016) and Sodemann (2020), who pointed out that the
MWVRT in the tropics varies from 4.5 to 5.8 days. Neverthe-
less, the MWVRT estimation in these previous works was
performed for all weather systems, not for specific precipitant
phenomena as TCs are.
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FIG. 4. Maximum intensification peak of tropical cyclones (TCs) in the North Atlantic basin during 1980-2018. (a) The position of each
maximum intensification peak is indicated by a filled point. The colors represent the seven maximum intensification peak clusters calcu-
lated by the k-means technique. (b) The number of TCs by month and cluster.

b. Identification of the moisture sources for TCs during
the maximum intensification phase

A change in the TC intensity is a manifestation of highly
complex nonlinear dynamic and thermodynamic processes
that interact at and across multiple scales (Ooyama 1982). The
intensification processes range from aggregated and organized
convective processes to microphysical processes such as evapo-
ration and precipitation (Montgomery and Smith 2017). As
suggested by several theoretical and modeling studies (e.g.,
Emanuel et al. 2004; Kimball 2006; Wu et al. 2015), high envi-
ronmental moisture may lead to TC intensification. Thus,
moisture transport to the regions where a TC intensified prob-
ably plays an important role in its development.

By applying cluster analysis, seven regions were identified
as those where TCs reached the maximum intensity peak
(Fig. 4a). Cluster P1 (yellow) was located northeast of the
Bahamas Archipelago and included 14.5% of the TCs at their
intensification peak. The Gulf of Mexico (P3, green), the
western North Atlantic (P4, orange), the central tropical
North Atlantic (P5, blue), the northeast area of the Lesser
Antilles Arc (P6, brown), the north-central North Atlantic
(P2, red), and the Caribbean Sea (P7) included 21.9%, 17.3%,
13.8%, 13.5%, 9.5%, and 9.2% of the TCs at their intensifica-
tion peak, respectively. Owing to the close relationship
between TC genesis and TC intensification (Ditchek et al.
2017), the monthly distribution of the maximum intensifica-
tion peak frequency (Fig. 4b) was similar behavior to that
observed for genesis. There was a higher number of TCs at
the peak intensity in September, except for the Caribbean Sea
(P7), which peaked in October.

Figure 5 displays the climatological moisture uptake pattern
and VIMF (Fig. 5a), and the moisture contribution (Fig. 5b) for
the precipitating air masses inside the outer radius of TC during
their intensification peak phase for each cluster. The VIMF
revealed strong moisture transport from the central Atlantic to
clusters P1, P3, and P4, where easterly winds contributed to the
water vapor flux, and the moisture contributions ranged from
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35% to 75%. From Fig. 5, it can be seen that the western
peripheric circulation around the NASH favored moisture trans-
port from the northwestern Gulf of Mexico, crossing the south-
eastern United States from clusters P1 and P4. The P2 cluster
mainly gained the atmospheric humidity from the subjacent
ocean, although a slight moisture contribution (~15%-25%)
was observed from the eastern coast of United States. Further-
more, in the PS5 and P6 clusters, the eastern and southern flanks
of the NASH were responsible for moisture transport from the
Iberian Peninsula (skirting the West African coast) and the
northern flank of the SASH over the South Atlantic Ocean. For
these clusters, the NATL provided ~80% of moisture taken by
TCs, with a maximum over the central tropic Atlantic for P6
and slightly displaced to the east for P5; the SALT exhibited a
smaller contribution, with a local maximum reaching ~60% for
the PS5 cluster.

The moisture uptake patterns for the Gulf of Mexico (P3)
and the Caribbean Sea (P7) clusters were similar, although
the VIMF was more intense toward the first. Nevertheless, the
moisture source contribution patterns are different within the
NATL source. For P3 the maximum moisture contribution
(~50%-80%) occurred over the Caribbean Sea and Gulf of
Mexico, while P7 received the maximum moisture supplied
(~50%-70%) from the eastern Caribbean Sea. Moreover, a
weak contribution from the ETPac (~15%-20%) was detected
in the Caribbean Sea cluster (P7). This agreed with the VIMF
pattern, confirming the important role of the CLLJ in regional
moisture transport during the hurricane season. The easterly
winds also carried moisture (~25%, see Fig. 5b) from West
Africa and the Sahel to P5 and P6. Overall, the source patterns
were elongated eastward owing to the prevailing easterly
winds, except for cluster P2.

Figure 6a clearly reveals the three sources of moisture
that contributed to TCs in the phase of maximum intensifi-
cation. Again, the most intense moisture source was located
over the North Atlantic to the north of 10°N, the NATL,
with the core of moisture uptake extended over the western
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FIG. 5. (a) Climatological patterns of the moisture sources (moisture uptake; greenish colors; mm day ') for the maximum intensification
peak of TCs integrated backward over 10 days, and the vertically integrated moisture flux (VIMF) (arrows; kg m s~ ). (b) Moisture sources
contribution composite (percentage). The patterns show the composite for the days of all TCs in each cluster (numbered at the top). The

red line contours the composite of the outer radius for all TCs in the cluster. Period of study: 1980-2018.

basin. The second was to the south of 10°N, the SATL, and
the third was the weak ETPac moisture source. As indicated
Fig. 6b, the maximum moisture supplied by NATL came
from the western tropical North Atlantic, at northeastern of
the Caribbean islands. The pattern of the moisture uptake
for the maximum intensification peak indicates that the TCs
captured more atmospheric moisture during this phase
(~2323 mm day ' per TC) than during the genesis phase
(~1560 mm day ' per TC). On average, the atmospheric
moisture contribution from the NATL was approximately
92.6% during the TC maximum intensification stage, while
those from the SATL and ETPac were 6.1% and 1.3%,
respectively. Similar to TC genesis, the three moisture sour-
ces experienced little variation in the mean weighted posi-
tion during the study period; however, the NATL moisture
source shifted northward.

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 03/22/22 09:19 AM UTC

As the intensity of a TC is an important measure, TCs were
clustered for the different categories on the Saffir-Simpson
wind scale. Six clusters were found for the tropical storm (TS)
category, five clusters were found for reached categories 1
and 2 [TCs classified as hurricanes (Hs)], and four clusters
were found for categories 3, 4, and 5 [TCs classified as major
hurricanes (MHs)]. Figure 7 shows the VIMF and climatologi-
cal moisture uptake obtained in the backward trajectory of
the precipitant air masses residing over the TS, H, and MH
clusters. In the TS and H groups, the most intense and wide-
spread pattern was observed in the TS2 and H2 clusters, with
the maximum moisture uptake exceeding 10 mm day ™! to the
northeast of La Espafiola, corresponding to circulation associ-
ated with NASH. A nonnegligible contribution of humidity
was also observed from the Gulf of Mexico to the southeast-
ern United States. The SASH circulation over the South
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FIG. 6. As in Fig. 3, but for the TCs at their maximum intensifica-
tion peak phase.

Atlantic basin seemed to be an important mechanism of mois-
ture transport to the TS4, H1, H3, MH2, and MH3 clusters,
like that previously discussed for TC genesis and for all TCs
together during the maximum intensity peak. In addition, the
observed TCs had a drying effect over the continent (south-
eastern United States), providing moisture to TS2, TS3, H2,
HS5, and MH4 clusters. This phenomenon usually occurs in
the western or southern branches of the TC spiral bands (Xu
et al. 2017).

In the clusters including the inter-American seas (TS3, TS6,
H4, and MH1), the VIMF was mainly from the east until the
eastern Caribbean Sea, largely due to the CLLJ, and then
recurved northward to the Gulf of Mexico, being more
intense over the Cuba Archipelago. This could have been
linked to the excessive latent heat fluxes from the warm pool
south of Cuba (Lee et al. 2007). While describing the role of
the CLLJ in moisture transport, Bosilovich and Schubert
(2002) demonstrated the importance of the Caribbean Sea via
the southerly Great Plains low-level jet as a moisture source
for the Gulf of Mexico and the southern United States. The
Sahel was a weak moisture source for TS1, TS4, H1, and
MH2 through easterly flows. Furthermore, the ETPac was a
moisture source during the intensification of TCs when the
outer radius included the Gulf of Mexico (TS3, TS6, H4, and
MH1). In general, the moisture uptake pattern (Fig. 8) for
each intensity category (TS, H, and MH) was similar, but for
TS and H categories was more extended.
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On average, Hs captured more atmospheric humidity (2413
mm day ' per TC) than TSs and MHs (2179 mm day ' and
1964 mm day ! per TC, respectively). Overall, these amounts
of moisture were mainly supplied by the NATL moisture
source, contributing 88.3%, 89.6%, and 90.3%, for TSs, Hs, and
MHs, respectively. Moreover, in all cases, the moisture contri-
bution from the SATL (~11%) was higher than that from the
ETPac (~2.8%). Figure 8b also shows that during the TS cate-
gory the higher contribution occurred in the Caribbean Sea
over the Antilles (reaching local values ~65%), while during H
and MH the maximums were found more eastward over the
tropical NATL source (up to ~65%-70% of moisture). In gen-
eral, the moisture sources for TSs and Hs exhibited little annual
variation in their mean positions, while the positions of the
NATL and ETPac moisture sources for MHs showed notable
annual variations (red dots in Fig. 8a), which may have been
linked to the low frequency of MHs during the study period.

Overall, comparing Figs. 6a and 8a, the moisture uptake
pattern during the peak of maximum TC intensification was
more intense and more widespread than during each intensity
category when studied separately. Furthermore, by intensity
category, the core of the moisture uptake pattern appeared
zonally stretched between 10° and 30°N in latitude. The latter
behavior is more noticeable for MHs, which can be related to
the fact that TCs generally reach MH intensity over the tropi-
cal band of the North Atlantic, the Caribbean Sea and the
Gulf of Mexico (see Fig. 7).

Furthermore, the mean water vapor residence time
(MWVRT) during the peak of maximum intensification of TC
in the whole basin was estimated in 2.8 = 0.3 days. No notable
differences were observed in the MWVRT when TCs reached
each intensity category. However, the MWVRT during TS (2.9
+ 0.3 days) is slightly above the values than during H (2.8 +
0.3 days) and MH (2.7 = 0.3 days) intensity categories. Similar
to the TC genesis phase, the highest MWVRT values were
found in the clusters located over the tropical North Atlantic.

¢. Identification of moisture sources for TCs dissipation

The poleward transport of warm and humid air masses from
low latitudes is an important part of the atmospheric general
circulation and is essential for global energy and water budgets.
Because many TCs transit toward poleward latitudes and dissi-
pate above 30°N, they are an important mechanism of moisture
transport from tropical to subtropical latitudes (Fig. 9). Some
studies (e.g., Konrad and Perry 2009; Dare et al. 2012; Prat and
Nelson 2013; Brun and Barros 2014) have found that the con-
tribution of TCs to seasonal or annual rainfall on a regional
scale can be up to 50% in some continental regions, depending
on the characteristics and evolution of the wind field, topo-
graphic effects, atmospheric humidity, and size. Such a contri-
bution is mainly due to the proximity of these systems to the
coastline during their movement toward the dissipation areas.

Six broad regions over the North Atlantic basin were iden-
tified using the cluster analysis technique as those where the
TCs usually dissipated (Fig. 9a), and September was the
month with the highest frequency of dissipation processes
(Fig. 9b).
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FIG. 7. Climatological patterns of the moisture sources (moisture uptake; greenish colors; mm day ') for the locations where
TCs reached the tropical storm (TS), hurricane (H), and major hurricane (MH) intensity categories integrated backward over 10
days, and the vertically integrated moisture flux (VIMF) (arrows; kg m s~!). The patterns show the composite for the days of all
TCs in each cluster (numbered at the bottom right). The H groups include TCs that reached hurricane categories 1 and 2 on the
Saffir-Simpson wind scale, while the MH groups include categories 3, 4, and 5. Note that the n in TSn, Hn, and MHn (n = 1,
2, ..., 6) represents the cluster identification for each category. The red line contours represent the composite of the outer
radius for all TCs in the cluster. Period of study: 1980-2018.
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FIG. 8. As in Fig. 3, but for the TCs that reach TS, H, and MH intensity categories. The H groups include TCs that reached categories 1
and 2 on the Saffir-Simpson wind scale, while the MH groups include categories 3, 4, and 5. (a) Moisture sources and (b) moisture sources

contributions.

The climatological patterns of moisture uptake (Fig. 10a) indi-
cate that the studied TCs transported important amounts of
moisture toward high latitudes during their dissipation phase.
These high latitudes areas included the Iberian Peninsula and
the Atlantic coast of Great Britain and Northern Ireland, when
the TCs were located further north and east over the North
Atlantic (D1 and D5). The extended moisture uptake patterns
(see Fig. 10b) for D1 and D5 revealed a supply of moisture
mainly from the central subtropical NATL (higher than 55%),
and even from higher latitudes (~10%-20%) for D5. It is worth
noting the role of continental support over eastern North Amer-
ica (~10%-35%) for D1, D4, D5, and D6. For the TCs that dissi-
pated over South, Central, and North America (D2), the air
masses that transported moisture come from the Caribbean Sea
and Gulf of Mexico (higher than ~65%). For example,
Ferndndez-Alvarez et al. (2020) found that the contribution of
TCs to the total rainfall over Cuba during the cyclone season
was approximately 11%. Khouakhi et al. (2017) showed that the
TC-induced total rainfall in the southeastern United States and
along the coast of the Gulf of Mexico was approximately
100-150 mm yr~'. The SATL source only supported moisture to
the southernmost part of D3 (~25%), specifically the southern
Lesser Antilles Arc.

The intensity and extent of the moisture sources varied for
different TC dissipation clusters. In general, TCs move pole-
ward and undergo a transformation process to extratropical
cyclones during the dissipation phase (Evans et al. 2017). Dur-
ing this process, the deep warm core associated with TCs
becomes shallow and is often replaced by an asymmetric cold
core structure (Evans and Hart 2003; Hart et al. 2006), including
the development of shallow fronts (Klein et al. 2000). This evo-
lution occurs when TCs move in a baroclinic environment
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characterized by large temperature and moisture gradients, as
well as a relatively high vertical wind shear, relatively low SST,
and increasing Coriolis parameter (Evans et al. 2017). During
this process, the storm radius increases (Knaff et al. 2014);
therefore, larger moisture air masses from the tropical region
are transported by the external circulation of the storm.
The size of the impact area of a TC is a critical parameter in the
moisture contribution to the dissipation region. Moreover, the
distribution of these transport patterns corresponded well with
the backward trajectories of TCs.

The results (Fig. 11) showed that the climatological pattern
of moisture uptake over the entire North Atlantic basin for
TC dissipation was less confined in comparison to the genesis
and maximum intensification peak of TCs. Nevertheless,
more moisture (2482 mm day ' per TC) was transported to
the dissipation regions than for the genesis (1560 mm day ™’
per TC) and maximum intensification (2323 mm day ™! per
TC) regions. This may have related to the increased size of
TCs at high latitudes (Hart and Evans 2001; Knaff et al.
2014), thus facilitating an increased moisture transport. Over-
all, the moisture contributions from the NATL source (to the
north of 10°N) on average supplied 94.9% of the atmospheric
humidity transported to the TC dissipation regions, with an
accumulated maximum between 10° and 45°N contributing up
to approximately 75%-80% of moisture (as it is shown in
Fig. 11b); while the moisture contributions from the SATL
(to the south of 10°N) and ETPac sources were negligible dur-
ing the TC dissipation phase (3.3% and 1.8%, respectively).
Furthermore, as can be seen in Fig. 11a, the annual weighted
position of the NATL moisture source varied little during the
study period, while those of the SATL and ETPac exhibited
higher variations.
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FIG. 9. Dissipation points of tropical cyclones (TCs) in the North Atlantic basin during 1980-2018. (a) Each TC dissipation position is
indicated by the filled points. The colors represent the six TC dissipation clusters calculated by the k-means technique. (b) The number of
TCs by month and cluster.

Moreover, the mean water vapor residence time (MWVRT) 4. Summary

during the dissipation phase ranged from 2.4 to 2.7 days. Over This study investigated the moisture sources for the precipi-

the entire basin, the MWVRT (2.6 + 0.3 days) was slightly lower  tation associated to 598 TCs during their genesis, maximum
than those for genesis and peak of maximum intensification. intensity peak, and dissipation phases which formed in the
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FIG. 10. (a) Climatological patterns of the moisture sources (moisture uptake; greenish colors; mm day™!) for the dissipation phase of
TCs integrated backward over 10 days, and the vertically integrated moisture flux (VIMF) (arrows; kg m s~ ). (b) Moisture sources contri-
bution composite (percentage). The patterns show the composite for the days of all TCs in each cluster (numbered at the top). The red
line contours the composite of the outer radius for all TCs in the cluster. Period of study: 1980-2018.
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FIG. 11. As in Fig. 3, but for the dissipation phase of TCs.

North Atlantic Ocean basin from 1980 to 2018. With this aim
we computed the changes in humidity along the backward tra-
jectories of precipitating air masses (particles) inside each TC
outer radius using the global outputs from the Lagrangian
model FLEXPART (fed by ERA-Interim data). The charac-
teristics of the TCs during the study period were extracted
from the HURDAT2 database of the National Oceanic and
Atmospheric Administration/National Hurricane Centre.
Based on the k-means cluster analysis technique and silhou-
ette coefficient, seven regions of occurrence were identified
for the TC genesis and maximum intensification peak phases,
and six regions of TC dissipation. The climatological moisture
uptake in each region was characterized.

Our findings show that the North Atlantic Ocean basin to
the north of 10°N (NATL) was the main moisture source for
all the phases of TC development, supplying ~87% of atmo-
spheric humidity uptakes (playing a special role the tropical
part of the source, the Caribbean Sea and the Gulf of Mexico),
while the moisture to the south of 10°N (SATL) and the east-
ern tropical Pacific (ETPac) contributed ~11% and ~2%,
respectively. Meanwhile, the contributions of the SATL and
ETPac were higher for genesis and intensification phases than
for the dissipation phase. Furthermore, a slight interannual var-
iation in the position of each moisture source was observed;
however, discussion of this aspect is beyond the scope of this
studied. Moreover, it is interesting to note that the mean water
vapor residence time for the final precipitation during TC activ-
ity in the North Atlantic basin ranged from 2.6 to 2.9 days.
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The Lagrangian approach used in this investigation was
very useful for distinguishing the spatial scale of moisture
transport, and for assessing the origin of the precipitated
moisture linked to TC genesis, intensification, and dissipation
phases. Thus, this approach could support future studies
investigating other cyclogenetic basins to assess the role of
moisture sources in the variability of TCs, and to determine
the contribution of TCs to the hydrological cycle over the con-
tinents. Furthermore, in ongoing studies, we will aim to iden-
tify the mechanisms that modulate the interannual variation
in the position of moisture source regions for TC activity in
the North Atlantic basin.
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Abstract

In this study, we investigated the moisture sources for precipitation through a Lagrangian approach during the genesis,
intensification, and dissipation phases of all tropical cyclones (TCs) that occurred over the two hemispheric sub-basins of
the Indian Ocean (I0) from 1980 to 2018. In the North IO (NIO), TCs formed and reached their maximum intensity on both
sides of the Indian Peninsula, to the east in the Bay of Bengal (BoB), and to the west in the Arabian Sea (AS). The oceanic
areas where TCs occurred were their main moisture sources for precipitation associated with TCs. Additionally, for TCs
over the BoB, continental sources from the Ganges River basin and the South China Sea also played a notable role; for TCs
over the AS, the Somali Low-Level jet (along the African coast in a northerly direction) also acted as an essential moisture
transport. In the South IO (SIO), the western, central, and eastern basins were identified as the preferred areas for the genesis
and development of TCs. During TC activity, the central IO and the Wharton and Perth basins mostly supplied atmospheric
moisture. The Mascarene High circulation was the main moisture transport mechanism for the precipitation of TCs formed
in the SIO basin. In both basins, during their intensification process, TCs gained more moisture (even more intensely when
reaching the hurricane category) than during the genesis or dissipation stages. Additionally, the modulation during mon-
soonal seasons of the moisture contribution to the TCs was more noticeable over the NIO basin than for the SIO. Overall, the
moisture uptake for precipitation from the sources for TCs occurred slightly faster in the NIO basin than in the SIO basin.

Keywords Moisture uptake - Tropical cyclones - Lagrangian approach - Indian Ocean

1 Introduction

Tropical cyclones (TCs) are essential elements of the hydro-
logical cycle in tropical and subtropical regions (Dominguez
and Magafia 2018). However, the combined effects of
extreme winds, precipitation, and storm surges cause sig-
nificant economic losses and human death, especially in
coastal regions (Boruff 2009). Therefore, the forecasting of

P< Albenis Pérez-Alarcén
albenis.perez.alarcon@uvigo.es

Centro de Investigaciéon Marifia, Universidade de Vigo,
Environmental Physics Laboratory (EPhysLab), Campus As
Lagoas s/n, 32004 Ourense, Spain

Departamento de Meteorologia, Instituto Superior de
Tecnologias y Ciencias Aplicadas, Universidad de La
Habana, 10400 La Habana, Cuba

Instituto Dom Luiz, Faculdade de Ciéncias da Universidade
de Lisboa, 1749-016 Campo Grande, Portugal

Published online: 29 August 2022

TC intensity and trajectory to reduce the negative effects of
these storms has been of special interest to the international
scientific community.

TCs are formed over the tropical and subtropical waters
of different cyclogenic basins: North Atlantic, Central and
East Pacific, North-Western and South Pacific Ocean, North
Indian Ocean (NIO), and South Indian Ocean (SIO). The
warm waters of the oceans provide the energy source for
TCs, and their intensification is led by the enhanced latent
and sensible heat fluxes due to the evaporation and heat
transfer from the surface of the warm oceans, moistening
the TC boundary layer (Williams 2016).

The role of moisture in TC development is crucial.
Wang et al. (2016) demonstrated that latent heating associ-
ated with the condensation of water vapour is an important
source of potential energy for TC intensification, and Gray
(1968) showed that the relatively moist layers near the mid-
troposphere are a necessary factor for their genesis. Early
findings of Gray (1977) suggested that when mid-level
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relative humidity over the ocean is less than 60%, cumu-
lus convection does not typically occur, and when relative
humidity is less than 40%, cyclonic development is not pos-
sible. The intensity of storms in sheared environments is
enhanced (suppressed) if there is an increasing (reducing)
mid-tropospheric relative humidity (Emanuel et al. 2004).
Moreover, a moistened environment is considered one of the
most important factors for forecasting the intensity of TCs
(Wu et al. 2015). Therefore, globally, identifying where the
atmospheric moisture comes from to the TCs during their
different life stages is necessary to improve the predictive
power of numerical TC prediction models and to improve
the understanding of the global hydrological cycle.

The focus of this study was the analysis of TCs that
formed over the Indian Ocean (IO), namely the northern
and southern basins, the site of most of the world’s deadliest
cyclones (Longshore 2009; Samson et al. 2014), mostly due
to flash flooding caused by storm surges and heavy rainfall
(Needham et al. 2015; Bousquet et al. 2021; Wahiduzzaman
2021). Therefore, knowing precisely the origin of the humid-
ity that generates precipitation in TCs is crucial.

In addition to the more or less common characteristics that
can facilitate or inhibit the development or maintenance of
TCs, the 1O is affected by one of the most prominent climatic
systems worldwide, the monsoon. In fact, it is affected by dif-
ferent monsoonal regimes, and they modulate the occurrence
and frequency of TCs in the basin. For instance, during the
summer monsoon season over the 10 and South Asia, the
cyclonic vorticity to the north of the strong cross-equatorial
low-level jet stream is a dynamic force for the genesis of
depressions and cyclones north of the Bay of Bengal (BoB)
(Muni 2009). Nevertheless, according to Li et al. (2013) and
Yuan et al. (2019), TCs formed over the NIO basin exhibit a
bimodal seasonal distribution caused by unfavourable environ-
mental conditions during the monsoon season. Thus, the mon-
soonal system phases and their seasonally associated fluxes
throughout the areas of the IO can play an important role,
including moisture availability, in TC activity over the basin.

Various methods and approaches have been developed to
identify and follow the atmospheric moisture that reaches or
leaves a specific region. Eulerian (van der Ent et al. 2014),
Lagrangian (Stohl and James 2005; Sodemann et al. 2008;
Sprenger and Wernli 2015) and analytical (Martinez and
Dominguez 2014; Ordéiiez et al. 2012) models, and physical
water vapour tracers using isotopes (Henderson-Sellers et al.
2002) are the most used (Gimeno et al. 2010, 2012, 2020).
Lagrangian models are commonly used to study the water
vapour budget of air parcels as they travel either forward or
backward in time and space (Stohl and James 2005; Gimeno
et al. 2010, 2012, 2020). Nevertheless, the moisture sources
that supply the atmospheric humidity that generates TC pre-
cipitation during their genesis and intensification stages remain
poorly studied in any basin. Using the Lagrangian FLEXible
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PARTiIcle (FLEXPART) dispersion model (Stohl et al. 2005),
Xu et al. (2017) investigated in the Pacific basin the physical
processes that caused extreme precipitation in Japan during
the landfall of Typhoon Fitow in 2013, and Pazos and Gimeno
(2017) studied over the North Atlantic Ocean the climatological
moisture sources during the genesis phase of 110 TCs formed
in the eastern part of the basin; Pérez-Alarcén et al. (2021)
extended the study to the whole basin and to further phases of
TC development.

In this study, we aim to investigate the origin of the mois-
ture that becomes in precipitation associated with TCs formed
over the IO by using a Lagrangian approach. The analysis also
attempts to show the differences by considering the different
regions of occurrence for the three life phases of the TCs:
during their genesis, lifetime maximum intensity (LMI), and
dissipation.

1.1 Study area

The IO is an ocean surrounded by large landmasses at low lati-
tudes and the Indonesian archipelago (Fig. 1), which favours
the formation of the monsoon system and the reversal of ocean
currents. According to Hermes et al. (2019), the IO’s climate
is unique. The sea surface temperature (SST) at low latitudes
is commonly characterised by values higher than 28 °C, which
leads to the maintenance of atmospheric deep convection and
seasonal air—sea interactions (DeMott et al. 2015).

The atmospheric transport patterns over the northern 10
are mainly modulated by the seasonally reversing monsoon
winds (Tegtmeier et al. 2022) and the Somali Low-Level Jet
(SLLJ) positioned on the northeastern African continent. This
configuration is crucial for moisture and momentum transport
in regional circulation towards the Indian Peninsula (IP) (Halp-
ern and Woiceshyn 1999; Viswanadhapalli et al. 2020). Over
the southwest 10, the moisture fluxes and the low-level con-
vergence of circulations associated with the Angola thermal
low (ATL, positioned over the Angola—Namibia border), the
Mascarene High pressure system (MHPS, Manatsa et al. 2014)
positioned over 25-35° S and 40-110° E, and the flow from
the northeast monsoon region through the tropical 10 results
in the formation of the SIO Convergence Zone (SICZ) dur-
ing the austral summer (Ninomiya 2008; Lazenby et al. 2016;
Barimalala et al. 2018). Furthermore, the northern branch of
the MHPS plays an important role in defining the trajectories
of TCs formed in the western SIO (Xulu et al. 2020).

2 Materials and methods
2.1 Data

We used the best track TC archive of the Joint Typhoon
Warning Centre (JTWC), which provides complete data
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Fig. 1 Indian Ocean and surrounding landmasses. The red arrow rep-
resents the position of the Somali Low-Level Jet (SLLJ). The dashed
orange line shows the mean location of the South Indian Ocean Con-
vergence Zone (SICZ) during the austral summer. Brown arrows rep-
resent the major flows of moisture at low levels from: (1) the northern
branch of the circulation of the Angola Thermal Low (ATL, black

on the systems formed over the NIO and SIO during their
lifetime. The period available, from 1980 to 2018, is in the
post-satellite era, for which TC records are considerably bet-
ter than those in the pre-satellite era (Mohapatra et al. 2012).
The best track dataset has a text format that contains the
location, maximum winds, and minimum central pressure
of all known tropical and subtropical cyclones every 6 h.

To compute the vertically integrated moisture flux
(VIMF), we used the vertically integrated northward
and eastward moisture flux every 6 h extracted from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim reanalysis (Dee et al. 2011). The
ERA-Interim reanalysis is based on 4D-Var variational anal-
ysis in ECMWF’s Integrated Forecast System from 1979 to
2019 with a spatial resolution of 1°x 1° in latitude and lon-
gitude, and 61 vertical levels from the surface up to 0.1 hPa.

To determine the onset and offset of the monsoon system
to investigate its relationship with variations in moisture
sources during the phases of the TCs, we used daily pre-
cipitation data over the extended period of the study from the
Multi—Source Weighted—Ensemble Precipitation (MSWEP)
v2 dataset. This database incorporates a wide range of data
from different sources (Beck et al. 2019).
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dashed circle), (2) northeast monsoon region, (3) and northern branch
of the Mascarene High pressure system (dashed red line). Black
arrows represent the South-East trade winds at the east of Australia.
IP denotes the Indian Peninsula, and InP denotes the Indochina Pen-
insula

2.2 Methodology
2.2.1 Cluster analysis

We objectively grouped TC genesis, lifetime maximum
intensity (LMI), and dissipation locations in clusters
using the K-means cluster technique (MacQueen 1967).
The K-means algorithm divides N points in D dimensions
into k clusters, where the addition of the variance within
a cluster is minimised to ensure that the objects of each
cluster are as close to each other as possible (Hartigan and
Wong 1979). The optimal cluster number was determined
by the maximum mean and minimum number of negative
silhouette values. The silhouette value for each observa-
tion is a measure of the similarity of these observations
within the same cluster when compared with observations
in other clusters (Rousseeuw, 1987; Kaufman and Rous-
seeuw 2005). This clustering technique is one of the most
used because of its simplicity, and it is used for clustering
TCs in different basins (e.g. Nakamura et al. 2009; Cor-
poral-Lodangco et al. 2014; Rahman et al. 2018; Pérez-
Alarcén et al. 2022a).
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Fig.2 a Genesis points of tropical cyclones (TCs) in the Indian
Ocean from 1980 to 2018. Colours represent each cluster calculated
by K-means for the North Indian Ocean (Nn, n=1, 2) and South

2.2.2 Moisture sources diagnostic

To determine the origin of the precipitation that occurred
during the genesis, the LMI, and the dissipation phases
of TCs, we used the outputs from the Lagrangian model
FLEXPART v9.0 (Stohl and James 2004, 2005). The model
was forced using ERA-Interim reanalysis data (Dee et al.
2011) from the ECMWEF at 6-h intervals with a 1° horizontal

@ Springer

40
30
20
10

Number of TCs

50
40
30
20
10

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Indian Ocean (Sn, n=1, 2, 3). b Monthly frequency of TCs by cluster
for the North Indian Ocean and ¢ South Indian Ocean

resolution and 61 vertical levels covering the entire tropo-
sphere. FLEXPART was executed considering that the
atmosphere was homogeneously divided into ~2.0 million
parcels. It is worth noting that forcing the FLEXPART
model with the ERA-5 reanalysis (Hersbach et al. 2020) at
0.25° horizontal resolution and 137 vertical levels or per-
forming dynamic downscaling using the WRF (Skamarock
et al. 2008) and FLEXPART-WRF (Brioude et al. 2013)
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flux (VIMF) (arrows, kg/ms) for the North Indian Ocean. The red line

models are not suitable for climatological long term studies
due to the needed of high computing resources.

We focused on moisture sources for precipitation pro-
duced by TCs; thus, the trajectory of all precipitant parcels
in the prior 6 h before arriving at the region of interest were
followed backward in time up to 10 days. Several authors
(Numaguti 1999; van der Ent and Tuinenburg 2017; Gimeno
et al. 2021) have considered these 10 days as the average
water vapour residence time in the atmosphere at a global
scale. According to Lidderach and Sodemann (2016), precipi-
tant parcels were defined as those that achieved a decrease in
specific humidity higher than 0.1 g/kg. Thus, for each parcel,
the moisture variation (e — p) every 6 h was computed as

N m( B9 = (e -
mE~m<m>—@ p) (M

where e and p are the evaporation and precipitation from the
environment, respectively, m is the mass of the parcel, and g
is the specific humidity.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Moisture sources contribution (%)

represents the area occupied by the size of all TCs (numbered on the
left) within the cluster. ¢, d Composite of moisture sources contribu-
tion (%). Period of study: 1980-2018

Therefore, by applying the methodology developed by
Sodemann et al. (2008) for the identification of moisture
sources, we identified regions where air masses gained mois-
ture before the precipitation associated with each TC occurs
and measured the moisture uptake (MU) during TC genesis,
LMI, and dissipation phases. Further details of the moisture
source diagnostic method are in Laderach and Sodemann
(2016) and Pérez-Alarcon et al. (2022b). The region of inter-
est around each TC, where the tracked atmospheric particles
finally precipitated, was determined by the size of the TC. This
target area was calculated as the region inside a circle delim-
ited by the outer radius of the TC, which was computed as it
was in Pérez-Alarcon et al. (2021, 2022c¢). After the individual
MU for each TC was computed, a composite was performed to
determine the total moisture uptake pattern for each genesis,
LMI, and dissipation cluster.

Furthermore, a quantitative estimation of the moisture frac-
tional contribution of each evaporative grid to the precipitation
over the entire ocean basin was possible by using the mois-
ture accounting method in Sodemann et al. (2008). The water
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Fig.4 a—c Composite of the moisture uptake (mm/day) pattern dur- represents the area occupied by the size of all TCs (numbered on the
ing the genesis phase of TCs and the vertically integrated moisture left) within the cluster. d—f Composite of moisture sources contribu-

flux (VIMF) (arrows, kg/ms) for the South Indian Ocean. The red line tion (%). Period of study: 1980-2018

vapour supplied by the moisture sources can be estimated by Moreover, the moisture source diagnostic method applied
adding the individual fractional contributions over each grid in this study permits an estimation of the time that an atmos-
cell. This methodology is similar to the Eulerian diagnostics ~ pheric parcel flows in the atmosphere before it precipitates,
of strong, large-scale ocean evaporation events (Aemisegger  the known backward transit time, or water vapour residence
and Papritz 2018). time (WVRT) (Gimeno et al. 2021). The WVRT of each parcel
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Fig.5 Composite pattern of the moisture uptake (mm/day) for all TCs genesis locations for the a North Indian Ocean (NIO) and ¢ South Indian
Ocean (SI10); and moisture sources contribution composite for the b NIO and d SIO basins during the study period (1980-2018)

was estimated as the time between the far evaporation and
precipitation within the TC limits, weighted by each evapora-
tion location fractional contribution along the parcel trajectory.
Therefore, by averaging the WVRT of all precipitant parcels
over the target region, the Lagrangian mean residence time of
water vapour (MWVRT) can be computed.

2.2.3 Determination of the monsoon onset and offset
dates

To improve the understanding and elucidate the linkages
between the monsoon systems and the extension and intensity
of moisture sources for TC genesis, LMI, and the dissipation
stages, we analysed the variability of moisture sources for the
TCs during the pre-monsoon, monsoon, and post-monsoon
phases.

To objectively determine the onset and offset dates through-
out the year of the different monsoonal circulations over the
study area (the Indian Summer Monsoon [ISM], the East
Asian Summer monsoon [EASM], the Southeastern African
Monsoon [SEAM], and the North Australia Monsoon [NAM])
we used the method in Noska and Misra (2016). This meth-
odology was applied by Dunning et al. (2016) to study the
onset and cessation of seasonal rainfall over Africa, and by
Sori et al. (2017) to investigate the atmospheric transport of
moisture linked to monsoonal phases for the Indus, Ganges,

and Brahmaputra River basins. The methodology is based on
computing the daily cumulative anomalies (Cm) of the average
precipitation for an affected region throughout the year. The
daily cumulative anomalies for day i of year m are computed
as:

C'm(i) =)' [D,(n) - R.] 2)
n=1

where D, (n) is the daily rainfall for day n of year m, and R,
is the climatology of the annual mean of the precipitation
for N days (N =365 or 366) for M years:

1 M N
Ro= s X, 2, Dlom.n) 3)

m=1 n=1

The C’m for the ISM, EASM, SEAM, and NAM were
calculated over the limited regions defined as (7°-22° N,
73°-90° E), (5°-45° N, 90°-125° E), (0°—40° S, 25°-50° E)
and (10°-22° S, 110°-140° E), respectively.

Therefore, the onset is defined as the day after the C’m
reaches its absolute minimum, and the offset is defined as
the day when the C’m reaches its absolute maximum after
the onset date. We assumed the pre-monsoon from 60 days
before the onset and the post-monsoon until 60 days after the
offset, in agreement with Kiguchi and Matsumoto (2005).
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Fig.6 a Tropical cyclones (TCs) lifetime maximum intensity (LMI)
over the Indian Ocean from 1980 to 2018. Colours represent each
cluster calculated by K-means for the North Indian Ocean (Nn, n=1,

3 Results and discussion

3.1 Origin of TCs’ precipitation during the genesis
phase

The K-means cluster analysis (Fig. 2a) clearly reveals five

regions of TC genesis for the entire IO basin. For the NIO
basin, the Bay of Bengal (G-N1) accounts for 70% of the
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systems, and the Arabian Sea (G-N2) with the remaining
30% (Fig. 2a). These results agree with those of Bhatla
et al. (2020), who also noted that TCs are uncommon in the
Arabian Sea. In both regions, the TC activity in the NIO
has a bimodal annual frequency distribution (Fig. 2b) with
a marked maximum during October and November, and a
secondary maximum in May and June, coinciding with the
post- and pre-monsoon seasons, respectively (Yanase et al.
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Fig.7 a, b Composite of the moisture uptake (mm/day) pattern for
the North Indian Ocean during TCs lifetime maximum intensity
(LMI) phase and the vertically integrated moisture flux (VIMF)

2012; Li et al. 2013). For the SIO basin, three regions of
genesis were identified: the central tropical SIO (G-S1) with
43.6% of the events, northwest of Australia (G-S2, 26.4%),
and the southwest 10 (G-S3, 30%). Over the SIO basin, the
highest TC frequency in each genesis cluster was observed
in January and February (Fig. 2¢), in agreement with Yuan
et al. (2019).

The moisture uptake (MU) pattern over the NIO revealed
that for the G-N1 region (Fig. 3a), the Bay of Bengal (BoB)
was its main moisture source, contributing between ~50%
and 70% of the atmospheric humidity (Fig. 3c), and the
South China Sea (SCS) with a notable ~30-45%, and the
Indian Peninsula (IP) with ~ 15-20%. The air masses reach-
ing G-N2 gained moisture (Fig. 3b) mainly from the Ara-
bian Sea (AS) and the southwestern portion of the IP, with
a~55-70% contribution (Fig. 3d), and the moisture contri-
bution was lower from the SIO through the Somali Low-
Level Jet (SLLJ) area of influence (~ 10-20%) and from the
east African coast (~ 15-30%).
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(arrows, kg/ms). The red line represents the area occupied by the size
of all TCs (numbered on the left) within the cluster. ¢, d Composite
of moisture sources contribution (%). Period of study: 1980-2018

Over the SIO, the easterly trade winds blowing from the
Mascarene High pressure system (MHPS) were the mainly
mechanism of moisture transport from the Perth Basin
(PB) and Wharton Basin (WB) to the G-S1 genesis clus-
ter (Fig. 4a). The moisture contribution (Fig. 4d) from the
WB ranged from 75 to 85%, and the PB supplied ~ 30-50%.
For G-S2 (Fig. 4b, e), located over the North Australian
Basin, the main moisture source was its region, support-
ing ~50-70%. The South-East trade winds transported mois-
ture from the western Coral Sea (CS; ~10-25%), crossing
north of Australia (Nieto et al. 2014). Additionally, the west-
erly winds linked to the Australian monsoon system during
the warmer months in the South Hemisphere (Drosdowsky
1996; Lisonbee et al. 2020) transported moisture (~ 5-25%)
from the eastern tropical I1O. Overall, these moisture trans-
port patterns were supported by the VIMF field (Fig. 4b).
For G-S3 (Fig. 4c, f), the MHPS also transported the major-
ity of the atmospheric humidity (~65-90%) from the central
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Fig.8 a—c Composite of the moisture uptake (mm/day) pattern
for the South Indian Ocean during TCs lifetime maximum inten-
sity (LMI) phase and the vertically integrated moisture flux (VIMF)

IO (CIO), and a secondary nucleus appeared over the Somali
basin, exhibiting a moisture contribution of ~65%.

Several source regions contribute to moisture in various
genesis areas; therefore, we analysed the total contribution
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of moisture from each source to the cyclogenesis over both
sub-basins. The total MU pattern of the precipitant parcels
residing over the TC genesis regions over the 10 is plotted
in Fig. 5. The advection of oceanic moisture from the IO



Moisture source identification for precipitation associated with tropical cyclone development...

@ )
g T
[ sl
X
20°N
"
20°S|
N
(©
20°N
N
20°S
N

40°E 65°E 90°E 115°E 140°E 165°E

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 85 9.0 9.5 10.0
Moisture uptake (mm/day)

Fig. 9 The same as Fig. 5 but for the TCs lifetime maximum intensity

towards the TC genesis regions was higher than that from
the subcontinental land. The oceanic and terrestrial sources
in NIO contributed ~85.93% and ~ 14.07% of moisture,
respectively, while the contributions from ocean and land
regions accounted for ~80.29% and 19.71% in SIO, respec-
tively. In summary, the results allowed the identification of
six sources of moisture for cyclogenesis in the NIO basin
(Fig. 5a): the Arabian Sea (AS), the Bay of Bengal (BoB),
terrestrial moisture sources in the Indian (IP) and Indochina
Peninsula (InP), the South China Sea (SCS), and the west-
ern IO (WIO) along the SLLJ jet. Overall, the IP, AS, and
BoB contributed to the majority of the moisture (~70%),
the moisture contributions from InP and SCS ranged from
20 to 30%, and the atmospheric humidity supported by the

Table 1 Lagrangian mean water vapour residence time (MWVRT, in
days) during the TCs lifetime maximum intensity (LMI), and for the
TCs categorised by intensity: Tropical Storm (TS), Hurricanes (H,
category 1 and 2 on the Saffir-Simpson scale), and Major Hurricane
(MH, category 3+ on the Saffir-Simpson scale)

Basin LMI TS H MH
NIO 2.8+0.5 3.0+05 2.8+0.5 2.7+
SIO 3.1+0.5 32+05 3.1+0.4 3.1+05

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Moisture sources contribution (%)

WIO is less than 20% (Fig. 5b). Likewise, in the SIO basin
(Fig. 5¢), the moisture sources that supplied the atmospheric
humidity during the genesis of TCs were the western 10
(WIO), the central 10 (CIO), the Wharton Basin (WB), the
Perth Basin (PB, the Coral Sea (CS), and northern Australia
(NA). As shown in Fig. 5d, the highest moisture contribu-
tion (~50-80%) was from CIO and WB, followed by NA
(~40%) and WIO (~30%). Notably, the WIO exhibits nuclei
with a maximum contribution of 60% over the Somali basin.
Moreover, the moisture contribution from the CS was less
than 10%.

From the different sources, the moisture lasted dif-
ferent times to become precipitation. The MW VRT for
the whole sources over the NIO basin, calculated from
the Lagrangian approach, during TCs genesis phases
was ~ 3.1 +0.5 days (variability indicated by one stand-
ard deviation), 3.2 +0.4 days for the Bay of Bengal
(G-N1) cluster, and 2.9 + 0.5 days for the cluster over
the Arabian Sea (G-N2). For the whole SIO basin, the
estimated MWVRT was higher than that in the NIO,
at~3.3+0.5 days. The central tropical SIO (G-S1)
exhibited the highest values, 3.4 + 0.5 days, followed
by the western SIO (G-S3) and northeast Australia
(G-S2), which showed 3.3 +0.5 days and 3.1 +0.5 days,
respectively.
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Fig. 10 a Dissipation points of tropical cyclones (TCs) formed over
the Indian Ocean from 1980 to 2018. Colours represent each clus-
ter calculated by K-means for the North Indian Ocean (Nn, n=1, 2)

3.2 Origin of tropical cyclone precipitation
in the lifetime maximum intensification phase

Cluster analysis (Fig. 6a) again revealed five regions in the
IO basin where TCs reached the lifetime maximum intensity
(LMI). For the NIO basin was the Bay of Bengal (P-N1)
where 67.8% of the TCs showed their peak of intensification,
and the Arabian Sea (P-N2) accounted the remaining 32.1%.
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For the SIO basin was the central tropical South Indian
Ocean (P-S1) where occurred 38.7% of the TCs during LMI,
followed by the West Indian Ocean (P-S3, 33.7%), and the
northwest of Australia (P-S2, 27.4%). For both basins, the
monthly frequency showed a bimodal distribution, similar
to that observed for genesis (Fig. 6b,c).

Figures 7a,b show that the evaporation of water over
the BoB was the main region that supplied atmospheric
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Fig. 11 a—c Composite of the moisture uptake (mm/day) pattern for
the North Indian Ocean during the TCs dissipation phase and the ver-
tically integrated moisture flux (VIMF) (arrows, kg/ms). The red line

humidity (~60-75%) for the TCs in P-N1 during their LML
In addition, P-N1 received, but in a smaller amount, mois-
ture from the SCS (~25%), the IP (~15-25%), and from
the AS (~5-10%), in Fig. 7b. The pattern changed for P-N2
(Fig. 7c), for which the AS supplied most of the moisture

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Moisture sources contribution (%)

represents the area occupied by the size of all TCs (numbered on the
left) within the cluster. c—e Composite of moisture sources contribu-
tion (%). Period of study: 1980-2018

(~60%), and not an inconsiderable amount arrives across
the equator along the coast of East Africa and the Gulf of
Aden (~25%) through the SLLJ (Fig. 7¢), in agreement with
Ordoiiez et al. (2012).
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Fig. 12 a—c Composite of the moisture uptake (mm/day) pattern for
the South Indian Ocean during the TCs dissipation phase and the ver-
tically integrated moisture flux (VIMF) (arrows, kg/ms). The red line

For the TC LMI phase over the SIO basin, the pattern of
moisture uptake in each cluster was similar to that observed
for TC genesis, but more intense (Fig. 8). The circulation
pattern associated with the MHPS (see VIMF vectors,
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Fig. 8a) transported moisture from the Wharton and Perth
basins to P-S1 along its eastern branch, supplying approxi-
mately 50-70% of the moisture (Fig. 8d), and the northern
branch towards the west supplied moisture from the central
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Fig. 13 The same as Fig. 5 but for the TCs dissipation phase

10 (~40-65%) to P-S3 (Fig. 8c, f). For P-S3, the flow from
the northeast monsoon region from the northeastern coast of
Africa and the Somali Basin also achieved ~20-40%. Fur-
thermore, for P-S2 the importance of the moisture trans-
ported from inland northern Australia (~40-75%), and the
winds related to the Australian monsoon, blowing from the
northwest, also transported moisture (~5-25%) from the
NOI towards P-S2 (Fig. 8b, e), complemented by the trade
winds associated with high pressures around Australia from
the Coral Sea (~5%), in agreement with Nieto et al. (2014).

Figure 9 summarises the moisture sources for the TCs
during their LMI over the 10. Clearly, for the NIO basin,
AS, BoB, Ganges basin (GB), and the IP were again the
main moisture sources for this TC phase (Fig. 9a). The four
supplied ~64% of the atmospheric humidity (Fig. 9b); the
Indochina Peninsula (InP) and the South China Sea (SCS)
provided ~27%; and the WIO, the remaining ~9%. Over the
SIO basin (Fig. 9¢), the unified area of the central 10, WB,
and BP was the main moisture source for the TCs during
the LMI phase, supplying most of the moisture (~63%),
followed by the WIO (~22%) and northern Australia (NA)
and western Coral Sea (CS) (~ 15%). Figure 9 also reveals
that the moisture contributions from oceanic sources are
notably higher than that from terrestrial sources during the
LMI phase in both basins. Overall, the oceanic sources sup-
plied ~84.33% (~78.19%) in the NIO (SIO) basin, while
the terrestrial counterpart contributed ~ 15.67% (~21.81%).

40°E 657 90°E TIS°E 140°E 165°E
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The dynamic and thermodynamic processes leading to
changes in TC intensity are a key factor in understanding TC
development. Our findings revealed that intensity changes
to hurricane category (NIO: 702.8 mm/day per TC, SIO:
765.1 mm/day per TC) required more atmospheric mois-
ture than those to major hurricanes (NIO: 660.1 mm/day per
TC, SIO: 705.4 mm/day per TC) or tropical storms (NIO:
575.8 mm/day per TC, SIO: 637.9 mm/day per TC) in the
NIO and SIO basins. As a general feature, TCs during the
LMI or intensity changes over the NIO gained less water
vapour for precipitation than over the SIO. Additionally, like
for LMI and genesis phases, the oceanic sources supplied the
higher amount of moisture in both basins.

The MWVRT during TCs LMI and intensity changes
(Table 1) was higher in the SIO (3.1 +0.5 days) than in the
NIO (2.8 +0.5 days). On average, the moisture uptake that
became precipitation during the tropical storm category (TS)
exhibited higher MW VRT in both basins than during the
hurricane category (H) and major hurricane category (MH).

3.3 Origin of tropical cyclone precipitation
during the dissipation phase

The clusters for the TC dissipation phase over the NIO
and SIO basins are shown in Fig. 10a. In this phase, three
clusters appear in the NIO basin. The majority of TCs
(41.7%) dissipated over the Indian Peninsula (D-N1, red),
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«Fig. 14 Moisture uptake (greenish colour) for tropical cyclones (TCs)
genesis, peak of maximum intensity, and dissipation over the NIO
basin during the pre-monsoon, monsoon, and post-monsoon seasons
for the a Indian Summer Monsoon (ISM) and b East Asian Summer
Monsoon (EASM). Capital letters at the top indicate the TCs phases,
genesis (G), lifetime maximum intensity (LMI), and dissipation (D).
Red points indicate the TCs position in each stage. In the top right of
each map is the number of TCs during each monsoon phase

the Arabian Sea accounted for 25.4% (D-N2, yellow), and
the remaining 32.9% disappeared over the eastern coast of
India and Bangladesh (D-N3, green). The SIO basin shows
a cluster pattern for TC dissipation, similar to those for the
genesis and LMI phases, although in this terminal phase, the
TC positions within each cluster were more dispersed. One
cluster was located in the central IO (D-S1, purple, 33.7%);
one over the western coast of Australia (D-S2, cyan, 26%);
and the third, which accounted for a higher number of TCs,
appeared in the western 10 (D-S3, orange, 40.1%).

The TC monthly distribution of each cluster revealed
a high frequency of events from October to December in
the NIO (Fig. 10b) and from December to April in the SIO
(Fig. 10c). In both basins, the monthly distribution for TC
dissipation showed a similar pattern to that observed for the
prior life phases.

Over the NIO, the wind flux linked to the SLLJ
appeared as the main mechanism of moisture transport
from the western SIO and the eastern coast of Africa
towards the D-N1 and D-N2 clusters, and the moisture
uptake and VIMF patterns were more intense for D-N2
(Fig. 11a,b), supplying approximately 40-60% of mois-
ture. For D-N1, the BoB and IP were the main moisture
sources, supplying ~60-70% of moisture (Fig. 11d).
Additionally, the moisture transported from the SCS was
approximately 10% for D-N3 and D-N1. Furthermore, the
inland GB exhibited the highest moisture supply (~65%)
for D-N3 (Fig. 11c, f). According to Ying et al. (2005),
the moisture supplied and the properties of the underlying
surface have a significant effect on the TC rainfall distri-
bution. Therefore, our results suggest that the moisture
supplied is not only helpful in sustaining the TCs remnants
at the dissipation stage over land but is also an essential
condition for causing torrential rain.

In the SIO basin, the easterly winds linked to the north-
ern branch of the MHPS transported much of the atmos-
pheric moisture from the western coast of Australia and the
Wharton Basin to D-S1 (Fig. 12a), contributing approxi-
mately 40-70% (Fig. 12b). For the D-S2 cluster, the Perth
Basin, the north Australian basin, and the northwestern
portion of mainland Australia supplied moisture in a range
of ~45-70%, and the Australian monsoonal westerly winds
transported the remaining amount (~5-20%) from the east-
ern 10 (Fig. 12b,e). For D-S3, the central SIO through the
easterly winds was the principal source (~40-65%), which

also received moisture from the eastern coast of Africa and
the Somali basin (~20-35%), in Figs. 12c and f.

Similar to the TC genesis and LMI, Fig. 13 summarises
the moisture sources and their contributions to the precip-
itation during the TC dissipation stage over the NIO and
SIO basins. Figure 13a shows that the BoB, AS, GB, and IP
were the main moisture sources in the NIO basin, provid-
ing ~60-80% (Fig. 13b). Additionally, the InP and the SCS
along the coast of South China supplied ~20-30%, and the
WIO provided the remaining ~ 10%. Similarly, from Fig. 13c,
the WB, PB, and CIO were identified as the main sources of
atmospheric humidity for the precipitation of TCs during the
dissipation process in the SIO basin, supplying ~ 50-70% of
moisture (Fig. 13d). Additionally, the moisture transported
from the WIO was ~25-35% of the total amount, and the
northwestern portion of Australia (NA) contributed ~5-10%.
Overall, the oceanic (terrestrial) sources supplied ~81.83%
(~18.17%) and ~83.17% (~ 16.82%) of moisture in NIO and
SIO basins, respectively.

Regarding the MW VRT, no noticeable differences were
found to the genesis and LMI stages. The MW VRT during
the dissipation stage that formed over the NIO basin varied
from 2.4+0.5 (in D-N2) to 2.8 + 0.5 (in D-N3) days; for the
SIO basin, it was higher than for NIO, ranging from 2.7 +0.4
(in D-S2) to 3.1 +0.4 (in D-S1) days.

3.4 Relationship between monsoon systems
and moisture sources

The region of the NIO basin is affected by the most impor-
tant monsoon system, the Asian summer monsoon, which
includes the Indian summer monsoon (ISM) and the East
Asian Summer monsoon (EASM). The Asian summer mon-
soon ASM is considered a large-scale coupled ocean—atmos-
phere phenomenon and is associated with changes in atmos-
pheric circulation patterns (Liu et al. 2019) over the region.
Our findings revealed that on average, the ISM started on
01 June and ended on 26 October, the mean onset of EASM
occurred on 02 May, and the offset was approximately on
16 October, in agreement with Noska and Misra (2016).
Accordingly, 39.3% (42.8%) and 33.3% (42.8%) of TC gen-
esis in the NIO occurred during the ISM (EASM) monsoon
and post-monsoon seasons.

We also investigated the changes in the intensity and
position of moisture sources for TCs over the NIO basin
because of the different monsoon seasons (pre-monsoon,
monsoon, and post-monsoon), as shown in Fig. 14 for the
genesis, LMI, and dissipation phases, and in Figure S1 for
the TS, H, and MH intensity categories. During the ISM
pre-monsoon and monsoon seasons, the highest moisture
contribution to TCs over the NIO basin was from the IP,
AS, and WIO along the eastern coast of Africa. The mois-
ture was mainly transported to the TC position by a strong
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«Fig. 15 Moisture uptake (greenish colour) for tropical cyclones
(TCS) genesis, peak of maximum intensity and dissipation over the
SIO basin during the pre-monsoon, monsoon and post-monsoon sea-
sons for the a Southeastern African Monsoon (SEAM) and b North
Australia Monsoon (NAM). Capital letters at the top indicate the TCs
phases, genesis (G), lifetime maximum intensity (LMI), and dissipa-
tion (D). Red points indicate the TCs position in each stage. In the top
right of each map is the number of TCs during each monsoon phase

cross-equatorial low-level jet stream (Joseph et al. 2006).
Moreover, because the zonal branch of the Somali Jet forms
during the boreal summer, moisture is advected eastward
towards the ISM (Liebmann et al. 2012). That is, the ISM
is associated with an increase in the precipitation, build-
ing up of vertically integrated humidity, strengthening of
the low-level westerly wind over southwestern India and an
increase in the kinetic energy (Krishnamurti 1985; Sahana
et al. 2015). During the EASM pre-monsoon, the moisture
gained by TCs was mainly from the southeastern AS, the IP,
and the northern BoB. In general, a weak moisture contribu-
tion was observed from the BoB and the SCS. Nevertheless,
during the post-monsoon season, the moisture uptake from
the BoB and SCS was strengthened, and the moisture sup-
plied from the AS and the Somali basin was lower than that
of the pre-monsoon and monsoon seasons, being practically
zero for TC genesis during the ISM pre-monsoon season.
During all monsoon phases, the moisture sources supplied
more moisture as the TCs became more intense, although
the moisture gained by TCs during the dissipation phase
was notably high.

The SIO basin is affected by the Southeastern African
Monsoon (SEAM) and the North Australia Monsoon (NAM)
occurring on both sides of the basin, in southeast Africa
and the north Australia, respectively. According to our esti-
mations, the SEAM started on approximately 08 November
and ended on 16 April (as found by Kniveton et al. (2009),
Shongwe et al. (2015) and Dunning et al. (2016)), and the
NAM started on 13 December and ended on 25 March (in
agreement with Suppiah (1992) and Pope et al. (2009)).
Thus, 83.8% and 66.1% of the TCs generated in the SIO
basin occurred during the SEAM and NAM monsoon sea-
sons, respectively.

Figure 15 shows the intensity and position of moisture
sources during the monsoon seasons for TC genesis, LMI,
and dissipation phases over the SIO. Likewise, Figure S2
is similar to Fig. 15 but for the TS, H, and MH intensity
categories. During the pre-monsoon period, the moisture
supplied from the WB and PB was a more intense source
during the NAM than during the SEAM and remained
active throughout the TC season. During the SEAM and
NAM monsoon seasons, the moisture contribution from
the WIO and the northeastern coast of Africa was notable.
The ISM reversal seasonal circulation (Funk et al. 2016)
affects the moisture transport patterns in the region. Thus,

the southward movement of the continental tropical con-
vergence zone and the subtropical anticyclone led to the
winds blowing from the Indian subcontinent towards the
10 in a northeasterly direction during the boreal winter,
triggering the northeastern monsoon (Rajeevan et al.
2012), transporting moisture from the Arabian Sea along
the east coast of Africa to the position of the TCs over the
western basin of the SIO. In addition, during the post-
monsoon season, the North Australia and the Coral Sea
also contributed to atmospheric moisture for the precipita-
tion associated with TC activity. In summary, TCs uptake
more moisture during intensity changes than during the
genesis or dissipation phases (Figs. 15 and S2).

Overall, the largest differences in the moisture uptake
pattern during the monsoon phases (pre-monsoon, mon-
soon and post-monsoon) occurred over the NIO basin. This
behaviour is probably caused by the intensity of the ISM
and EASM compared to the SEAM and NAM. Note that
the intensity of the former is notably higher than the latter
(Liu et al. 2019). It is worth noting that experiments (e.g.
Clemens and Prell 2003) with atmospheric global circulation
models have revealed that the elevation of Himalaya-Tibet
has significant effects on the intensity of the Asia Summer
Monsoon.

Furthermore, according to Table 2, in general, the larg-
est Lagrangian MW VRT observed in the NIO was during
the post-monsoon season, and for the SIO basin, during the
pre-monsoon season. Regardless of the monsoon season, in
both basins, TCs exhibited the highest MW VRT during the
genesis phase and the lowest during the dissipation stage,
always having in all cases, as discussed, higher values in the
SIO than in the NIO basin.

4 Conclusion and remarks

Tropical cyclones (TCs) are one of the most destructive
weather phenomena that affect coastal countries in tropical
regions, producing major impacts over significantly large
areas. In this study, a Lagrangian approach was used to iden-
tify the origin of TC precipitation during the genesis, inten-
sification, and dissipation stages over the Indian Ocean. We
objectively separated the locations of TC genesis, lifetime
maximum intensification, and dissipation stages into clus-
ters in both the North Indian Ocean (NIO) and the South
Indian Ocean (SIO) basins to determine the moisture sources
and moisture transport mechanisms in these regions. The
position and size of each TC formed in the NIO and SIO
from 1980 to 2018 were extracted from the Joint Typhoon
Warning Centre best track archives and the TCSize database,
respectively.

A Lagrangian moisture source diagnostic method was
applied to the backward trajectories of atmospheric parcels
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Table 2 Lagrangian mean

> . Basin G LMI TS H MH D

water vapour residence time

(in days) during monsoon NIO

seasons for the TCs genesis (G),

lifetime maximum intensity ISM

(LMI) intensity changes, and Pre- 3.0+0.3 26+04 29403 2.7+0.3 2.6+0.3 2.5+0.3

dissipation (D) in the North Mon 3.0+04 25+04 28+04 2.7+0.3 2.8+0.3 25+04

Ind%an Ocean (NIO) anq South Post- 33+0.6 29+0.7 3.1+0.7 3.0+0.6 2.7+04 2.8+05

Indian Ocean (SIO) basins EASM
Pre- 3.1+0.6 26+05 29+04 2.8+0.4 29+0.1 23+0.6
Mon 3.0+0.3 26+03 28+04 2.7+0.3 25+0.3 25+03
Post- 33+0.6 2,8+0.5 3.1+0.5 29+0.5 2.8+0.4 2.7+0.6

SIO
SEAM
Pre- 35+04 32+03 33+04 3.3+0.3 3.7+0.1 32+04
Mon 3.3+0.5 31+£04 32+04 3.1+04 32+04 29+0.4
Post- 32+0.3 31+£04 3.1+04 3.0+0.3 3.0+0.3 2.8+0.3
NAM

Pre- 3.4+0.7 33+0.6 3.3+0.6 32+0.6 34+04 3.0+0.6
Mon 32+04 31+£04 32+04 3.1+04 3.1+0.5 29+0.4
Post- 3.3+04 31+04 32+04 3.0+04 3.0+04 29+0.3

TS: Tropical Storm, H: Hurricanes (category 1 and 2 on the Saffir-Simpson scale) and MH: Major Hur-
ricane (category 3 +on Saffir-Simpson scale). Pre-, Mon and Post- referred to Pre-monsoon, Monsoon and

Post-monsoon seasons, respectively

ISM: Indian Summer Monsoon, EASM: East Asian Summer Monsoon, SEAM: Southeastern African
Monsoon, NAM: North Australia Monsoon

residing over the area occupied by the TC outer radius to
identify the moisture sources. The pathways of the parcels
were obtained from the global outputs of the Lagrangian
model FLEXPART, forced with the ERA-Interim reanaly-
sis data.

This study revealed that in the NIO basin, the Bay of
Bengal, the Arabian and South China Sea were the pre-
dominant oceanic moisture sources for TC activity, and
continental areas such as the Indian Peninsula, the Ganges
basin and the southern coast of China also contributed to
the moisture supply for the genesis, intensification, and
dissipation stages. We also found that the western Indian
Ocean and the eastern coast of Africa were a notable mois-
ture sources through the SLLJ for TCs that occurred over
the Arabian Sea. Notably, for the TCs over the Bay of Ben-
gal the most intense source of moisture was the Ganges
River basin when the TCs were at their most intense phase.

For the cyclogenesis and development of TCs over
the SIO basin, the central Indian Ocean, the Wharton
and the Perth basins were identified as the main moisture
sources that supply the precipitant atmospheric humid-
ity thoughout the easterly trade winds blowing out the
Mascarene High pressure system. Moreover, the Western
Indian Ocean, the northern Australian mainland, and the
Coral Sea contributed to the moisture supply but with less
intensity. The climatological pattern of moisture uptake
revealed that during the intensification process, TCs
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gained more moisture for precipitation than during the
genesis and dissipation stages. Overall, the differences
found in the moisture uptake pattern during the different
phases of TCs development over the Indian Ocean were
statistically significant at a 95% significance level. In
summary, the oceanic (terrestrial) sources supplied ~ 86%
(~14%) of moisture in the NIO basin and ~80% (~20%)
in the SIO basin.

In both basins, TCs required more atmospheric humidity
during intensity changes to hurricanes than to major hur-
ricanes or tropical storms. This finding was also supported
by computing the average of total specific humidity in the
atmospheric column enclosed by the TC outer radius. Figure
S3 reveals that the mean total specific humidity increased in
both basins from genesis, reaching its maximum value for
the hurricane category and then decreasing for the dissipa-
tion stage. Additionally, we compared the moisture uptake
pattern of each TC phase with respect to the genesis phase
by applying the statistical t-Student test. Furthermore, the
moisture sources that supply atmospheric humidity for TC
activity over the NIO basin were more heavily modulated by
monsoon systems than those over the SIO.

The Lagrangian methodology used in this work allowed
us to find that the time taken by the moisture for precipita-
tion to reach the TCs differs for both basins, being faster
for the NIO (from 2.6 to 3.1 days) than for the SIO (from
2.9 to 3.2 days). Overall, the highest time was during the
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genesis phase and tropical storm intensity category, and the
lowest was during the dissipation stage. Differences were
also found in monsoonal episodes. On average, these times
were higher during the post-monsoon season in the NIO and
during the pre-monsoon season in the SIO. In general, the
time values it takes for precipitant moisture to reach the TCs
are lower than the climatological estimations by Liderach
and Sodemann (2016) and Sodemann (2020) for the global
tropics (4.5 to 5.8 days) for which they did not differentiate
weather systems, including in their estimates for all days of
the year and any weather situation, unlike our work.

Climate and meteorological dynamics are influenced
by modes of climate variability, such as the Indian Ocean
Dipole and El Nifio-Southern Oscillation. They modulate
TC activity and can also affect the moisture transport for
the TCs. In further research, it will be necessary to focus
our attention on the role of these modes in the variability of
the intensity and extent of moisture sources for precipitation
originating from TCs during their lifetime. In addition, the
findings from this study will also be used as a reference in
future works to identify changes in the intensity and posi-
tion of moisture sources for precipitation associated with
TCs over the Indian Ocean in the different climate scenarios
projections.
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ABSTRACT: Tropical cyclones (TCs) are an important component of the hydrological cycle at tropical latitudes. In this
study, we investigated the origin of precipitation associated with TCs formed from 1980 to 2018 over the Pacific Ocean in
three subbasins: the western North Pacific Ocean (WNP), central and east Pacific Ocean (NEPAC), and South Pacific
Ocean (SPO) basins. The analysis was performed throughout the TC lifetime during genesis, when they reached the life-
time maximum intensity (LMI), and the dissipation stage. The backward trajectories of all precipitant atmospheric parcels
residing over the TC locations from the global outputs of the Lagrangian Flexible Particle (FLEXPART) dispersion model
fed by the ERA-Interim dataset were used to identify moisture sources. The South and East China Seas and the western
tropical North Pacific Ocean were identified as the principal moisture sources in the WNP basin, while the atmospheric
moisture that precipitated mainly came from the eastern tropical North and South Pacific Ocean in the NEPAC basin, fol-
lowed by the Caribbean Sea. Meanwhile, the Coral Sea, western tropical South Pacific Ocean, and northern Australia are
the origins of the moisture in the SPO. The mean moisture uptake per TC was higher during the hurricane category than

during any other stage in each basin.

KEYWORDS: Precipitation; Tropical cyclones; Water budget/balance

1. Introduction

The central and northeast Pacific Ocean (NEPAC), South
Pacific Ocean (SPO), western North Pacific Ocean (WNP),
North Atlantic Ocean, and north and south Indian Ocean ba-
sins are often the starting grounds for tropical cyclogenesis.
According to Gao et al. (2020), the WNP is the most active
basin for tropical cyclone (TC) activity, followed by the
NEPAC basin (Zhao and Raga 2015).

Some studies have shown that the large-scale circulation es-
tablished by the East Asian monsoon (EAM), which extends
to the adjacent oceanic areas, controls when and where TCs
form over the WNP basin (Elsberry 2004; Choi et al. 2016).
Moreover, the eastward extending/westward retreating mon-
soon trough is closely related to TC formation in the WNP
(Molinari and Vollaro 2013; Cao et al. 2014, 2016). The zonal
orientation of the South Pacific convergence zone (SPCZ),
defined by a monsoon-type convergence zone, favors cyclo-
genesis in the SPO basin. Meanwhile, the Australian monsoon
enhances vorticity in the Coral Sea, which favors the genesis
of TCs in this region because of the horizontal shear between
the monsoon and trade winds (Vincent et al. 2011).

& Supplemental information related to this paper is available
at the Journals Online website: https://doi.org/10.1175/JCLI-D-22-
0287.s1.

Corresponding author: Albenis Pérez-Alarcén, albenis.perez.
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Huang et al. (2014) showed that atmospheric moisture
transport is a key factor in TC genesis and maintenance mod-
ulating the latent heat distribution inside and outside the TC.
The underlying ocean water vapor in the inner core area con-
stitutes a very small portion of total vapor gained, while the
net horizontal moisture flux convergence constitutes a large
part of the net condensation within the inner core (Yang et al.
2011; Braun 2006; Fritz and Wang 2014; Fujiwara et al. 2017).
Moreover, several modeling studies have suggested that the
size of TCs is significantly reduced with decreasing atmo-
spheric humidity (Hill and Lackmann 2009; Wu and Chen
2012). Rotunno and Emanuel (1987) found that although the
intensity of TCs depends less on the environmental moisture
content during genesis, it takes more time for a drier TC to
develop to its final intensity. Moreover, Wu et al. (2015)
found that modifications of environmental moisture have sig-
nificant impacts on TCs when it leads to convective activity
that deforms the quasi-Lagrangian boundary of the storm.
Kudo et al. (2014) demonstrated that a significant proportion
of total precipitable water around the TC center during its
mature stage comes from external moisture sources rather
than the underlying ocean. Through a Lagrangian diagnosis,
Fujiwara et al. (2017) found positive feedback between TC in-
tensity over the WNP basin and moisture transport from the
Indian Ocean, China Sea, and Philippine Sea.

Other studies have focused on the relationship between
heavy TC rainfall and moisture transport. The contribution of
TCs to total rainfall quantities over land generally occurs
when they make landfall, or during the dissipation stage over
land or close to landmasses (Khouakhi et al. 2017). For

© 2023 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
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example, Gao et al. (2021) pointed out that atmospheric mois-
ture shapes increased TC precipitation in southern China
over the past four decades, and the findings of Xu et al. (2017)
suggest that TCs are an important source of freshwater for
the North American continent. Furthermore, the moisture
transport performed by westward-moving TCs over the WNP
basin is an important source of the water budget over the
East Asia region when the East Asian summer monsoon di-
minishes (Guo et al. 2017). Dominguez and Magana (2018)
investigated the positive and negative impacts of TCs on sum-
mer rainfall over tropical and subtropical North America and
found that regional precipitation may be below (above) nor-
mal when the NEPAC TC activity is below (above) normal.
The results of Jiang and Zipser (2010) showed that the TC
rainfall contributions were 3%-4%, 7%, and 11% in the SPO,
NEPAC, and WNP, respectively. Furthermore, from the per-
spective of the water budget, Wu et al. (2013) analyzed three
TCs that passed through the Taiwan Strait and found that the
moisture flux convergence was dominant and contributed 70%
of the moisture for TC precipitation.

While several studies have focused on the water budget of
TCs, the identification of the origin of moisture for precipita-
tion during the different phases of TCs along their tracks has
been poorly studied. Several methodologies, such as analytical
models, vapor tracers, and numerical models have been used
to identify moisture sources in specific target regions (Gimeno
et al. 2012). Analytical models provide simple paradigms to
evaluate the vertically integrated balance of water vapor, and
the vapor tracers are based on the concentrations of hydrogen
and oxygen isotopes contained in water vapor and precipita-
tion (Goessling and Reick 2013), whereas numerical models
(Eulerian and Lagrangian) provide a more sophisticated anal-
ysis by considering many physical processes (Winschall et al.
2014). Lagrangian techniques are the most widely used be-
cause of their ability to determine long-term moisture sources
(Gimeno et al. 2012, 2020). Additionally, they have been used
to analyze the main atmospheric moisture sources of the cu-
mulative effect of torrential rain events during the preflood
season in South China (Chu et al. 2017).

The method proposed by Stohl and James (2004, 2005) has
been widely used for the identification of moisture sources in
climatological studies; however, recent studies (Cloux et al.
2021; Papritz et al. 2021) have shown that for meteorological
systems, the moisture sources are more local and better deter-
mined by discounting the precipitation along the air parcel
trajectories before reaching the target region, as in Sodemann
et al. (2008). This methodology was also used to identify the
climatological moisture sources for the precipitation of each
tropical cyclone that occurred in the North Atlantic Ocean
(Pérez-Alarcon et al. 2022a) and in a particular case study
covering the six major hurricanes in this basin during the 2017
TC season (Pérez-Alarcon et al. 2022b).

Following the same procedure as for the climatological
study in the North Atlantic basin discussed above, this study
aimed to investigate the origin of moisture that generated the
precipitation of TCs formed over the Pacific Ocean during
genesis, intensification, and dissipation phases through a
Lagrangian approach, while separately analyzing the NEPAC,
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WNP, and SPO basins. It is well known that oceans are the
primary source of energy for the genesis and development
of TCs (e.g., Emanuel 2004); commonly, the related cause-
and-effect studies base the analysis on the role of surface
winds on the ocean evaporation and the SST conditions. In
this study, we aim to go further by jointly analyzing multiple
parameters through modeling, that allows us to identify and
characterize the ocean areas (moisture sources) that con-
tribute to the evolution of precipitation during the genesis
and development of TCs. For the Pacific basin, we found no
previous studies that objectively determined the location
and extent of the sources of moisture for precipitation asso-
ciated with the development of the TCs, so the expected re-
sults could be relevant for understanding the dynamics of
TC formation and development. Knowing the climatological
TCs’ moisture sources (oceanic and terrestrial) for precipi-
tation could be also a novel key predictor for the seasonal
prediction of TCs. We expect that our results support the
forecast of rainfall associated with TCs, and in turn the po-
tential negative (floods) and positive (drought amelioration)
impacts on the continental hydrological cycle and associated
socioeconomic effects. Identifying the regions where the hu-
midity that produces the precipitation accompanying TCs
and where it originated may help improve the seasonal predic-
tion of TC activity and related rainfall. The seasonal prediction
of TCs is controlled by several factors, including large-scale at-
mospheric circulation patterns, oceanic thermodynamic condi-
tions, and climatic variability modes (Chan et al. 2001; Zhan
et al. 2012). Therefore, the knowledge about the specific clima-
tological moisture sources for TCs’ precipitation could contrib-
ute to improve seasonal forecasting of precipitation associated
with these systems. That is, the analysis of the moisture avail-
ability over those regions identified as moisture sources
could be a very useful indication of how active a TC season
will be in terms of related rainfall. The remainder of the pa-
per, and section 2 specifically, describes the datasets and the
Sodemann et al. (2008) methodology used to identify the
moisture sources, while section 3 presents the results and dis-
cussion. A summary, conclusions, and future plans for con-
tinuing this work are presented in section 4.

2. Materials and methods
a. Data

The NEPAC TC data used in this study correspond to the
postseason analysis dataset (best track, HURDAT?2) from
the National Hurricane Center, which includes position and
intensity at 6-h intervals. The TC information developed over
the WNP and SPO basins was extracted from the Joint
Typhoon Warning Center best-track archive. One of the
benefits of using data from these agencies is that they follow
the same definition of maximum winds: the highest 1-min
average at 10-m height over a smooth surface (Harper et al.
2010; Bhatia et al. 2019). The TC genesis and dissipation lo-
cations are defined as the first and last records in the best-
track database, respectively. The TC size was obtained from
the TCSize database (Pérez-Alarcon et al. 2022c), in which
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the TC outer radius was computed as the radius at which
the tangential wind speed was =2 m s~ ' by applying the
Willoughby et al. (2006) radial wind profile (Pérez-Alarcon
et al. 2021a).

To identify the moisture sources for TCs, the parcel trajec-
tories from the global output of the FLEXPART v9.0 (Stohl
et al. 2005) model were used. The model was fed by the
ERA-Interim datasets from the European Center for
Medium-Range Weather Forecasts (ECMWF, Dee et al.
2011) at 1° X 1° and 6-hourly spatial and temporal resolu-
tions, respectively, and 61 vertical levels. The outputs of
the Lagrangian Flexible Particle (FLEXPART) model
forced with the ERA-Interim have been previously used
for investigating the moisture sources for the precipitation
of synoptic weather system such as tropical cyclones (e.g.,
Pérez-Alarcon et al. 2022a,b,d), extratropical cyclones (e.g.,
Gozzo et al. 2017; Coll-Hidalgo et al. 2022a), Mediterranean
cyclones (Coll-Hidalgo et al. 2022b), and atmospheric rivers
(e.g., Ramos et al. 2016). In our study, FLEXPART v9.0 rep-
resents the global atmosphere divided into approximately two
million parcels with the same mass, and then moving these
parcels over time through a three-dimensional wind field.
As ERA-Interim does not resolve individual convective
cells (Stohl and James 2004), FLEXPART simulations were
performed using the convection scheme developed by Emanuel
and Zivkovi¢-Rothman (1999) to account for subgrid-scale con-
vective transport. Further details of FLEXPART model can be
found in Stohl et al. (2005) and Pisso et al. (2019). Sodemann
(2020) noted that simulations without convection cause an un-
derestimation of vertical transport and, therefore, deficiencies
in the precipitation estimates over tropical and subtropical re-
gions. FLEXPART internally interpolates the input data from
ERA-Interim (at 0000, 0600, 1200, and 1800 UTC) to interme-
diate times (0300, 0900, 1500, and 2100 UTC); therefore, the
model runs with a temporal resolution of 3 h, nearest to
the internal movements in a TC. In addition, ERA-Interim
was used to compute the vertical integrated moisture flux
(VIMF) every 6 h.

Based on the high quality of TC records after the beginning
of meteorological satellite era (Vecchi and Knutson 2008;
Kossin et al. 2013; Bhatia et al. 2019) and the availability of
ERA-Interim data, the study period was set from 1980 to
2018. Following the works of Hodges et al. (2017), we used in
this study to follow the TCs along their trajectories the best
track archives instead an objective method from ERA-Interim
dataset. Hodges et al. (2017) found that ~98% of the TCs
were detected in different reanalysis datasets, with a good
agreement with best-track data concerning the mean separa-
tion from their position being less than ~220 km, but with
more deficiencies in the TC properties as intensity. Further-
more, missing storms were attributed to the lifetime threshold
imposed on the tracking methods. Additionally, Pérez-Alarcon
et al. (2022b) used TC positions from best track data and the
FLEXPART model forced with ERA-Interim, showing that
the Lagrangian diagnostic method (section 2b) is a suitable tool
for identifying the origin and quantifying precipitation from
TCs.
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b. Methodology
1) CLUSTER ANALYSIS TECHNIQUE

To identify the regions where TC genesis, intensification,
and dissipation occur frequently over the Pacific Ocean
basins, we applied a cluster method. The K-means method
(MacQueen 1967) was used, and is very useful for data
analysis and mining (Morissette and Chartier 2013). This
technique is based on the iterative relocation of data
points between clusters. It is used to divide the cases or
variables of a dataset into non-overlapping clusters based
on the characteristics uncovered (Morissette and Chartier
2013). The K-means method was previously applied to iden-
tify TC genesis (Corporal-Lodangco et al. 2014; Pérez-Alarcén
et al. 2022a) and landfall (Pérez-Alarcén et al. 2021b) regions
over the North Atlantic basin, to classify the TC tracks over
the WNP basin (Yu et al. 2016) and to study the post-landfall
tracks of landfalling tropical cyclones over China (Zhang et al.
2013).

2) IDENTIFICATION OF MOISTURE SOURCES FOR TC
PRECIPITATION

The moisture content of an air parcel can be modified owing
to gains or losses of specific humidity by evaporation (e) or
precipitation (p), respectively, during its movement through
the atmosphere (Stohl and James 2004, 2005), as described in

Eq. (1):

dg _ (Aq\ _
s m(E)—(e P, (1)

where Agq represents the changes in the specific humidity (g)
within time (Az = 6 h), maintaining a constant particle mass (1).

We are interested in identifying the origin of moisture re-
sulting in precipitation during the three well-known stages
(genesis, lifetime maximum intensification, and dissipation) of
TCs. Therefore, only the precipitating parcels over the area
enclosed by the outer radius of the TCs (our target region)
were tracked backward. Following Laderach and Sodemann
(2016), precipitating parcels were defined as those in which
the specific humidity decreased more than 0.1 g kg™ ! in a pe-
riod of 6 h. The backward trajectories of the precipitating par-
cels were analyzed individually for up to 10 days to ensure the
largest MWVRT for the best identification of the moisture
sources. The 10-day period has been considered by several
authors (Numaguti 1999; van der Ent and Tuinenburg 2017,
Gimeno et al. 2021) as the mean water vapor residence time
in the atmosphere.

To identify the sources of moisture for TCs activity, we
used the WaterSip Lagrangian moisture source diagnostic
method (Sodemann et al. 2008), which has been used success-
fully in several studies (Fremme and Sodeman 2019; Hu et al.
2021; Papritz et al. 2021; Xin et al. 2022; Pérez-Alarcon et al.
2022a,b,d, Coll-Hidalgo et al. 2022a,b). From the end to the
starting point of a parcel’s trajectory, the fractional contribu-
tion of the humidity increment to the parcel’s moisture con-
tent is computed at each time step. If precipitation occurs
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along the route, all previous moisture uptakes are assumed to
have contributed according to their fractional contributions
and are therefore discounted. As WaterSip discounts the pre-
cipitation in route from previous moisture uptakes, the trajec-
tories of the air parcels that precipitated in the target region
were shorter than 10 days. The WaterSip method also pro-
vides the contribution of each evaporation region to the final
precipitation over the target region for each parcel. It should
be noted that our study does not separate the moisture uptake
from the planetary boundary layer or the free atmosphere.
The moisture uptake in the atmospheric column over each
grid cell of 1° X 1° (MU,4) was computed by adding the final
moisture changes along the trajectories of all parcels that pre-
cipitated within the TC outer radius, following Eq. (2):

N
mzi Ag,

MU, = ———. 2
where Ag is the specific humidity changes within time (Af = 6 h),
A is the area of the grid cell, and N represents the number of
moisture changes over A that contributed to the final precip-
itation in the target region (Sodemann et al. 2008; Pérez-
Alarcén et al. 2022a). Then, by summing all MU 4 values we
estimated the total moisture uptake (MU) by TC. In sum-
mary, the MU is the integrated value of all moisture changes
of all parcels that precipitated within the area delimited by
the TC size. Therefore, the MU during each TC develop-
ment phase (genesis, intensification, and dissipation) was
computed by averaging the total moisture uptake of all TCs.
Moreover, by averaging the fractional contribution over
each 1° X 1° cell, the percentage contribution of each mois-
ture source to the precipitation event was calculated. Fur-
ther details on how the moisture source contributions were
computed can be found in Pérez-Alarcon et al. (2022b).

The moisture changes estimations using this Lagrangian
tracking method could be influenced by the neglect of liquid
water and ice in the atmosphere and the mixing of air parcels,
or other processes like evaporation of precipitating hydrome-
teors, by numerical diffusion and numerical errors related to
the trajectory calculation (Sodemann et al. 2008). Despite
these shortcomings, the method has proved to be a useful tool
for identifying the moisture sources for precipitating weather
systems such as TCs (Pérez-Alarcon et al. 2022a,b,d), deep ex-
tratropical cyclones (Papritz et al. 2021; Coll-Hidalgo et al.
2022a), and Mediterranean cyclones (Coll-Hidalgo et al.
2022b).

3. Results and discussion

a. Climatological mean moisture sources during tropical
cyclone genesis phase

During the study period, approximately 1167, 763, and
425 TCs were formed over the WNP, NEPAC, and SPO ba-
sins, representing 31.1%, 20.3%, and 11.2%, respectively, of
all TCs that occurred during the study period globally. These
statistics confirm that the WNP and NEPAC are the most ac-
tive basins (Zhao and Raga 2015; Gao et al. 2020).
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Cluster analysis (Fig. 1a) revealed that the spatial distribu-
tion of the genesis points is quite compact, and the TC genesis
regions in the Pacific Ocean are restricted to a stretch band of
0°-30°N for the WNP, 0°-20°N for the NEPAC, and 0°-20°S
for the SPO. The WNP basin exhibits four genesis clusters:
the first (G-W1, red, 40.1% of genesis) is located over the
Philippine Sea, the second (G-W2, purple, 24.5%) is posi-
tioned over the South China Sea, the third (G-W3, yellow,
32.9%) over the Mariana Islands, and the last one (G-W4,
lime green, 2.31%) appears over the central Pacific Ocean be-
tween the Marshall Islands and Hawaii, and is the least nu-
merous cluster. Over the NEPAC basin four clusters were
also detected: the first one is located over the Middle America
Trench (G-N1, blue, 35.6%), the centroid of the second clus-
ter (G-N2, green, 14.4%) is positioned approximately at 12°N,
128°W, the third NEPAC genesis cluster (G-N3, brown,
44.4%) is observed toward the southwest Pacific coast of
Mexico, and the last (G-N4, pink, 5.5%) is located in the cen-
tral Pacific Ocean south of the Hawaiian Islands. Figure la
also shows the three genesis clusters identified over the SPO
basin: the first (G-S1, black, 29.6%) is in northern Australia,
the second (G-S2, orange, 28.2%) over the central South
Pacific Ocean, and the third over the Coral Sea (G-S3, ma-
genta, 42.1%).

The monthly frequency showed a similar pattern between
the clusters in each basin; in the WNP (Fig. 1b) and NEPAC
(Fig. 1c) basins, the highest frequency of genesis was observed
in July, August, and September, although the N-G1 cluster
exhibited its maximum in June; for the SPO, the highest TC
activity was recorded from December to April (Fig. 1d).

For each genesis cluster in the WNP basin, Fig. 2 shows the
mean moisture uptake (left column) and respective moisture
source contributions (right column). As a general pattern re-
vealed by the VIMF, the western North Pacific subtropical
high (WNPSH) acted as the main mechanism for transporting
atmospheric humidity toward the genesis regions, which
agrees with the fact that the WNPSH is a key circulation sys-
tem controlling TC activity over this region (Chen et al
2020). The western tropical North Pacific Ocean (WTNPac)
supplies up to 80% of moisture to G-W1 and approximately
50% to G-W3. Over the region by about ~70%-80% of TCs
formed occurred within the monsoon trough (Molinari and
Vollaro 2013), a signal found here throughout the circulation
of the South Asian monsoon transporting moisture from the
Bay of Bengal that reached G-W2 (~20%-30%) and G-W1
(~5%). For G-W2 the remaining moisture was mainly from
the East China Sea, which contributed approximately 40%—60%
of the moisture precipitated during cyclogenesis in this cluster,
from the South China Sea (SCS; ~30%-50%), and from the
Arafura Sea (~10%-20%). It worth noting that the retreat of
the WNPSH from the SCS to the Philippine Sea and the west-
ern Pacific leads to the monsoon westerly winds penetrating
from the Indian Ocean to the South China Sea, the Philippine
Sea, and the western Pacific, as revealed the moisture trans-
port pattern for the genesis in clusters G-W1 and G-W2 (see
also Fig. S1 in the online supplemental material). In addition,
the small cluster G-W4 mainly received moisture from the cen-
tral tropical Pacific Ocean (CenPac).
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FIG. 1. (a) Tropical cyclone (TC) genesis locations in the Pacific Ocean from 1980 to 2018. Colors represent the TC
genesis clusters (n = 1,2, 3 ...) calculated by k-means for the western North Pacific Ocean (WNP; red, purple, yellow,
and lime green), the central and northeast Pacific Ocean (NEPAC; blue, green, brown, and pink), and the South
Pacific Ocean (SPO; black, orange, and magenta). Monthly distribution by clusters is also represented for the

(b) WNP, (c) NEPAC, and (d) SPO basins.

The moisture transport during TC cyclogenesis in the
NEPAC basin (Fig. 3, left column) was modulated by the
eastern branch of the North Pacific high (NPH), which is
one of the principal centers of action in the Northern Hemisphere
(Hordon 2005), and the South Pacific high (SPH), but also by
the easterly winds from the Caribbean Sea, as shown by the cli-
matological VIMF pattern for each cluster. These three drivers
gave the global moisture source a concave hook shape on the
right. The moisture branch from the Caribbean Sea supplied
30%-40% of the humidity for the genesis in G-N1, and con-
tributed to G-N2 and G-N3, but covered a smaller area. From
the Pacific Ocean, the G-N1, G-N2, and G-N3 clusters also re-
ceived moisture from an elongated source over the eastern
tropical South Pacific Ocean (ETSPac), eastern tropical North
Pacific Ocean (ETNPac), and Pacific coast of Central America.
The moisture uptake patterns over the Pacific during cyclogen-
esis showed a north-south division approximately at 10°N
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latitude, which may be linked to the mean position of the inter-
tropical convergence zone (ITCZ) during the summer season
in the eastern Pacific Ocean (Hastenrath 2002; Marshall et al.
2014; Pottapinjara et al. 2019). The G-N2 exhibited a similar
moisture contribution from both sides at 10°N, providing
40%-60% of the moisture that was precipitated in this clus-
ter, but for G-N1 and G-N3, the moisture was supplied from
a source south of 10°N which accounted for 20%-40%. The
Central American coast mainly provided substantial moisture
for G-N1 (60%-75%) and G-N2 (40%—-60%) clusters. Note also
the support of moisture from the Caribbean Sea (10%-30%) for
G-N1 and from the ETNPac (35%-45%) for G-N2 (Fig. 3).
The cluster N-G4 showed a less intense pattern of moisture
uptake from the middle of the Pacific Basin.

In the SPO basin, the main moisture transport mechanism
during TC genesis was due to wind convergence linked to the
South Pacific convergence zone (SPCZ), which reaches its
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FIG. 2. (left) Mean moisture uptake (mm day ') and (right) moisture sources contribution (%) by tracking precipi-
tating parcels over the area enclosed by the TC outer radius (target region) backward in time up to 10 days for each
TC genesis cluster over the western North Pacific basin. The vertically integrated moisture flux (VIMF; kg m s~ '; arrows)
is also plotted. The red line represents the composite target region of all TCs (numbered on the left) within the cluster
from 1980 to 2018.

maximum strength during the most active months of the TC for TCs formed in cluster G-S1, providing approximately
season (December-February; Fahad et al. 2021) (Fig. 1d). 50%-70% of the humidity, whereas the northeastern main-
Vincent et al. (2011) stated that the SPCZ location not only  land of Australia contributed 30%-40%, which can be linked
strongly constrains the hydrological cycle, but also favors the  to recycling processes. The Coral Sea also supported moisture
development of TCs in this basin. Nevertheless, our results re-  (20%-40%) for TCs formed in G-S3, but TCs in this cluster
vealed that the western branch of the SPH weakly contributed  mainly received atmospheric humidity (40%-55%) from the
to the transport of moisture to clusters G-S2 and G-S3, as  seas around New Caledonia Island. Additionally, from the vi-
shown by the VIMF pattern in Fig. 4. The seas in northern cinity of the Fiji Islands, most of the moisture (20%-60%) fell
Australia and the Coral Sea were the main moisture sources  in G-S2 during the TCs formation.
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FIG. 3. Asin Fig. 2, but for TCs over the central and northeast Pacific Ocean (NEPAC) basin.

Figure 5 summarizes the moisture sources and their contri-
butions to precipitation associated with TCs during cyclogene-
sis in the Pacific Ocean. From Fig. 5a, the climatological
moisture uptake pattern in the WNP basin zonally extended
from the middle North Pacific to the Indian subcontinent.
This moisture uptake pattern orientation coincides with the
mean orientation and position of the summer western North
Pacific monsoon trough, which provides favorable conditions
for TC formation, namely high midtropospheric relative humidity,
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weak vertical wind shear, and relative vorticity (Molinari
and Vollaro 2013; Zong and Wu 2015; Feng and Wu 2021).
Overall, the moisture was mainly supplied by the SCS
(20%-30%) and the western tropical North Pacific Ocean
(WTNPac; 50%-75%). Additionally, the moisture contribu-
tion from the remaining moisture sources (Arabian Sea, Bay
of Bengal, Indian Peninsula, and southeastern Asia) was less
than 20%. TCs over the NEPAC generally originated from the
easterly waves, convectively coupled Kelvin waves, breakdown
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FI1G. 4. As in Fig. 2, but for TCs over the South Pacific Ocean (SPO) basin.

of the ITCZ, and mesoscale convective systems, in which
the lower-tropospheric cyclonic vorticity is maximized
(Schreck et al. 2016; Fu et al. 2021). As noted above, the
easterly wind in which the easterly wave is transported con-
tributed to the moisture transport toward TCs genesis loca-
tions over the NEPAC basin. Additionally, the moisture
uptake pattern exhibited a north-south division around
10°N, which coincides with the mean position of the ITCZ
during the boreal summer (see Fig. 5b). Overall, the mois-
ture sources for TCs in the NEPAC basin (Fig. 5b) were
more intense north of 10°N, supplying 40%-55% of atmo-
spheric humidity from the ETNPac and 20%-30% from the
Caribbean Sea, although south of 10°N the ETSPac contrib-
uted up to 25%-40%. It is worth noting the meridional
transport of water vapor from the South American coasts
by the southeast trade winds to cyclogenesis regions in
NEPAC, confirming interhemispheric moisture transport
(Gallego et al. 2019). The genesis of TCs over SPO is highly
favored by the SPCZ, which modulates large-scale environ-
ment factors for cyclonic activity (Vincent et al. 2011). The
SPCZ extends from the west Pacific warm pool southeastward
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toward French Polynesia (see Fig. 1 in Vincent et al. 2011).
Note from Fig. 5c that the orientation of the moisture uptake
pattern during the genesis over SPO followed the orientation
of the SPCZ; however, it is less widespread than that observed
in the WNP and NEPAC. The highest contribution of humid-
ity (45%—-65%) came from the main moisture source com-
prised of the Timor Sea, Arafura Sea, Coral Sea, and the
north-eastern areas of Australia. The western tropical South
Pacific Ocean (WTSPC), including the Salomon Sea, also
provided 20%-30%, while the contribution from the most
remote sources was less than 5%. For the three subbasins,
the moisture uptake from ocean sources was predominant.
Overall, the moisture uptake patterns during cyclogenesis
were influenced by the mechanisms that modulated TC
formation.

Our results showed that TCs that formed over the WNP,
the most active basin of all (Gao et al. 2020), gained less mois-
ture to generate precipitation during genesis than those formed
in the NEPAC and SPO. The mean moisture uptake per TC
was higher in the SPO (1347 mm day ') than in the NEPAC
(1258 mm day ') and WNP (1118 mm day ") basins.
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FIG. 5. (left) Climatological moisture uptake (mm day ') patterns and (right) the contribution of moisture sources
(%) during the TC genesis over the (a) western North Pacific Ocean, (b) central and northeast Pacific Ocean, and

(c) South Pacific Ocean basins from 1980 to 2018.

b. Climatological mean moisture sources during the
tropical cyclone maximum intensity

Similar to the genesis phase, the clusters for the TCs life-
time maximum intensity (LMI) showed a zonal distribution in
the band between 30°S and 45°N. Three LMI clusters were
identified in each subbasin using K-means clustering. In the
WNP basin (Figs. 6a,b), one cluster (P-W1; red) was located
over the South China Sea (representing 26.3% of the TCs
over this subbasin), while the East China Sea and western
Philippine Sea were home to the second cluster (P-W2; purple),
accounting for 48%. The last cluster (P-W3; yellow; 25.5%) cov-
ered a larger area from the central Philippine Sea to the central
North Pacific Ocean, but exhibited greater dispersion in the TC
LMI locations. In the NEPAC basin (Figs. 6a,c), TCs com-
monly reached the LMI close to the Central American coast,
where the first cluster was located (P-N1; blue), and it was the
NEPAC cluster that accounted for the majority of the TCs
(57.1%). The second cluster (P-N2; green; 31.8%) appeared in
the region of 10°-20°N, 116°~143°W, while the centroid of the
third cluster (P-N3; brown; 10.9%) was just off the southern
Hawaiian Islands and stretched to the date line. In the SPO
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basin (Figs. 6a,d), the first LMI cluster (P-S1; black; 28.4%) was
over the seas north of Australia and the western Coral Sea, the
second cluster (P-S2; orange; 28.2%) extended from the eastern
Fiji Islands toward the central South Pacific Ocean, and the
third cluster (P-S3; magenta), accounting for 43.4% of the TCs,
was located over the Melanesia Archipelago and surrounding
seas. The monthly distribution was like that observed during
the genesis phase for each basin.

During the TCs’ LMI stage in the WNP basin, the western
branch of the WNPSH was responsible for the moisture trans-
port from the WTNPac toward the three LMI clusters (like in
the genesis stage), as indicated by the VIMF pattern (Fig. 7).
However, the moisture contribution was less than 20%-30%
for P-W1 and P-W2 but could be up to 30%-70% for P-W3
(Fig. 7). For P-W1, the Arabian Sea and Bay of Bengal,
through the monsoonal wind circulation, contributed with a
5.25% moisture supply, the East and South China Seas contrib-
uted 40%-50% and 25%-35%, respectively, and the Philippine
Sea contributed 15%-55%. For P-W2, the Bay of Bengal also
supplied a small amount of moisture (10%-15%), with the East
China Sea and Philippine Sea once again being the main



1068

70°N
60°N
50°N|
40°N
30°N
20°N
10°N

0°
10°S
20°S
30°S
40°S

50°5

95°E 110°E

140°E 170°E

(b) (c

0
30 PWE255% 15 PN 109%
2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

JOURNAL OF CLIMATE

—_——— . —
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Manths

VOLUME 36

160°W 130°W 100°W

80 25
o 60 20
30 P-Wy: 26.3 % %0 15 P-5,:28.2 %
0 2 PMiSTI% 10 I
10 . 5
J——— i m_ - -

80

70

60
80 =5 25
60 0 20

o 15

a0 P-W,: 48.0 % I ;E P-M3: 31.8 % 15
: ul i ﬁ
o 5 -l - 2

P-5;: 28.2 %

35

30

25

Eg I P-S3: 43.4 % I
10

H B___ N

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

FIG. 6. (a) Tropical cyclone (TC) lifetime maximum intensity (LMI) locations in the Pacific Ocean from 1980 to
2018. Colors represent the TC LMI clusters (n = 1, 2, 3...) calculated by k-means for the western North Pacific
Ocean (WNP; red, purple, yellow, and lime green), the central and northeast Pacific Ocean (NEPAC; blue, green,
brown, and pink), and the South Pacific Ocean (SPO; black, orange, and magenta). The monthly distribution by clus-
ters is also represented for the (b) WNP, (¢c) NEPAC, and (d) SPO basins.

moisture reservoirs, supplying approximately 40%-70%. For
P-W3, from the eastern Philippine Sea 30%-50% of the atmo-
spheric moisture was transported, while the moisture contribu-
tion from the Celebes Sea was less than 20%. The contribution
from terrestrial sources was less than 5%.

The trade winds originating from the eastern branch of the
NPH and SPH were the main mechanism for moisture trans-
port in the NEPAC basin during the TC lifetime maximum
intensity (VIMF patterns in Fig. 8), like during the genesis
phase. Westerly water vapor transport controlled by the
easterly winds from the Caribbean Sea contributed with ap-
proximately 15% and 25% of precipitant moisture for P-N1
and P-N2, respectively. Nevertheless, the moisture gained
by TCs over P-N1 mainly proceeded from the ETNPac,
close to the Mexican coast (40%—-60%) and along the south-
western U.S. coast (30%); besides, for P-N2, the moisture
came mainly from the ETNPac (40%-75%) and the ETSPac
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(30%-60%). Moreover, the landmasses of Central America
also provided a nonnegligible amount of moisture to P-N1,
which was slightly lower than P-N2. According to Amador
(2008), the regional low-level jet structure, the Caribbean
low-level jet, controlled by thermal gradients and topogra-
phy, is a key factor that governs the distribution of moisture
in Central America. From Fig. 8, we confirmed that P-N3
mainly received moisture from the central tropical Pacific
Ocean (CTPac; 35%-55%), but remote sources over the Pacific
coast of Central America and the southwestern U.S. coast also
contributed, supplying 5%—-10% of moisture.

Figure 9 shows the climatological moisture uptake patterns
associated with each cluster during the TC LMI stage in the
SPO basin. Compared with the genesis phase (Fig. 4), no no-
table differences were observed regarding the location and
extent of moisture sources. However, the pattern of moisture
uptake was more intense during the LMI (Fig. 9). The wind
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FIG. 7. (left) Mean moisture uptake (mm day ') and (right) moisture source contributions (%) by tracking precipi-
tating parcels over the area enclosed by the TC outer radius (target region) backward in time up to 10 days for each
TCs lifetime maximum intensity (LMI) cluster over the western North Pacific basin. The vertically integrated mois-
ture flux (VIMF; kg m s~ '; arrows) is also plotted. The red line represents the composite target region of all TCs
(numbered on the left) within the cluster from 1980 to 2018.

fluxes that sustain the SPCZ were the main mechanisms for
transporting atmospheric moisture to the LMI clusters. The
VIMF pattern exhibited a cyclonic curvature in each cluster,
probably linked to the Australian monsoon trough region,
according to Vincent et al. (2011). The monsoon westerly
winds transported moisture from the North Australian Basin
to P-S1 5%-20%) and P-S3 (5%-10%). The moisture that ar-
rived at P-S1 commonly came from the Timor and Arafura
Seas (20%-30%), Coral Sea (30%—-60% ), and mainland Australia
(10%-60%), while the maximum contribution of atmospheric
humidity for P-S3 was from the surrounding seas of the
Melanesian Archipelago, accounting for more than 55% of
all moisture accumulated to influence the precipitation in
this cluster during the TCs LMI stage, making this area the
most important source. The maximum contribution for P-S2
proceeded from the western tropical South Pacific Ocean
(WTSPac; 40%-75%).

The entire overview of moisture sources that supply the
precipitant moisture during the TC LMI stage over the WNP
basin (Fig. 10a) showed that the major sources were located
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over the East China Sea, South China Sea, and WTNPac, in-
cluding the Philippine Sea. The moisture transported from
these sources to TC locations accounted for 30%-60%,
20%-35%, and 30%—-40%, respectively. The Bay of Bengal,
southern Asia, and the central Pacific Ocean near the south-
western Hawaiian Islands also contributed, but by less than
15%-20%.

The location of the ITCZ divides the moisture sources for
the TCs formed over the NEPAC basin into two well-defined
asymmetric regions in the north (ETNPac) and south (ETSPac)
at a latitude 10°N (Fig. 10b). Previous research findings (de
Szoeke and Xie 2008) have indicated that the northwest—
southeast slant of the Pacific coast of the American continent
breaks the meridional symmetry of the eastern Pacific climate,
causing more precipitation in the Northern Hemisphere. In-
deed, the ETNPac was established as the main moisture source
for the TC LMI phase in the NEPAC basin, contributing ap-
proximately 40%—-70%. Meanwhile, the contributions originated
from the Caribbean Sea and ETSPac moisture sources account-
ing for 10%—-30% and 30%-50%.
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FIG. 8. Asin Fig. 7, but for TCs over the central and northeast Pacific Ocean (NEPAC) basin.

TCs that formed over the SPO basin during the LMI stage
generally gained moisture from the WTSPac source (Fig. 10c).
The water vapor transported from the land area of northern
Australia (20%-40%), the Coral Sea (30%-70%), and the seas
surrounding the Melanesia Archipelago (50%-60%) played
the largest role. The eastern Indian Ocean supplied less than
2%—-5%.

On average, during the LMI stage, TCs over the WNP gained
approximately 2225 mm day ' of precipitant water vapor. A
similar rate was found for the SPO basin (2193 mm day ')
and was slightly lower for TCs formed in the NEPAC basin
(1507 mm day ). It is worth noting that TCs in the NEPAC
tended to gain less moisture during the LMI stage than during
the genesis phase; this was not the case for TCs over the WNP
and SPO, which gained more moisture during the LMI than
during genesis.

Considering the different categories attained by the TCs, it
was observed that the spatial pattern of moisture uptake was
similar in each basin for tropical storms (TSs), hurricanes (Hs;
category 1 and 2 on the Saffir-Simpson wind scale), and major
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hurricanes (MHs; category 3+ on the Saffir-Simpson wind
scale), as shown in Fig. 11. However, it was more intense dur-
ing the H and MH intensity categories than during the TS cat-
egory but tended to be more compact in the WNP and more
elongated in the NEPAC. In the latter basin, the central
Pacific Ocean appeared as an important source of moisture
for precipitation associated with MHs. Moreover, the climato-
logical moisture uptake patterns shown in Fig. 11 highlight the
moisture contributions from WTNPac for the WNP, ETNPac,
and ETSPac for NEPAC, and the Coral Sea for the SPO
basin. Another feature of Fig. 11 is the poor contribution
of atmospheric moisture from terrestrial sources, as previ-
ously observed for the genesis and LMI stages. It should be
noted that the moisture flux pattern illustrated by the VIMF in
Fig. 11 did not show noticeable differences between each in-
tensity category in each basin. In the case of WNP, as dis-
cussed above for genesis and LMI phases, the moisture was
mainly driven by easterly winds associated with the WNPSH
wind circulation and the westerly wind from the Indian Ocean.
For NEPAC, the convergence of the trade wind linked to the
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FIG. 9. As in Fig. 7, but for TCs over the South Pacific Ocean (SPO) basin.

NPH and SPH and the easterly wind from the Caribbean Sea
acted as the main transport mechanisms for the atmospheric
moisture that precipitated within the TC outer radius over
NEPAC during the TS, H, and MH intensity categories. Fur-
thermore, during the different TC intensities over the SPO ba-
sin, the wind convergence supporting the SPCZ was identified
as the main moisture driver.

The intensity of the moisture sources was directly re-
flected in the mean moisture uptake amount per TC for any
intensity category in each basin. Hurricanes exhibited the
higher rate of moisture uptake in the three basins, contrib-
uting 1779 mm day ! in the NEPAC, 2282 mm day ' in the
SPO, and 2308 mm day_1 in the WNP. In contrast, during
the TS intensity category, the daily precipitant water vapor
gained by TCs was less than 1900 mm day ' per TC in any ba-
sin, falling below 1450 mm day ' in the NEPAC. During the
MH category, they gained by approximately 2100 mm day
per TC in the WNP and SPO, lower than 1600 mm day ' per
TC in the NEPAC. As a general pattern, moisture uptake was
higher for hurricanes than for major hurricanes or tropical
storms in any basin. This behavior can be explained by the fact
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that the mean size of Hs in all basins was higher than the
average size of TSs or MHs, as shown in Table S1 in the on-
line supplemental material. The moisture uptake signifi-
cantly (p < 0.05) correlated with the TC outer radius, with
a Pearson’s correlation coefficient of 0.47, 0.68, and 0.73 in
NEPAC, SPO, and WNP, respectively. As noted above,
the precipitation moisture uptake per TC during the LMI
phase or intensity changes in the NEPAC were lower than
those in the WNP and SPO.

c¢. Climatological mean moisture sources during the
tropical cyclone dissipation phase

Figure 12a shows the regions (clusters) where TCs formed
over the Pacific Ocean frequently dissipate. The first cluster in
the WNP basin (D-W1; red; 22.1%) covered the band within
0°-55°N, 150°E-180°; the second (D-W2; purple; 1.45%) was a
small cluster over the Bering Sea; the third cluster (D-W3;
yellow; 46.8%) was located over the South China Sea and
southern China; and the last cluster (D-W4; lime green; 29.4%)
extended from the Korean Peninsula to the Philippine Sea, in-
cluding the East China Sea, Japan Sea, and Japan. Over the
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FIG. 10. (left) Climatological moisture uptake pattern (mm day ') and (right) the contribution of moisture sources
(%) during the tropical cyclones lifetime maximum intensity over the (a) western North Pacific Ocean, (b) central
and northeast Pacific Ocean, and (c) South Pacific Ocean basins.

NEPAC basin, four clusters were also identified: the first
(D-N2; blue) was located striking the Mexican Pacific coast,
accounting for 41.8% of TCs in their dissipation stage; the
second (D-N2; green; 2.48%) was a small cluster over the
western Pacific Ocean; the third (D-N3; brown; 38.8%) was
limited to D-N1 in the eastern tropical North Pacific Ocean;
and the fourth (D-N4; pink; 16.8%) was located over the
Hawaiian Islands and surrounding seas. In the SPO basin,
the first cluster was located over the western South Pacific
Ocean (D-S1; black) where 25.8% of TCs dissipated, the
second over the Coral Sea (D-S2; orange; 33.4%), followed
by the third cluster over mainland Australia and the eastern
Indian Ocean (D-S3; magenta; 27.0%) and the fourth over
the central South Pacific Ocean (D-S4; light blue; 13.6%).
Figure 8b shows that August, September, and October ex-
hibited the highest monthly TC dissipation frequency in the
WNP, although many TCs dissipated in D-W3 from July to
November. Likewise, TCs that formed over the NEPAC com-
monly dissipated from July to September (Fig. 12¢). Conversely,
the highest dissipation frequency in SPO was observed from
January to March (Fig. 12d). This monthly distribution agreed
with that found for the genesis and LMI stages.
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As shown in Fig. 13, the WNPSH controlled most of the
moisture flux toward the dissipation clusters in the WNP basin.
The cluster D-W1 mainly received substantial moisture from
the North Pacific Ocean on the southern Japanese island pro-
viding 40%-70% of total moisture for the TC precipitation
during the dissipation stage, followed by 20%-35% from the
Japan Sea and eastern China. The contribution from remote
sources was less than 10%. Similarly, the northern Pacific
Ocean supplied moisture (30%-55%) to the small dissipation
cluster D-W2 over the Bering Sea. This cluster also received
moisture (5%-20%) from terrestrial sources in eastern China.
The South and East China Seas acted as the principal reservoir
of water vapor (40%-70%) for the TCs over W-D3, which
also received 5%-30% from the Arabian Sea and the Bay of
Bengal through the westerly winds linked to the South Asia
monsoon. The cluster D-W4 not only gained moisture from
the East China Sea and Japan Sea (35%-70%) but also from
the South China Sea (5%-20%) and terrestrial sources over
eastern China (15%-35%). In addition, the WTNPac supplied
5%-20% of precipitant moisture to W-D3 and W-D4.

The origin of the moisture that generated precipitation dur-
ing the TC dissipation stage over the NEPAC basin is shown
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in Fig. 14. As in the other TC stages, the main moisture trans-
port mechanism in the NEPAC was mainly controlled by the
circulation of the NPH and SPH. The ETNPac was identified
as the principal moisture source for D-N1 and D-N3, supply-
ing 30%-60% and 30%-75%, respectively. Nevertheless,
these clusters also received moisture from the Caribbean
Sea and ETSPac, which was higher for D-N3 than for D-N1.
The maximum contribution to D-N2 (20%-60% ) came from
small portions of the seas surrounding the Hawaiian Islands,
while the western North Pacific Ocean (WNPac) provided
15%-30%. The dissipation cluster D-N4 took moisture from a
wide moisture source extending from the date line to the west-
ern coast of the United States and from the equator to midlati-
tudes, with the highest moisture uptake (50%-70%) from the
seas around the southern Hawaiian Islands.

The convergence of westerly and easterly winds that sustain
the SPCZ was responsible for moisture transport toward the
TC dissipation clusters over the SPO basin (Fig. 15). The clus-
ter D-S1 received most of the moisture from the WTSPac
(~20%-50%). This was a source that also contributed to the
D-S2 (15%-35%), which was complemented with a large
amount of precipitant moisture from the Coral Sea (40%—65%)
and a weak contribution (less than 25%) from eastern Australia.
Likewise, the Coral Sea and northern Australia acted as the
main moisture sources for D-S3, contributing approximately
50%-70% of precipitant atmospheric moisture, and by the east-
ern Indian Ocean, which supplied 20%—-40%. The moisture
that precipitated over D-S4 mainly originated from the cen-
tral South Pacific Ocean (CenSPac).

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 01/23/23 01:16 PM UTC

Figure 16 summarizes the findings discussed above related
to the moisture sources for the precipitation associated with
TCs formed over the Pacific Ocean during their dissipation
phase. Overall, the moisture sources in the WNP were dis-
placed to the north relative to the moisture sources for the
genesis and LMI stages (see Figs. Sa and 10a), and the spatial
pattern of moisture uptake was also broader. This displace-
ment may be explained by the fact that TCs tend to move
westward or northward in the WNP basin, and therefore the
dissipation locations were found poleward regarding the gene-
sis location (Camargo et al. 2007). Clearly, the East China
Sea, the Japan Sea, and the WTNPac (the band in 10°-40°N,
130°E-170°W) were the principal sources (40%-70%) for the
precipitated moisture during TC dissipation. This moisture
was mainly transported by the western flank of the WNPSH.
It is worth noting that, on average, the poor moisture contri-
bution (less than 15%) from the Arabian Sea and the Bay of
Bengal, while the terrestrial sources over eastern China, the
Korean Peninsula, Japan, and Taiwan played an important
role in moisture supply (20%-35%). Figure 16b shows an
elongated westward moisture uptake pattern during the TC
dissipation stage in the NEPAC basin. However, the highest
moisture contribution (similar for genesis and LMI stages)
was found in the ETNPac, including the Mexican Pacific
coast, which both supplied approximately 45%-75% moisture.
The contribution of moisture was also important (~35%) in
the band stretching between 10°-20°N and from 125°W to the
date line. Overall, the moisture uptake was weak (less than
15%-20%) from the ETSPac, Caribbean Sea, and WNPac.
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Moreover, for the SPO basin, Fig. 16¢ reveals that the mois-
ture uptake pattern extended more toward the central South
Pacific Ocean during the dissipation phase than during the
previous stages. Nevertheless, the WTSPac and the Coral
Sea were the principal moisture sources for the precipitation
caused by TCs during the dissipation stage, providing ap-
proximately 45%-70% of precipitant moisture, followed by
northern Australia and CenSPac, which contributed 40%-50%
and 20%-30%, respectively.

By quantifying the mean moisture uptake per TC that
contributed to precipitation during the dissipation stage, we
found that TCs that formed over the WNP gained more
moisture (2197 mm day ') than those formed over the SPO
(2051 mm day ') or NEPAC (997 mm day ). Moisture up-
take in the dissipation stage was slightly lower than in the
LMI phase. Although the northward poleward displacement
increases the size of TCs (e.g., Kimball and Mulekar 2004;
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Knaff et al. 2014; Pérez-Alarcon et al. 2021a) and this could
imply an increase in moisture uptake due to their larger
area, several TCs dissipated over land (Fig. 12a), and it is
well known that terrain features influence the total TC-
induced precipitation (e.g., Qiu et al. 2019) and that during
the dissipation stage the weakening of the secondary circu-
lation of TCs causes an overall reduction of the moisture
flux inward the TCs.

4. Summary and conclusions

Tropical cyclones (TCs) play an important role in the atmo-
spheric branch of the hydrological cycle, acting as a precipi-
tant water vapor corridor from ocean to land. Several studies
have focused on the water budget linked to TCs over the land
surrounding the Pacific Ocean or on the contribution of TCs to
total and extreme rainfall over East Asia (Jiang and Zipser 2010;
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FIG. 13. (left) Mean moisture uptake (mm day ') and (right) moisture sources contribution (%) by tracking precip-
itating parcels over the area enclosed by the TC outer radius (target region) backward in time up to 10 days for each
TC dissipation cluster over the western North Pacific basin. The vertically integrated moisture flux (VIMF; kg m s~ ';
arrows) is also plotted. The red line represents the composite target region of all TCs (numbered on the left) within

the cluster from 1980 to 2018.

Guo et al. 2017), northern Australia (Ng et al. 2014), and tropi- To identify the moisture sources, Lagrangian backward track-
cal and subtropical North America (Xu et al. 2017, Dominguez ing of precipitant air parcels residing over each TC genesis,
and Magania 2018). However, few studies have been conducted LMI, and dissipation location over the western North Pacific
to identify the moisture sources for TC precipitation. Therefore, ~Ocean (WNP), central and east Pacific Ocean (NEPAC), and
this study was motivated by the need to identify this lack con-  South Pacific Ocean (SPO) basins was performed. The trajecto-
cerning the moisture sources identification for the precipitation  ries were obtained from the global outputs of the FLEXPART
associated with TCs during the genesis, LMI, and dissipation  model (Stohl et al. 2005) and WaterSip moisture source diag-
phases over the Pacific Ocean, which is the site of ~62% of the  nostic method (Sodemann et al. 2008). In addition, to gain
world’s TCs. The period analyzed was 1980-2018. coherent insight into the relative importance of the identified
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FIG. 14. As in Fig. 13, but for TCs over the central and northeast Pacific Ocean (NEPAC) basin.

moisture sources and moisture transport mechanisms, we sep-
arated the TC locations into clusters by applying the K-means
technique.

Over the WNP, moisture was mainly transported by the
circulation of the western North Pacific subtropical high
(WNPSH) and westerly winds linked to the South Asian
monsoon. The WNPSH conforms the western part of the
North Pacific high (NPH); thus, seasonal variations of the
mean position and extension of NPH modulate the moisture
transport patterns (Fig. S1). During June-August, the NPH
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center was located at ~38°N, 148°W, and the anticyclonic
ridge extended into the Philippine Sea. This large-scale cir-
culation pattern favored the moisture transport by the westerly
monsoon winds from the Bay of Bengal and southeastern Asia
toward the China Sea and the western Philippine Sea. How-
ever, during September-November, the NPH retreats south-
eastward (~35°N, 140°W), drastically reducing the moisture
driven by the westerly winds. As previously noted, the moisture
flux convergence depends on the positions of the monsoon
trough and the ridge of the WNPSH (Guo et al. 2017).
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FIG. 15. As in Fig. 13, but for TCs over the South Pacific Ocean (SPO) basin.

Therefore, further studies are required to understand the link-
ages of seasonal variation of the NPH and moisture transport
for TCs precipitation. As a general pattern, the moisture sour-
ces were elongated eastward during the genesis and LMI
stages, with the WTNPac (~60%) and the South and East
China Seas (~25%) being the regions of major moisture con-
tribution, although the latter was crucial during the LMI stage,
increasing the moisture supplied by up to 55%. During the dis-
sipation stage, a northward shift of moisture sources was ob-
served, with the WTNPac, East China Sea, and Japan Sea
being the most important moisture sources, which supplied ap-
proximately 70% of total moisture amounts.

The moisture source pattern in the NEPAC basin exhibited
a notable north-south division caused by the mean position of
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the ITCZ during the summer months in the Northern Hemi-
sphere. The combined circulation of the NPH and the South
Pacific high (SPH) acted as the principal mechanism for trans-
porting moisture, followed by easterly winds traveling across
the tropical North Atlantic Ocean. No notable differences in
the moisture uptake patterns during genesis or LMI caused
by the seasonal variation of both NPH and SPH were found.
Nevertheless, the weakening of NPH and the strengthening of
SPH favored the moisture uptake during TCs dissipation in
the boreal fall (September-November), as revealed in Fig. S2.
The precipitant moisture gained by TCs in the NEPAC dur-
ing genesis, the LMI, or dissipation stages mainly came from
the eastern tropical North Pacific Ocean (ETNPac), account-
ing for approximately 65% of moisture; the eastern tropical
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FIG. 16. (left) Climatological moisture uptake pattern (mm day ') and (right) the contribution of moisture sources
(%) during the TC dissipation stage over the (a) western North Pacific Ocean, (b) central and northeast Pacific

Ocean, and (c) South Pacific Ocean basins.

South Pacific Ocean (ETSPac), which supplied ~20%; and
the Caribbean Sea at ~15%. The poor moisture contribution
from the Caribbean Sea is influenced by the Central American
isthmus. Fu et al. (2021) found that this mountainous region
significantly interrupts the abundant moisture transport from
the Caribbean Sea to the NEPAC, limiting deep convection
over the open ocean area where TCs preferentially occurred.
Part of water vapor from the Caribbean Sea transported by the
easterly winds precipitated over the Atlantic landside of Central
American mountains, reducing the total moisture that reaches
the TCs over NEPAC. In addition, during the TC dissipation
stage, the ETNPac moisture source extended westward to the
date line.

Similarly, the convergence of westerly and easterly winds
that form the South Pacific convergence zone (SPCZ) was
identified as the main mechanism of precipitant moisture
transport toward TC locations over the SPO basin. It is worth
noting that the SPCZ is well defined during the austral sum-
mer and is less structured from May to October (e.g., Niznik
et al. 2015; Harvey et al. 2019). This pattern is mainly caused
by the seasonal changes of the SPH (e.g., Takahashi et al.
2007; see also Fig. S3); however, we did not discuss here its
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impacts on the moisture sources for TCs precipitation over
SPO. In summary, our findings reveal that the Coral Sea, the
western tropical South Pacific Ocean (WTSPac), and northern
Australia (NA) were the principal moisture sources, contrib-
uting 40%-50%, 20%-35%, and 20%-30%, respectively.
However, during the dissipation stage, the moisture source
patterns were slightly modified, as was observed for WNP
and NEPAC. Hence, the highest moisture contribution came
from the WTSPac (40%-55%) and not from the Coral Sea
(20%-30%). The central South Pacific Ocean also contributed
significant amounts of moisture (10%-15%).

Furthermore, the moisture contribution in these three ba-
sins during each TC stage was predominantly from moisture
sources of maritime origin. The relatively low values of mois-
ture uptake found in this work during the genesis phase do
not contradict previous studies that found (e.g., Gray 1968;
Yoshida et al. 2017; Fudeyasu et al. 2020), that TC formation
requires substantial moisture availability in the atmosphere
(e.g., Gray 1968; Yoshida et al. 2017; Fudeyasu et al. 2020).
Note that here we present the origin of the moisture that fi-
nally precipitated during each phase of TC development, and
the low values of moisture uptake during the genesis stage are



15 FEBRUARY 2023

only related to low values of TC precipitation in this initial
phase. Indeed, previous works (e.g., Wang and Hankes 2016;
Ankur et al. 2020) pointed out that TC formation can be con-
sidered a process in which convection becomes stronger and
better organized, and the rain rate increase as the storm inten-
sifies. The percentage of the total moisture gained by the TCs
that becomes into precipitation and how this relationship
varies throughout its life cycle would be another interesting
characterization to be study in future work. The reduction of
the moisture uptake during the dissipation stage can be re-
lated to the TC propagation directions and their positions
when dissipated, generally over land or at high latitudes, away
from the genesis and LMI locations. It has been well docu-
mented (e.g., Tuleya 1994; Wang and Matyas 2022) that the
interaction of TCs with the land surface affected the thermo-
dynamics mechanism that controlled the maintenance of TCs.
On the other hand, during the dissipation stage, the moisture
flux inward is reduced due to the weakening or breaking of
the secondary circulation of TCs.

Backward tracking of precipitant air masses over TC loca-
tions also revealed that TCs gained more moisture during the
genesis phase in the SPO than in any basin, and WNP exhib-
ited the highest mean moisture uptake per TC during the
LMI and dissipation stages. Thus, TCs over the NEPAC basin
showed the lowest moisture uptake. According to the inten-
sity categories, the moisture uptake of hurricanes was, on av-
erage, higher than that of major hurricanes or tropical storms
in the three basins. Indeed, the moisture uptake and the TC
intensity significantly (p < 0.05) correlate with Pearson’s cor-
relation coefficients of 0.37, 0.41, and 0.46 in the NEPAC,
SPO, and WNP, respectively. Following the results of Yu et al.
(2017) and Feng and Shu (2018), it is worth noting that while
stronger TCs have more averaged total precipitation and de-
caying TCs show a decrease in the total rainfall, the maxi-
mum total precipitation, maximum precipitation area, and
maximum precipitation rate are not fully dependent on TC
intensity.

Future studies will focus on the relationship between cli-
matic modes and variability in moisture sources for the pre-
cipitation of TCs in the Pacific Ocean. Several authors (e.g.,
Kaplan and DeMaria 2003; Chen et al. 2018; Zhang et al.
2020) have addressed the notable differences between TCs
undergoing rapid intensification (RI) processes and non-RI
Therefore, in ongoing works, we investigate the differences
in the moisture sources for the precipitation of RI and non-RI
TCs. Moreover, as noted above and as Figs. S1-S3 revealed,
the seasonal variations of high pressure systems over the
Pacific Ocean modulated the moisture transport patterns.
Therefore, it is expected that also they influenced the inter-
annual variability of moisture uptake, which will be further
investigated in future studies.

Our findings reveal the climatological moisture sources for
TCs in the Pacific Ocean under historical and present cli-
mates. The variation of the location and extension of these
sources in future scenarios considering global warming could
be used as parameters for anticipating possible changes in the
TCs activity in the Pacific basin, which constitutes an added
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value of our results to support future scientific research and
policy-making plans for adaptation and mitigation.
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Abstract

Tropical cyclone (TC)-related rainfall mostly depends on the atmospheric moisture uptake from local and remote sources. In this study, the
mean water vapour residence time (MW VRT) was computed for precipitation related to TCs in each basin and on a global scale by applying a
Lagrangian moisture source diagnostic method. According to our results, the highest MW VRT was found for the TCs over the South Indian Ocean
and South Pacific Ocean basins (~3.08 days), followed by the Western North Pacific Ocean, Central and East North Pacific Ocean, North Indian
Ocean, and North Atlantic Ocean basins (which exhibited values of 2.98, 2.94, 2.85, and 2.72 days, respectively). We also found a statistically
significant (p < 0.05) decrease in MW VRT, at a rate of ~2.4 h/decade in the North Indian Ocean and ~1.0 h/decade in the remaining basins. On
average, the MWVRT decreased during the 24 h before TCs made landfall, and the atmospheric parcels precipitated faster after evaporation when
TCs moved over land than over the ocean. Further research should focus on the relationship between global warming and MWVRT of atmo-
spheric parcels that precipitate over TC positions.
© 2022 The Shanghai Typhoon Institute of China Meteorological Administration. Publishing services by Elsevier B.V. on behalf of KeAi
Communication Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Tropical cyclones; Water vapour residence time; Lagrangian approach; Tropical cyclones precipitation

1. Introduction

Heavy precipitation related to tropical cyclones (TCs),
which commonly cause flash flooding, landslide events, and
economic and life losses, is one of the most significant impacts
of TCs in coastal regions of tropical and subtropical latitudes

* Corresponding author. Centro de Investigacion Marifa, Universidade de
Vigo, Environmental Physics Laboratory (EPhysLab), Campus As Lagoas s/n,
Ourense, 32004, Spain.

E-mail address: albenis.perez.alarcon@uvigo.es (A. Pérez-Alarcon).
Peer review under responsibility of Shanghai Typhoon Institute of China
Meteorological Administration.

FLSEVIER Production and hosting by Elsevier on behalf of KeAi

https://doi.org/10.1016/j.tcrr.2022.08.001

(Rogers et al., 2009; Willoughby, 2012; Rappaport, 2014).
Despite its negative effects, authors have shown the positive
role of precipitation associated with TCs in attenuating drought
episodes (e.g. Maxwell et al., 2012; Brun and Barros, 2014).
Other research findings (Jiang and Zipser, 2010; Xu et al.,
2017) have revealed that the contribution of TCs to annual
rainfall totals ranged from 3% to 19%. More recently, Guzman
and Jiang (2021) found an increasing trend of ~1.3% per year
in the average TC rainfall rate.

In general, TC-related precipitation depends on atmospheric
moisture availability (Guo et al., 2017; Xu et al., 2017) and
moisture transport mechanisms (Schumacher and Galarneau,
2012). Studies have concluded that the moisture transported
by these systems is crucial for the water budget over East Asia
(Guo et al., 2017) or the North American continent (Xu et al.,
2017). More recently, Pérez-Alarcon et al. (2021a, 2022a)

2225-6032/© 2022 The Shanghai Typhoon Institute of China Meteorological Administration. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cation Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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measured the origin of moisture for TC-related precipitation
during their lifetime along the North Atlantic basin.

Moisture transport mechanisms were strongly modulated by
the mean water vapour residence time (MWVRT). This water
vapour lifetime is defined as the time that moisture spends in
the atmosphere between evaporation and precipitation
(Laderach and Sodemann, 2016; Sodemann 2020). Because
MWVRT cannot be calculated directly, indirect metrics have
been developed to estimate it (Gimeno et al., 2021). One of
these indirect metrics is based on the size of the atmospheric
reservoir divided by the incoming or outgoing flux (Savenije,
2000); according to this method, MWVRT ranges from 8 to
10 days. Likewise, Trenberth (1998) found a global MWVRT
of 8.9 days by applying local depletion times (the rate of water
in the atmospheric column and precipitation). Moisture
tracking models have been used to estimate it reaching
different results. Bosilovich and Schubert (2002) and
Yoshimura et al. (2004) have estimated that the MWVRT
varies from 7.3 to 9.2 days, a range confirmed as reasonable by
Van der Ent and Tuinenburg (2017), who found values of 8-10
days; however, theirs were lower those of Liderach and
Sodemann (2016), with an MWVRT of 4-5 days. More
recently, Sodemann (2020) concluded that the MWVRT dis-
tribution is highly skewed. These discrepancies in MWVRT
estimations were mainly caused by the use of different defi-
nitions. Gimeno et al. (2021) reconciled these differences by
framing MWVRT as a probability density function with a mean
of 8-10 days and a median of 4-5 days.

Nevertheless, these studies have generally focused on a
global scale and considered the worldwide mechanism of
moisture transport and all the weather systems, which have
several different lifetimes. This fact was revealed when a
particular weather system is analysed separately from the
others. For instance, for extratropical cyclones Papritz et al.
(2021) found an MWVRT of ~2 days, and for TCs in the
North Atlantic Pérez-Alarcon et al. (2022a) showed values
from 2.6 to 2.9 days.

Gedzelman et al. (2003) linked the stable isotope ratios of
rain and water vapour to the water budget of hurricanes. Based
on all the aforementioned evidence, our aim in this study was
to estimate the MWVRT for precipitant water vapour during
the complete TC lifetime in each oceanic basin of the planet by
applying a Lagrangian moisture source diagnostic method.
Additionally, an MWVRT interbasin comparison was per-
formed to advance the knowledge of TC climatology.

2. Materials and methods
2.1. Data

The TC historical records (best track archives) over the
worldwide oceanic basins were provided by two United States'
agencies: the National Hurricane Center (NHC) Atlantic hur-
ricane database (HURDAT?2) (Landsea and Franklin, 2013) for
the North Atlantic (NATL) and North East Pacific (NEPAC)
basins, and the Joint Typhon Warning Center JTWC) for the
remaining basins. Both agencies guarantee the homogeneity of
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the estimation methods of the TC parameters recorded in the
best track records.

The TC size database (TCSize) developed by Pérez-Alarcon
et al. (2021b, 2022b) was used to delimit the area inside a TC's
outer radius, which is necessary to apply the Lagrangian
moisture sources diagnostic method to compute the MWVRT.
The study period was set from 1980 to 2018.

The ERA-Interim reanalysis dataset (Dee et al., 2011) from
the European Center for Medium Range Weather Forecasting
(ECMWF) at 61 vertical levels and 1°X°1 horizontal grid
spacing, was used as input data to run the FLEXPART model
(Stohl et al., 2005). We used the trajectories of atmospheric
parcels from a global FLEXPART experiment, in which the
atmosphere was uniformly divided into ~2 million parcels of
equal mass every 6 h, which moved with time through a three-
dimensional wind field, to determine the moisture sources
associated with TC-related precipitation and therefore the
MVWRT. Similar experiments with different aims have been
performed (Sori et al., 2017; Ciric et al., 2018; Nieto and
Gimeno, 2019; Gimeno et al., 2020; Algarra et al., 2020,
Pérez-Alarcon et al., 2022a, c).

2.2. Lagrangian MWVRT estimate

To compute the MWVRT of parcels that precipitated over
the TC's location (defined by TCSize), we selected those in
which the specific humidity decreased more than 0.1 g/kg in
the 6 h before arrival at the target area (using the methodology
of Liderach and Sodemann (2016)). To identify where air at-
mospheric parcels gain or lose moisture along their trajectories,
we followed them backward in time for up to 10 days by
applying the moisture source diagnostic method developed by
Sodemann et al. (2008).

An atmospheric parcel can gain or lose a specific humidity
(q) along its trajectory through evaporation (e) or precipitation
(p), as defined by the Lagrangian water budget equation (Stohl
and James, 2004; 2005):

—C

where m is the parcel mass. The used of the specific humidity
in Eq. (1) allow to estimate the moisture changes in air parcel
three dimensionally. The specific humidity change between
time ¢ and time .4 is assigned to time ¢ according to Eq. (2):

Aq(1) =q(x(1)) — q(x(1 = 6)) 2

)

where x(t) denotes the parcel position at time ¢. Based on the
objective selection criteria, a moisture uptake event was iden-
tified along a trajectory if a moisture increase occurred
(Aq > 0), but the parcel can also undergo moisture loss
(Aq < 0). Because of the precipitation en route, previous
moisture uptake from evaporative locations contributed less
and less to the precipitation over the target area (Sodemann
et al., 2008). Notably, from the end to the start point, the
precipitation en route was discounted from all previous
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Fig. 1. Three-dimensional schematic representation of the atmospheric particle trajectory of 48 h. Red dots denote the particle position at each time step, grey dots
represent the red dot projections over the surface, and the target area is indicated by the blue cylinder.

moisture uptakes in proportion to the precipitation amount,
according to Eq. (3):

, Ag;
Ag = Agj+ Ag——L— forallj>1

i—6

Z Ag;

k=tena

3)

where Ag; and Aq'; denote the precipitation losses at a precip-
itation location and the new moisture contribution from pre-
vious evaporative locations at times j > i, respectively. The
fractional contribution (f.) of each evaporative location at each
time step to the final precipitation over the target area can be
defined as

_Aq’;
Q

where Q denotes the moisture content of the atmospheric parcel
before its arrival at the target area. Therefore, the water vapour
residence time (WVRT) of each parcel was estimated by
weighting the effective moisture contribution of each evapo-
ration event to the final precipitation (Ldderach and Sodemann,
2016), according to Eq. (5). MWVRT can be computed by
averaging the water vapour residence time (WVRT) of all
precipitant parcels over the target area.

Je “

WVRT = 20: tefe, (%)

k=tenq
Fig. 1 shows a three-dimensional schematic representation
of the trajectory of an atmospheric parcel with a length of 48 h.
The supplementary information in Ldderach and Sodemann
(2016) provides a further explanation for this method. As an
example, in Fig. 1, we present a detailed description of the
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Table 1

Moisture source diagnostic for the particle trajectory in Fig. 1, where g (g/kg) is
the specific humidity of the atmospheric particle; Ag (g/kg) is the moisture
change between sequential time steps, according to Eq. (2); Aq’; (g/kg) is the
new moisture contribution of each evaporative location after the discount in
proportion the precipitation amount en route, according to Eq. (3); and f. is the
fraction of moisture contribution to the final precipitation over the target area.

Time —48h —42h -36h -30h —-24h —-18h —-12h —-6h
q 0.2 4.5 12.1 8.7 10.2 6.4 9.8 12.2
Agq - +4.3 +7.6 -34 +1.5 -3.8 +3.4 +24
Aq’ 360 — 3.1 54 0 - - - -

AG o — 3.1 54 0 1.5 - - -
Aq’1sn - 1.9 3.4 0 0.9 0 - -
Aq’.pop - 1.9 34 0 0.9 0 3.4 -
Aq’ oen  — 1.9 34 0 0.9 0 34 2.4
f. - 0.158 0283 0 0.075 0 0.283  0.200

WVRT estimation based on the trajectory of a parcel. Table |
lists the specific humidity values at each time step and their
time-step changes. At the starting point of the trajectory,
t = —48 h, the atmospheric parcel had a specific humidity value
of g = 0.2 g/kg. During the two next time steps, q increases
from —48 h to —42 h by +4.3 g/kg, and from —42 h to =36 h
by +7.6 g/kg. Subsequently, precipitation occurred en route
from —36 h to —30 h, losing —3.4 g/kg. According to the
aforementioned Liderach and Sodemann (2016) diagnostic
method, all previous moisture uptakes (4.3 + 7.6 = 11.9 g/kg)
contributed to this precipitation. Therefore, by applying Eq.
(3), the new contribution to the final precipitation at t = —42 h
was 4.3-3.4 x (4.3/11.9) = 3.1 g/kg. Similarly, for —36 h,
5.4 g/lkg was obtained. The parcel again gained +1.5 g/kg from
—30 h to —24 h, and lost —3.8 g/kg from —24 h to —18 h.
Consequently, the new contribution to the final precipitation at
t = —42 h was 3.1-3.8 X (3.1/10) = 1.9 g/kg; at t = —36 h,
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3.4 g/kg; and at t = —24 h, 0.9 g/kg. Finally, from —18 h to
—12 h and from —12 h to —06 h, the parcel gained 3.4 g/kg and
2.4 g/kg of moisture, respectively.

The last row in Table 1 lists the fractional contributions
(Eq. (4)). The WVRT for the final precipitation over the target
area was estimated using Eq. (5), resulting in 23.22 h or ~0.97
days.

3. Results and discussion

Fig. 2 reveals notable inter-basin differences in the proba-
bility density function (PDF) of TCs trajectories. While TCs
over NATL most frequently straight moved toward the
Caribbean Sea and the Gulf of Mexico or crossed bordering the
north portion of the Antilles islands and the eastern coast of the
United States (Fig. 2a), TCs over the NEPAC often described a
north-westward track close to the Mexican coast (Fig. 2b). The
Bay of Bengal and the Arabian Sea are the home for TCs
formed over NIO (Fig. 3c), although they most probably
crossed over the former. The PDF of TCs trajectories over SIO
exhibited a quasi-zonal maximum in the band between
10°-20°S of latitude and a secondary maximum over the North
Australian basin (Fig. 2d), while a zonal pattern was also
observed over the Coral Sea in the SPO basin (Fig. 2e). TCs
over WNP mainly moved from the western North Pacific to the
Philippine Sea and South China Sea (Fig. 2f). Based on the
PDFs shown in Fig. 2, TCs in NATL moved over a larger area
than in any other basin. Overall, during the study period, WNP
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recorded approximately 31% of the annual global average of
TCs, followed by NEPAC (~20%), SIO (~17%), NATL
(~16%), SPO (~11%) and NIO (~5%).

The Lagrangian moisture source diagnostic method for the
trajectories of precipitant parcels over the TC locations applied
in this study yielded relevant information on the WVRT. Fig. 3
shows the MWVRT for each TC basin. The South Indian
Ocean (SIO) and South Pacific Ocean (SPO) basins exhibited
the highest MWVRT, with 3.08 + 0.4 days (uncertainty given
as one standard deviation), followed by the Western North
Pacific Ocean (WNP) (2.98 + 0.4 days), NEPAC (2.94 + 0.4
days), North Indian Ocean (NIO) (2.85 + 0.4 days), and NATL
(2.72 + 0.4 days). From a global perspective, the MWVRT of
atmospheric parcels that became in precipitation over TC lo-
cations was estimated to be 2.96 + 0.4 days.

The MWVRT found in this study is three times lower than
the widely used MWVRT of 8-10 days (Trenberth, 1998;
Bosilovich and Schubert, 2002; Van der Ent and Tuinenburg,
2017); however, it is closer to, but also lower than, the
global estimation of 3.9 + 0.8 days by Liderach and Sodemann
(2016). These studies in the literature were performed for all
weather systems on a global scale, not for specific systems such
as TCs, as in our case. Additionally, the MWVRT estimate of
Laderach and Sodemann (2016) only reported the lifetime of
water vapour within the boundary layer. Nevertheless, the
circulation associated with evaporating downdraft motion in
tropical clouds, and thus in TC clouds (Gray, 2012), transports
the colder and drier air from the upper levels to the surface,
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Fig. 2. Probability density of tropical cyclones trajectories over (a) North Atlantic Ocean, (b) Central and East North Pacific Ocean, (¢) North Indian Ocean, (d)
South Indian Ocean, (e) South Pacific Ocean, and (f) Western North Pacific basins.
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Fig. 3. Lagrangian estimate of mean water vapour residence time. NATL: North Atlantic Ocean, NEPAC: Central and East North Pacific Ocean, NIO: North Indian
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leading to a local decrease in MWVRT (Worden et al., 2007;
Gimeno et al., 2021), which supports our results.

As the El Nino-Southern Oscillation (ENSO) influences the
TC activity in each basin by changes in vertical wind shear,
humidity, low-level vorticity, the strength and position of
subtropical highs, sea surface temperature (SST) and upper
ocean heat content and structure (e.g. Lin et al., 2020), we also
computed the MWVRT during the warm (El Nifio), cold (La
Nina) and neutral phases of ENSO. However, we did not find
notable differences in the MWVRT for the precipitation of
TCs. Overall, the highest MWVRT values (higher than the
mean values in each basin) were found during El Nifio, while

e

80°N P
=

e ot R =
- <7 S -3 i
w__};ef&’ =

60°N
3

60°S

80°S

30°E 60°E 90°E 120°E 150°E

180°W

an opposite pattern was detected during La Nina. Further
studies will investigate the influence of climatic modes on the
MWVRT during TCs.

Fig. 4 provides a global spatial view of MWVRT for TC-
related precipitation. In all basins, the maximum MWVRT
values appeared close to the equator, coinciding with the
climatological mean position of the Inter-Tropical Conver-
gence Zone (ITCZ, Lashkari et al., 2017; Byrne et al., 2018).
This pattern can be directly linked to the upward vertical mo-
tion in the ITCZ, which induces generalised moisture conver-
gence from the subtropical regions towards the ITCZ. The
higher MWVRTs at low latitudes reflect the quasi-continuous
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Fig. 4. Mean water vapour residence time (MW VRT) of atmospheric parcels that precipitate over the TC locations from 1980 to 2018. The MWVRT was estimated

by applying a Lagrangian moisture source diagnostics method.
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evaporation in the subtropics and the subsequent moisture
transport driven by the trade winds towards the equator. This
result agrees with findings in the literature (Lidderach and
Sodemann, 2016; Van der Ent and Tuinenburg, 2017;
Gimeno et al., 2021).

Fig. 4 also reveals a gradual poleward decrease in MWVRT,
which is most evident in the NATL basin. According to Van
der Ent and Tuinenburg (2017), regions of low MWVRT
coincide mostly with areas of low precipitation. This result can
be confirmed by considering that the TC trajectories over the
NATL are more dispersed than in the remaining basins (see
Fig. 2) and therefore the spatial distribution of TC-related
precipitation. The low MWVRT values in the Arabian Sea,
Western Caribbean Sea, and surrounding the Gulf of California
and the Lower California Peninsula are striking, confirming
that regional and local processes influence the spatial distri-
bution of MWVRT, in agreement with Tuinenburg and Van
der Ent (2019) and Gimeno et al. (2021).

The spatial distribution of the MWVRT shown in Fig. 4 can
also explain why the MWVRT in NIO and NATL show a
slightly larger difference than in the remaining basins by
comparing it with the global average. In the case of NATL,
TCs can move poleward until high latitudes, crossing the
subtropics, where the lowest MWVRT values were observed
considering only TCs (Fig. 4) or all weather systems (Lidderach
and Sodemann, 2016; Van der Ent and Tuinenburg, 2017).
These lowest values influenced the average time spent by the
water vapour in the atmosphere from evaporation to the pre-
cipitation over the whole NATL. Conversely, the relatively
lower MWVRT values over NIO can be related to the land-sea
configuration of NIO, which confines TCs to the Bay of Bengal
and the Arabian Sea. The moisture gained by TCs in NIO
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mainly came from these local sources. Overall, the difference
of the average MWVRT in each basin with the global mean
could be explained by the heterogeneous distribution of TCs
trajectories and evaporation, in agreement with Van der Ent
and Tuinenburg (2017).

Several authors (e.g. Bulgin et al., 2020; Pérez-Alarcon et
al., 2021c) have addressed the increase in SST in recent de-
cades, and Knutson et al. (2020), using the Clausius—Clapeyron
equation, demonstrated that a warmer SST under constant
relative humidity conditions favoured higher availability of
water vapour. Accordingly, an increase in global MWVRT
(considering all weather systems) by 3—-6%/°C has been pro-
jected (O'Gorman and Muller, 2010; Gimeno et al., 2021).
However, by analysing the annual variation in MWVRT in
each basin (Fig. 5), we found a statistically significant decrease
(p < 0.05) in MWVRT at a rate of ~2.4 h/decade in NIO and
~1 h/decade in the remaining basins. These decreasing trends in
the MWVRT of atmospheric parcels that precipitate in TCs
could be related to the increasing trend in the average TC rain
rate that has been found by Guzman and Jiang (2021) and Tu
et al. (2021), caused by the increasing water vapour availability
in the atmosphere with rising SST. As aforementioned, a
downdraft motion during TC precipitation might decrease
MWVRT, in agreement with Gimeno et al. (2021). By
computing the Spearman correlation coefficient, while the
MWVRT tends to decrease when the amount of precipitation
within the TC outer radius increase in NATL and WNP, an
opposite pattern was observed in the remaining basins. The
correlation coefficients for NATL and WNP, although statis-
tically significant at a 95% confidence level, are too small,
being —0.05 and —0.07, respectively. For the other basins, the
Spearman correlation coefficients were 0.12, 0.14, 0.24, and
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Fig. 5. Annual variation in mean water vapour residence time (MWVRT, solid black line) for precipitation of tropical cyclones in (a) North Atlantic Ocean, (b)
Central and East North Pacific Ocean, (¢) North Indian Ocean, (d) South Indian Ocean, (e) South Pacific Ocean, and (f) Western North Pacific basins. Red dashed
lines represent the statistically significant (at a 95% significance level) trend line; the shaded grey area denotes the interquartile [q1—q3] range.
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0.38 for SIO, SPO, NEPAC and NIO, respectively. This rela-
tionship is complex due to the several dynamic and thermo-
dynamic processes involved in TCs precipitation. Additionally,
the Lagrangian moisture tracking method applied in this work
to estimate the MAVRT neglects the presence of liquid water
and ice in the atmosphere, evaporation of hydrometeors and
mixing of air parcels that can influence the total amount of
precipitation (Sodemann et al., 2008).

We also hypothesized that the variability and spread of the
MWYVRT could be modulated by the same large-scale envi-
ronmental parameters that modulated TC activity, such as sea
surface temperature, 200-850-hPa vertical wind shear, low
tropospheric moisture content, 200-hPa divergence and ocean
heat content; however, we did not further investigate on how
this modulation occurs. Future studies will further explore the
variability of the MWVRT for TCs precipitation caused by
large-scale environmental factors.

Furthermore, the highest MWVRT occurred in July (the
second month of the official TC season) in the NATL basin,
but no notable differences were from May to November. The
lowest MWVRT was in January and December, but these
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months are out of the TC season in NATL. For the remaining
basins, the monthly MWVRT oscillated around the MWVRT
estimated for the study period. Interestingly, we found an
MWVRT of ~3.5 days in March for TCs over NEPAC, but it
was an atypical value because March is out of TC season, and
only one TC formed from 1980 to 2018. These results suggest
that the seasonal variation of TCs did not modulate the
MWYVRT in each basin.

We also found that MWVRT had a significant (p < 0.05)
inverse Spearman correlation with TC intensity in the SIO
(—0.10), NATL (—0.16), NIO (—0.18), WNP (—0.25), and SPO
(—0.05), but not in NEPAC. Accordingly, the fastest circulation
of air in these basins suggests a short MWVRT, which is ex-
pected during the development of intense TCs. Therefore, the
discussed decreasing trend in the MW VRT is also supported by
the increase in TC intensity over the past four decades
(Emanuel, 2005; Elsner et al., 2008; Wing et al., 2007; Holland
and Bruyére, 2014; Wang et al.,, 2017; Bhatia et al., 2019;
Kossin et al., 2013; 2020). Nevertheless, this finding must be
cautiously interpreted because the sample size was smaller as
TCs intensified. For example, the total entries during the HS
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Fig. 6. Lagrangian estimate of mean water vapour residence time for each TC intensity category over (a) North Atlantic Ocean, (b) Central and East North Pacific
Ocean, (c) North Indian Ocean, (d) South Indian Ocean, (e) South Pacific Ocean, and (f) Western North Pacific basins. TD: Tropical Depression, TS: Tropical Storm,

Hy (N =1, 2, 3, 4, 5): Hurricane categories on the Saffir-Simpson wind scale.
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category represented from 0.2% (in NIO) to 1.2% (in WNP) of
all 6-hourly TC records. Therefore, the MWVRT values for
stronger TCs could be influenced by the sample size.

These results were partially confirmed by analysing the
variations in MWVRT according to intensity categories.
Fig. 6a shows a decrease in the MWVRT as TCs intensify in
the NATL basin, ranging from ~2.8 + 0.3 days for tropical
depressions (TDs) to ~2.5 + 0.4 days for Category 5 hurricanes
(HS, on the scale Saffir-Simpson wind scale). In the NIO basin,
the MWVRT also decreased from ~2.9 + 0.6 days for TDs to
~2.6 + 0.3 days for categories H2 and H3 (Fig. 5c). For the
WNP, the results were similar to those of NIO, the MWVRT
decreased from ~3.1 + 0.5 days for TDs to ~2.8 + 0.4 days for
category H2, but few differences were found for category HS.
In NEPAC, no changes in MWVRT were observed among the
categories (Fig. 6b), confirming the weak relationship between
TC intensity and MWVRT in this basin. Moreover, the in-
tensity categories in the basins in the Southern Hemisphere did
not exhibit significant differences in the MVWRT (Fig. 6d and
e), which supported the lower Spearman coefficients between
the MWVRT and TC intensity, as discussed in this study.
Overall, the highest MWVRT was for TCs in the TD phase
(~3.1 + 0.6 days) and the lowest for category H2 (~2.8 + 0.4
days).

Tropical Cyclone Research and Review 11 (2022) 76-87

Pérez-Alarcon et al. (2022c) have shown that remote
moisture sources support less atmospheric humidity than those
close to the area occupied by TC circulation (our target region),
and this phenomenon has a signal in the MWVRT. The
MWYVRT showed a positive correlation (p < 0.05, Spearman
test) with the radial distance between the weighted centroid of
moisture sources and the boundary of the TCs in the SIO
(0.15), NATL (0.22), SPO (0.28), NEPAC (0.35), and WNP
(0.35) basins.

3.1. Changes in the Lagrangian MWVRT before TC
landfall

Fig. 7a depicts the climatology of the TC tracks 24 h before
the landfall. In general, 1320 trajectories were identified and
distributed as follows: 79 in NEPAC, 108 in the SPO, 119 in
the NIO, 142 in the SIO, 247 in the NATL, and 625 in the
WNP. Notably, these values did not represent the total number
of landfalling events recorded in each basin during the study
period. We only considered landfalling events if the TC moved
over the water in the previous 24 h (Rappaport et al., 2010; Liu
et al., 2021; Zhu et al., 2021; Fudeyasu et al., 2014).

The MWVRTs in the 24 h before the TC's made landfall
were estimated, being ~2.7 + 0.3 days in the NATL and
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Fig. 7. (a) Tropical cyclone trajectories (grey solid lines) 24 h before landfall from 1980 to 2018 using HURDAT?2 databases and Joint Typhon Warning Center best
track archives. Red dots indicate the TC position 24 h before landfall. (b) Averaged differences of the MW VRT during the 24 h before the TC's landfall, calculated

over a 2.5° X 2.5 grid.
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Fig. 8. Lagrangian estimate of mean water vapour residence time when TCs move over ocean (cyan boxes) and over land (orange boxes). NATL: North Atlantic
Ocean, NEPAC: Central and East North Pacific Ocean, NIO: North Indian Ocean, SIO: South Indian Ocean, SPO: South Pacific Ocean, WNP: Western North

Pacific.

NEPAC, ~2.8 + 0.4 days in the NIO and WNP, ~2.9 + 0.4
days in the SIO, and ~3.0 + 0.4 days in the SPO. Next, we
determined if any change occurred along each trajectory: the
difference between the MWVRT at landfall and 24 h before
landfall was computed, and this value was assigned to the
centroid of each 24 h track. Fig. 7b shows these differences
averaged over a grid with 2.5 X 2.5 horizontal resolution.
Positive (negative) values imply an increase (decrease) in the
MVWRT of the atmospheric parcels 24 h before the landfall. In
general, a decrease in the MWVRT is observed before a TC's
landfall on a global scale, being more notable in the East China
Sea, the western Bay of Bengal and the Arabian Sea, the
eastern Pacific Ocean bordering the Mexican coast, the seas in
northern Australia, and the seas surrounding Cuba, where the
values fall between —0.2 and —0.5 days. Likewise, a slight
decrease was observed in the Gulf of Mexico, varying from
—0.1 to —0.2 days. Fig. 7b also reveals regions where the
MWVRT before landfall increases: the Caribbean Sea, the East
Coast of the United States, the southern Indochina Peninsula,
and the coast of Africa in the Mozambique Channel.

On average, over each ocean basin (Fig. 8), the MWVRT
decreased by 3.5% at TC landfall in the NATL basin, and 6.5%
and 6.9% in the NIO and SIO, respectively. In the WNP and
SPO basins were 9.4% and 9.8%. The reduction in NEPAC is
notable: the MWVRT decreased 16.7% at TC landfall. The
interaction of TC circulation with land influenced these
changes. The general reduction is related to the effects of the
orography, which is more evident in mountainous regions than
in other areas, inducing changes in the steering flow, and
cyclonic circulation tends to favour precipitation processes
associated with spiral bands (Lin, 2007; Liu et al., 2016). The
high percentage observed in the NEPAC basin may be directly
related to the mountainous orography of Central America over
TC landfall. Several authors (e.g. Tuleya et al., 1984; Andersen
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and Shepherd, 2014; Zhu et al., 2021; Wang and Matyas, 2022)
have highlighted the impact of the land surface on the dy-
namics and thermodynamics of TCs, such as the decrease in
water vapour availability and low evaporation rate, reducing
latent heat flux. During the interaction of the TC circulation
with land, the evaporation rate drops dramatically compared
with the evaporation rate over the ocean (e.g. Wang and
Matyas, 2022), mainly caused by the decreased moisture and
increased roughness length over land. Based on these previous
findings, we hypothesized that the surface characteristics (e.g.
vegetation, orography) influenced the MWVRT after the TCs
made landfall. Therefore, studies in more depth than this are
required to identify the factors and their linkages with a
decrease in MVWRT.

4. Conclusion

The time spent from evaporation to precipitation, or mean
water vapour residence time (MWVRT), is a fundamental
characteristic of the atmospheric branch of the hydrological
cycle. In this study, we applied a Lagrangian moisture source
diagnostic method based on backward trajectories up to 10
days from the global outputs of the FLEXPART model to es-
timate the MWVRT of precipitant parcels during the lifetime of
tropical cyclones (TCs) in each ocean basin.

The highest MWVRT was in the South Indian Ocean (SIO)
and South Pacific Ocean (SPO) with ~3.08 + 0.4 days (un-
certainty given as one standard deviation). TCs in the North
Atlantic basin (NATL) exhibited the lowest value, 2.72 + 0.4
days. In addition, the MWVRT for the Western North Pacific
Ocean (WNP), Central and East Pacific Ocean (NEPAC), and
North Indian Ocean (NIO) was estimated to be 2.98 + 0.4,
2.94 + 0.4, and 2.85 + 0.4, respectively. The analysis of all the
basins demonstrated that the global MWVRT estimate for TC
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precipitation was ~2.96 + 0.4 days, approximately two—three
times lower than the classical estimate of 8—10 days, which
considered all weather systems. Nevertheless, the spatial dis-
tribution of MWVRT provided a picture that agreed with other
global studies, with MWVRT decreasing from the tropics to
the subtropics. Therefore, the MW VRT spatial pattern reflected
the temporal and spatial scales of moisture transport within the
TC location.

Our study also revealed statistically significant decreasing
trends in the MWVRT of ~2.4 h/decade in the NIO and a
~1.0 h/decade in the remaining basins, which could be related
to the increase in TC intensity and precipitation rates over the
last four decades. At global scale, the tropical depressions
exhibited the highest MWVRT and Category 2 hurricanes on
the Saffir-Simpson wind scale the lowest.

Additionally, we found that the MWVRT generally de-
creases between 0.2 and 0.5 days in the 24 h before the TCs
made landfall, although we identified regions where the
MWVRT increased, which was most significant in the Carib-
bean sea and the east coast of the United States. The MWVRT
during this period ranged from 2.7 to 3.0 days. Moreover, the
MWYVRT decreases over the land by ~3.5% (in NATL) to
16.7% (in NEPAC) of its mean value over the ocean.

This work aimed to advance the knowledge of TC clima-
tology in each basin and on a global scale based on MWVRT.
Further research should conduct sensitivity studies to investi-
gate the impact on the MWVRT estimates depending on the
length of the backward trajectories and the threshold for
considering the occurrence of precipitation. Furthermore, our
results lead to new questions regarding how global warming
affects the mean residence time of water vapour during TC
precipitation. Therefore, further research should analyse the
relationship between SST in a warmer climate and the
MWVRT of atmospheric parcels that precipitate over TC
locations.
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Abstract The 2017 North Atlantic tropical cyclone season was among the most active in the last two
decades, with 17 named storms, of which six reached the major hurricane (MH) intensity: Harvey, Irma,

Jose, Lee, Maria, and Ophelia. In this study, the water vapor sources for precipitation for these six MHs were
examined using a Lagrangian approach. The particle dispersion model, FLEXPART, was used to identify
moisture sources. Overall, the North Atlantic Ocean, the Caribbean Sea, and the Gulf of Mexico were identified
as the main moisture sources, supplying ~75%-85% of the atmospheric humidity gained by tropical cyclones,
which resulted in precipitation associated with the MHs. However, the South Atlantic Ocean also contributed
considerable humidity (~14%-20%), and the remaining ~1%-5% originated from the tropical eastern

Pacific Ocean. The accumulated moisture uptake higher than the 90th percentile generally appeared within
approximately 3° to 5° of the TC trajectory.

1. Introduction

Tropical cyclones (TCs) can produce intense rainfall, and with storm surges can cause coastal flooding with
serious societal impacts. The most significant disasters (Blake & Zelinsky, 2018; Cangialosi et al., 2021; Knabb
et al., 2005; Pasch et al., 2006) caused by TCs are produced by major hurricanes (MHs), which are defined as
TCs with maximum sustained (1 min) surface winds higher than 178 km/hr at any time during their lifetimes
(including hurricanes categories >3 on the Saffir-Simpson Wind Scale).

The 2017 North Atlantic TC season was extremely active (Wachnicka et al., 2020), with 17 named storms, 10
hurricanes, and six MHs (the median was 12, 7, and 2, respectively, in 1980-2019). This increased activity oc-
curred during La Nifia and the warm phase of the Atlantic Multidecadal Oscillation. Three of these MHs made
landfall at least once in their lifetime, causing ecological and human tolls, mainly due to heavy rainfall. Hurricane
Harvey affected the coast of Texas in the United States (US; Blake & Zelinsky, 2018). Hurricane Irma affected
the northern coast of Cuba and the southeastern US (Cangialosi et al., 2021). Hurricane Maria impacted several
Caribbean islands, such as the US Virgin Islands and Puerto Rico (Pasch et al., 2019).

Dynamics and thermodynamics are factors that play an essential role in TC genesis and development (Emanuel
et al., 2004). Among other factors, TC formation requires moist layers in the mid-troposphere to enhance thun-
derstorm formation (Emanuel, 1987; Gray, 1968). Several studies (Braun et al., 2012; Emanuel et al., 2004; Ge
et al., 2013; Kimball, 2006; Tao & Zhang, 2014; Wang et al., 2009) have investigated the role of atmospheric
humidity in TC development. Theoretical and modeling studies (Emanuel et al., 2004; Ge et al., 2013; Kim-
ball, 2006) have suggested that high environmental moisture may favor TC intensification, and Hill and Lack-
mann (2009) highlighted that environmental moisture is a key factor contributing to TC size. However, substan-
tial moisture may also negatively affect TC strength by facilitating the formation of TC outer rain bands, which
reduces the horizontal pressure gradient in a TC (Tao & Zhang, 2014; Wang et al., 2009; Ying & Zhang, 2012).

Studies (e.g., Braun, 2006) have revealed that a majority of condensation occurs in convective hot towers in the
eyewall, whereas vapor deposition and aggregation are dominant outside the eyewall. In addition, the ocean
source for water vapor in the inner core of TCs is a small portion of the horizontal vapor import, as shown by
Yang et al. (2011) using Typhoon Nari (2001) simulations, with a 2 km horizontal fine grid resolution. Addi-
tionally, dry air intrusions weaken TCs by favoring convection-driven downdrafts and associated boundary layer

PEREZ-ALARCON ET AL.

1of 17



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD035554

Funding acquisition: Raquel Nieto, Luis
Gimeno

Investigation: Albenis Pérez-Alarcén,
Patricia Coll-Hidalgo, Rogert Sori,
Raquel Nieto, Luis Gimeno
Methodology: Albenis Pérez-Alarcén,
José C. Fernandez-Alvarez, Rogert Sori,
Raquel Nieto, Luis Gimeno

Project Administration: Raquel Nieto,
Luis Gimeno

Software: Albenis Pérez-Alarcén, José C.

Fernandez-Alvarez

Supervision: Raquel Nieto, Luis Gimeno
Validation: Albenis Pérez-Alarcon,
Patricia Coll-Hidalgo

Visualization: Albenis Pérez-Alarcén
Writing - original draft: Albenis
Pérez-Alarcén

Writing — review & editing: Albenis
Pérez-Alarcén, Patricia Coll-Hidalgo,
José C. Fernandez-Alvarez, Rogert Sori,
Ragquel Nieto, Luis Gimeno

cooling (Dunion & Velden, 2004; Ge et al., 2013), and idealized simulations (Braun et al., 2012) show that only
dry air near the vortex center leads to asymmetric convection and delays the development of the storm. In a 6-km
grid simulation of Hurricane Andrew (1992), Zhang et al. (2002) demonstrated that horizontal advection tended
to transport drier air from the outer region into the core in the marine boundary air. Moreover, some studies have
investigated other components of the water budget linked with TC genesis and intensification, such as precipita-
tion (Alvey et al., 2015; Tao et al., 2017; Wu & Chen, 2012), surface evaporation (Gao et al., 2016, 2017; Jaimes
et al., 2015), and moisture flux convergence (Gao et al., 2017; Makarieva et al., 2017; Yin et al., 2015).

Precipitation associated with TC extends far from their core, with a large amount of precipitation in the spiral
bands. Wu and Chen (2012) conducted sensitivity experiments to investigate the impact of ambient moisture
content on TC related precipitations. Their findings revealed that the decrease in precipitation was controlled by
a decrease in available moisture and a reduction in TC size. Makarieva et al. (2017) studied how the water vapor
budget of a TC is dependent on its motion and showed that TC precipitation could not be fully explained by local
evaporation. Furthermore, Montgomery and Smith (2017) stated that TC precipitation is mainly a product of the
secondary circulation transporting moisture inward; thus, most of the precipitation is expected to occur as the
TC intensifies. Notably, surface evaporation is proportional to the 10 m wind speed and sea surface temperature
(SST; Gao et al., 2016, 2017); therefore, TC precipitation increases with an increase in SST and an increase in
atmospheric humidity (Hill & Lackmann, 2009; Lin et al., 2015; Matyas, 2010). Kim et al. (2021) used satellite
precipitation and reanalysis data and confirmed that environmental flows, SST, and humidity influence the in-
ner-core rainfall and rainfall area along the TC trajectory.

Several studies have used Eulerian approaches to compute the water budget associated with TCs (e.g., Chauvin
et al., 2017; Fritz & Wang, 2013, 2014; Gao et al., 2017; Makarieva et al., 2017; Vannicere et al., 2020; Wu
et al., 2013); however, several methods can be applied to investigate the origin of atmospheric moisture (compar-
ative review by Gimeno et al. (2012)). Lagrangian approaches have proven powerful tools for identifying mois-
ture sources and studying anomalous atmospheric moisture transport in global and regional studies (Knippertz
et al., 2013; Miralles et al., 2016; Nieto et al., 2014; Stohl & James, 2004, 2005; Vazquez et al., 2020), meteoro-
logical systems such as extra TCs (Cloux et al., 2021; Liberato et al., 2012), or low-level jets and atmospheric riv-
ers (Algarra et al., 2019, 2020; Braz et al., 2021; Ramos et al., 2016, 2019). However, these techniques have rarely
been used for TCs. For example, they were to analyze two individual TCs in the Pacific. Xu et al. (2017) used a
Lagrangian flexible particle dispersion model (FLEXPART, Stohl et al., 2005, 2016) to investigate the physical
processes responsible for the torrential rainfall that occurred along the northwestern Pacific coast of Japan during
the landfall of Typhoon Fitow in 2013. Similarly, Yang et al. (2017) analyzed the moisture sources for Typhoon
Nina (in 1975) by using the Lagrangian analysis tool LAGRANTO developed by Sprenger and Wernli (2015)
fed by downscaled Weather Research and Forecasting (WRF) model simulations. Pazos and Gimeno (2017)
and Pérez-Alarcon et al. (2021a), also using the FLEXPART model, accounted for the water budget associated
with all the TCs whose origin is over the eastern part of the North Atlantic Ocean basin (near the West African
coast); both studies differ in the period analyzed (1979-2012 and 19802018, respectively), and in the definition
of the target regions. Pazos and Gimeno (2017) defined the target region as a fixed box between 8°~20°N and
15°—45°W, and the whole area was analyzed when a TC occurred. Pérez-Alarcén et al. (2021a) used only the area
enclosed by each TC outer radius at the moment of genesis. However, both studies analyze the search for moisture
sources associated with TCs, but not for the moisture that finally generates precipitation. Regarding this last goal,
Sodemann et al. (2008) proposed an approach to identify the moisture sources by discounting proportionally to
all previous moisture uptakes (MUs) the precipitation in route. This methodology was applied to identify sources
and transport pathways of precipitating waters of weather systems at a synoptic scale, such as extratropical cy-
clones (e.g., Papritz et al., 2021), but never for TCs.

Climate modeling studies (Knutson et al., 2015; Patricola & Wehner, 2018; Scoccimarro et al., 2014; Yoshida
et al., 2017) have reported increased TC rainfall due to global warming. A relevant common factor in these
studies is the projected increase in atmospheric humidity, which leads to enhanced moisture convergence and
thus increases the rainfall rate. In addition, Kossin et al. (2020) suggested a positive trend in TC intensity with
a warming climate. Therefore, based on climate projections, studying the water budgets of MHs is necessary to
improve the knowledge of the influence of atmospheric humidity on the development of intense TCs.

Despite the observational and modeling studies of TCs, deepening the understanding of the moisture trans-
ported to TCs that finally produces precipitation is necessary. Thus, in this study, by applying the Lagrangian
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moisture source diagnostic method proposed by Sodemann et al. (2008), we

Table 1
Characteristics of the Six Major Hurricanes of the 2017 North Atlantic investigated the moisture transport and sources that produced precipitation
Tropical Cyclone Season Extracted From the HURDAT2 Database during the entire trajectories along their complete lifecycle of the six TCs that
TC name Lifetime V__ (km/mr) P (hPa)  reached the MH category in the North Atlantic basin in 2017. In addition to
improving the previous studies (e.g., Pazos & Gimeno, 2017; Pérez-Alarcén
Harvey 17 August to 1 September 200 937 . . . .
et al., 2021a), we assumed variable target regions defined by the outer radius
Irma. 30 August to 12 September 290 914 of TCs in each position of each TC trajectory.
Jose 4 t025 September 250 938 . . . .
The remainder of this paper proceeds as follows. Section 2 describes the data
Lee 14 to 30 September 190 962 . .
set and the methodology used, namely the Lagrangian approach to computing
Matia e pembesieRCekay 20 908 the sources of moisture for TC. The results and discussion are presented in
Ophelia 6 to 17 October 190 959 Section 3, and the conclusions are presented in Section 4.
Note. V., maximum wind speed; P, , minimum central pressure.

2. Materials and Methods
2.1. Data

Data on MHs in 2017 were obtained from the Atlantic hurricane database

(HURDAT?2; Landsea & Franklin, 2013) available online at the US Hurri-
cane Center (NHC) web page (https://www.nhc.noaa.gov/data/#thurdat). This data set is a reanalysis effort to
extend and revise the NHC's North Atlantic hurricane database. Table 1 shows the features of the six MHs in the
2017 North Atlantic TC season. A brief description of the synoptic history of each MH is presented in Text S1
of Supporting Information.

Daily SST anomalies were extracted from the NOAA Daily Optimum Interpolation Sea Surface Temperature
(OISST) data set v2.1 (Banzon et al., 2020), constructed by combining observations from different platforms
(satellites, ships, and buoys) on a grid with 0.25° x 0.25° horizontal resolution.

The precipitation rate from the Global Precipitation Measurement (GPM; Huffman et al., 2019) was used. In
this data set, the precipitation was estimated from the relevant satellite passive microwave sensors compris-
ing the GPM constellation, computed using the Goddard profiling algorithm (Kummerow et al., 2015; Randel
et al., 2020), and merged into a grid of half-hourly 0.1° X 0.1° horizontal resolution. Because the GPM precip-
itation data set has a higher horizontal resolution (0.1° X 0.1°) than the other data sets used, we regridded the
GPM data using the nearest neighbor method (Chen et al., 2010) to the MU grid resolution (1° X 1°). In this
study, we only considered the precipitation rate (R) related to TCs, which was defined as the R within the outer
radius of the TC. The R calculation has been used in several studies (Guo et al., 2017; Jiang & Zipser, 2010;
Larson et al., 2005; Prat & Nelson, 2013). The precipitation was computed for every 6 hr time step along the TC
trajectories.

Furthermore, the integrated eastward and northward moisture fluxes, which were extracted from the European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA-5 reanalysis data set, were used to compute the
vertically integrated moisture flux (VIMF). In addition, surface evaporation data used to calculate the local evap-
oration within the TC outer radius along the trajectory were derived from the ERA-5 reanalysis. ERA-5 combines
model data and worldwide observations into a global consistent data set using the laws of physics. Data are avail-
able on a latitude-longitude grid with a 0.25° horizontal resolution (Hersbach et al., 2020).

2.2. Methodology
2.2.1. Lagrangian Identification of Moisture Sources for Precipitation

By neglecting the impact of mixing with adjacent air parcels and ignoring the presence of liquid water and ice in
the atmosphere, moisture changes in an air parcel during a certain time interval (df = 6 hr) are controlled by evap-
oration (e) and precipitation (p) along the atmospheric particle trajectory (Stohl & James, 2004, 2005) throughout
its changes in the specific humidity (g):

d A
md—(tl zm(ﬁ):(e—p) (D
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where m represents the mass of the air parcel (a particle).

For identifying the source of the parcels that produce precipitation in TCs, parcels were individually followed
backward in time up to 10 days, which is considered the mean residence time of water vapor in the atmosphere
(Numaguti, 1999; van der Ent & Tuinenburg, 2017). According to Ldderach and Sodemann (2016), we only
considered those parcels in which the specific humidity decreased more than 0.1 g/kg in the 6 hr before arrival
at our target regions.

Backward trajectories of precipitant parcels were extracted from the global outputs of the FLEXPART v9.0 mod-
el (Stohl et al., 2005, 2016). The model was forced with the ERA-Interim reanalysis data set (Dee et al., 2011) at
a resolution of 1° X 1° on the native ECMWF model levels. FLEXPART considers the atmosphere homogene-
ously divided into approximately 2 million uniformly distributed parcels, which are moved with 3D wind fields.
Outputs are available every 6 hr at the initial grid resolution. According to Léderach and Sodemann (2016), the
6 hr-diagnostics preserve better than the 3 hr-diagnostic the consistency of the meteorological fields. Additional-
ly, cycles of evaporation and precipitation within the TC occur quickly. However, outside TC circulation, evapo-
ration and precipitation cycles occur at the time scale of typical tropical processes. Therefore, the 6 hr-diagnostics
is suitable for our study because we are interested in the moisture changes of atmospheric parcels along their
trajectories before reaching the TC circulation.

Our target regions were defined as the area enclosed by the outer radius of the best track position for each TC.
Several authors (e.g., Kilroy & Smith, 2017; Lu et al., 2011; Wu et al., 2015) have used a radius of 34 kt (~17 m/s,
R, as a metric for the TC size. However, by definition, R,,,, is available for TCs that reach the tropical storm
wind force or higher. Likewise, the radius of the outermost closed isobar (ROCI) has been used as an estima-
tion of the TC outer radius (e.g., Dean et al., 2009; Kimball & Mulekar, 2004; Wu et al., 2015). Nevertheless,
as expected, values are missing for R, and ROCI in the first and latest TC records. Recently, Pérez-Alarcén
etal. (2021b) developed a new approach to estimate the TC outer radius by using the TC radial wind profile devel-
oped by Willoughby et al. (2006), which requires the maximum wind speed and TC position as input parameters.
The outer radius was then defined as the radius at which the tangential wind speed estimated from the Willoughby
et al. (2006) radial wind profile was equal to or less than 2 m/s Pérez-Alarcén et al. (2021b) also demonstrated
that this estimated outer radius fits well with the outer radius estimated from the ERA-5 reanalysis. Therefore,
because we were interested in analyzing the moisture source for all TC positions along its trajectory, we computed
the TC size by applying the method of Pérez-Alarcén et al. (2021b). Notably, the cloud pattern of TCs provides
a large amount of precipitation in the spiral bands of the system once they appear; thus, reducing the radius of
the system would induce the possible loss of areas with convection and intense precipitation that largely depend
on the advected water vapor flux that feeds the TC. This fact would lead to underestimation and a less realistic
identification of the sources of moisture associated with precipitation.

Although several studies (see Gimeno et al. (2020) and references therein) have used the water budget approach of
Stohl and James (2004, 2005) to identify the origin of precipitation, one of the possible limitations of this meth-
od is that the precipitation in route between the sources and the target regions leads to a distorted picture of the
source locations. Therefore, we followed the moisture source diagnostic method of Sodemann et al. (2008); see
complete details in the cited paper. The moisture changes, based on the specific humidity (g) along each forward
trajectory in time (from the end to the starting point of the backward trajectory), were assessed, and at a moisture
loss location, all prior moisture contributions (Ag > 0) to the air parcel were discounted in proportion to the mois-
ture loss amount. Hence, the precipitation of the target area is the weighted sum of the prior uptakes (Sodemann
et al., 2008). Therefore, the MU of all particles resulting in precipitation along their trajectories was computed as
the sum of the moisture contributions over a specific grid cell (1° X 1°, in our study).

m Z/Cl:l Ag,
A

MU = 2)

where m is the mass of the air parcel (assumed constant), N is the number of air parcels that crossed over a grid
cell (1° x 1°) of area A before arriving at the target region, and Ag’ is the final moisture change (see Equation (7)
of Sodemann et al. (2008)) of each parcel over A.

In addition, over several days, an air parcel may undergo multiple cycles of evaporation and precipitation. There-
fore, by applying the moisture source diagnostic method of Sodemann et al. (2008), we computed the moisture
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contributions of each evaporation location to the final moisture content of each parcel before it precipitates over
the target region. Next, to estimate the moisture contributions for the precipitation related to the TC at each po-
sition, we averaged all moisture contributions over each grid cell of 1° X 1°. Finally, to gain a total point of view
of the relative contribution of moisture sources to the TC precipitation along its trajectory, the moisture contri-
butions for all TC positions were summed and then relativized concerning the maximum of that sum. A detailed
example of how moisture source contribution was computed is provided in Text S2 of Supporting Information.

It is worth noting that the moisture contributions from the moisture sources were first calculated every 6 hr for
each position of the TC trajectory according to the HURDAT?2 database, and then, the accumulated MU as the
sum of all MUs along the TC trajectory. As a moisture source can supply atmospheric humidity for the precipi-
tation associated with the TC at several TC positions, we focused our attention on the moisture contributions for
the total precipitation of the TC during its lifetime by estimating the accumulated MU.

3. Results and Discussion

The 2017 North Atlantic TC season was very active in terms of TC recorded, it was characterized by a developing
moderate La Nifia and its associated conditions, and by positive SST anomalies over the North Atlantic Ocean
(Murakami et al., 2018). The SST anomaly composite during the 2017 TC season was 1.5 standard deviations
above normal in the Main Development Region of Atlantic tropical cyclones, a 10°-20°N latitude belt stretching
from North Africa to Central America (Gray et al., 1993). These factors were essential for TC intensification.

Murakami et al. (2018) also pointed out that five of the six TCs studied here (Harvey, Irma, Jose, Lee, and Ma-
ria) reached the MH intensity (green line over tracks in Figure 1) over warmer regions during their westward
movement. Moreover, according to Stewart (2018), the rare and unusual strength of Ophelia (Figure 1f) was
controlled by suitable environmental conditions for TC development. Positive SST anomalies along the trajectory
of Ophelia contributed to the pronounced tropospheric lapse rates, supporting the development of vigorous deep
convection (Stewart, 2018).

3.1. Spatial Distribution of Precipitation Rate

Precipitation within the outer radius of Hurricane Harvey (Figure 2a) during the first 67 days after genesis was
small, with precipitation totals less than 45-80 mm. This may have been related to the weakening of Harvey into
a tropical wave due to northerly wind shear during its movement through the Caribbean Sea (Blake & Zelin-
sky, 2018). Harvey reintensified over the Gulf of Mexico, and the accumulated precipitation ranged between 125
and 370 mm near the center (Figure 2a). After making landfall in Texas, the accumulated precipitation reached
values higher than 620 mm. Previous studies (Emanuel, 2017) have reported that Harvey produced record levels
of rainfall (~1219 mm) in the Houston metropolitan area.

Figure 2b shows the accumulated precipitation along the Irma trajectory. Although Irma was already an MH
48 hr after genesis, the accumulated precipitation was less than 80 mm close to the TC center during that period.
After the hurricane reached its maximum intensity near the northern islands of the Lesser Antilles Arc, the pre-
cipitation totals reached values higher than 200 mm along the northern coast of Cuba, the Straits of Florida, and
the Florida Peninsula. The Institute of Meteorology of Cuba reported an accumulated rainfall of over 250 mm,
with the maximum (585 mm) observed in Topes de Collantes, followed by a second record in Sancti Spiritus
(490 mm). Over the Florida Peninsula, the accumulated rainfall ranged from 250 to 380 mm, and the storm-total
rainfall was ~560 mm, measured from September 9 to 12 (Cangialosi et al., 2021).

Hurricanes Jose (Figure 2¢) and Maria (Figure 2d) exhibited similar patterns in terms of accumulated precipita-
tion. Heavy rainfall over land from Jose was limited to portions of extreme southeastern Massachusetts, which
reported a storm-total rainfall of ~172 mm at Nantucket Memorial Airport (Berg, 2018). In the case of Maria,
according to Pasch et al. (2019), Dominica experienced torrential rains with a maximum total rainfall of 580 mm,
and Puerto Rico recorded values close to 965 mm. Maria also produced heavy rains in Guadeloupe and parts of
the Dominican Republic, with a total rainfall of ~250-330 mm.

Hurricane Lee (Figure 2e) traveled over the North Atlantic Ocean without making landfall. Accumulated precip-
itation during most of its trajectory was less than 120 mm. However, some cores ranging from 175 to 290 mm
were observed. The accumulated precipitation of Ophelia (Figure 2f) was less than 125 mm during its movement
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Figure 1. Composite of daily sea surface temperature anomalies (shaded) for each major hurricane (MH) lifetime in 2017: (a) Harvey, (b) Irma, (c) Jose, (d) Maria, (e)
Lee and (f) Ophelia. The best track location of each tropical cyclone (TC) is plotted in purple, and the TC outer radius every 6 hr is in gray. The green line over each
track represents the time interval at which TCs reached MH intensity.

to the northeast, although slightly higher precipitation totals were observed (150-200 mm), especially in the first
days after its genesis. According to Stewart (2018), the remnants of Ophelia produced a total rainfall of less than
50 mm across Ireland and the United Kingdom.

3.2. Identification of the Moisture Sources for Major Hurricanes in 2017

The accumulated MU along the trajectory of each MH reveals the main global moisture sources that result in
precipitation (Figure 3). Except for Ophelia, the moisture sources were located over a wide band along the North
Atlantic from 10°N to 30°N and longitudinally across the entire basin, extending westward over continental areas
into the Sahel. Two marked additional branches completed this field, one from the north along the European and
African coasts and another from the South Atlantic Ocean. In addition, the pattern over the southeastern US sug-
gested that a recycling process within the outer radius contributed moisture to maintain the MH over the continent
in the case of Harvey and Irma (Figures la and 1b).
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Figure 2. Accumulated precipitation (in mm) from Global Precipitation Measurement within the area enclosed by the tropical cyclone (TC) outer radius along the
trajectory of each 2017 major hurricane (MH): (a) Harvey, (b) Irma, (c) Jose, (d) Maria, (¢) Lee and (f) Ophelia. TC intensity is represented in shades of purples. The
gray dashed line shows the TC trajectory. The red marker represents the genesis location. All plots are from the first to last record for each MH in the HURDAT?2
database.

Figure 3 also reveals that the maximum MU was detected near their trajectories when the TCs reached maximum
intensity, unlike the regions close to the TC genesis where the contribution from moisture sources is lower. Again,
Ophelia did not match this behavior, with maximum MU during the initial days after genesis. Notably, Ophelia
also differs from the other MHs in its non-tropical origin (Text S1 of Supporting Information and Stewart, 2018).
According to Stewart (2018), Ophelia developed over marginal SSTs to TC intensification, but the mid-level
temperatures being cooler than average favored deep convection.

Additionally, the VIMF fields plotted in Figure 3, accompanying the accumulated MU pattern, show that the mois-
ture contribution from the North Atlantic basin was mainly due to the wind around the Bermuda-Azores High,
and particularly intensified from the easterly winds along its southern branch and around it. The contribution
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Figure 3. Accumulated moisture uptake (green colors, in mm) along the trajectory of each 2017 North Atlantic major hurricane (MH): (a) Harvey, (b) Irma, (c) Jose,
(d) Lee, (e) Maria, and (f) Ophelia. The mean vertical integrated moisture flux (VIMF, kg/ms) from the ERA-5 reanalysis during the tropical cyclones (TCs) lifetime is
represented as arrows. The red marker represents the tropical cyclone (TC) genesis location, the gray dashed line shows the trajectory, and the lifetime intensity of each
TC is represented in shades of purples (data from HURDAT?2 database). The blue line denoted the 90th percentile of the accumulated moisture.

from the South Atlantic Ocean occurred through the northwestward branch of the South Atlantic high-pressure
system (SAHS).

Furthermore, of all the TCs studied, Jose exhibited the most intense MU throughout its lifetime, reaching
32,086 mm, which computes to the 90th percentile of the accumulated MU. Maria and Harvey totaled 24,760 and
20,706 mm, respectively, and Irma (12,902 mm) showed a lower uptake. The accumulated MU higher than the
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90th percentile (blue contour in Figure 3) generally appeared within approximately 3° to 5° of the TC trajectory,
but mostly occurred on the right side of the trajectory (which may be related to the anticlockwise circulation of
TCs in the Northern Hemisphere). Previous research (Gao et al., 2017; Trenberth et al., 2007; Wang et al., 2015;
Yang et al., 2011) has suggested that the ocean source for water vapor in the inner core is a small portion of the
horizontal vapor input.

According to Makarieva et al. (2017), a TC first depletes available atmospheric moisture as it moves controlled by
the large-scale flow in which it is embedded, while a moist flow proportional to the TC translation speed converg-
es toward the TC position. This behavior could explain why along the trajectory of each TC, the areas of higher
accumulated precipitation mostly coincide with areas of higher accumulated MU (Figures 2 and 3). Moreover,
by comparing these patterns with the spatial distribution of accumulated evaporation from the ERA-5 reanalysis
within the outer radius along the trajectory of each TC (Figure 4), the higher evaporation regions agree with the
higher precipitation and MU areas. Nevertheless, as in the literature was suggested (e.g., Fritz & Wang, 2014;
Huang et al., 2014; Makarieva et al., 2017; Yang et al., 2011), evaporation from local sources cannot fully explain
TC precipitation. Indeed, the mean ratio between evaporation and precipitation within the outer radius along TC
trajectory ranged from 0.43 (Maria) to 0.87 (Ophelia). We also found that this ratio decreased as the TCs intensi-
fied (not shown), which can be linked to the strengthening of the low-level convergence associated with the sec-
ondary circulation (Fritz & Wang, 2014). In other words, moisture was imported from the outer region (Figure 3).

As aforementioned, the tropical North Atlantic was the main moisture source for MHs that moved westward, but
remarkable individual differences existed. The Gulf of Mexico is the most important moisture source for Harvey.
The western North Atlantic contributed significantly to the moisture supply for Jose and Maria, and the central
North Atlantic provided most of the moisture for Lee and Ophelia.

From Figure 5, the major part of moisture that originated the precipitation after the landfalling event of Harvey
and Irma on Texas and Florida Peninsula, respectively, was of ocean origin. For Harvey (Figure 5a), the Gulf
of Mexico and the Western Caribbean Sea were the main moisture sources. Nevertheless, the contribution of
atmospheric humidity from the southern coast of the US suggested an important recycling process, while the
contributions from distant sources were lesser extent. Similarly, for Irma (Figure 5b), the Caribbean Sea south
of Cuba, the Straits of Florida, the seas at eastern Bahamas Archipelago, and the western North Atlantic Ocean
close to the southeastern coast of US contributed more moisture to Irma's rainfall after landfalling on the Florida
Peninsula than further away sources. Note that the MU of Harvey after landfalling was higher than Irma, which is
in agreement with the highest accumulated precipitation generated by the former (see Figure 2).

3.3. Moisture Sources Contribution

The moisture contribution from each source region at each time step along the MH trajectories was quantitatively
computed using the methodology of Sodemann et al. (2008). These values were added to each MH throughout its
lifetime (Text S2 of Supporting Information). Figure 6 shows the percentage of the total SC. Our findings showed
that the highest SC close to the trajectory occurred during the maximum intensification phase for the TCs,
reaching values over 70% (blues). Based on Lagrangian analysis, for most TCs, the area within the outer radius
contributed 35%-45% of the total moisture, while contributions from farther away were less than 30%. Figure 6
also reveals that the eastern tropical Pacific Ocean supplied 10%—20% of the moisture for Harvey. The moisture
contribution from the South Atlantic Ocean (SATL) for all MHs accounted for 20%—30% of the total (except for
Ophelia, which received no contribution). This result supports the findings of Pazos and Gimeno (2017) and
Pérez-Alarcén et al. (2021a), who have identified the SATL as a moisture source during the TC genesis phase
near the West African coast but did not quantify this value.

Furthermore, water vapor uptake from continental areas was not negligible. Moisture from the Sahel region
accounted for 15%-30% for Irma and Lee but was lower for the remaining MHs (less than ~10%). The moisture
supplied from continental North America was notable for Harvey (40%-65%) and Irma (~30%) during landfall,
and for Jose (~25%) and Maria (~25%) during their parallel movement along the coast. Because Lee occurred far
from the eastern coast of North America, land moisture contribution was less than 10%.
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Figure 4. Accumulated evaporation from ERA-5 reanalysis within the area enclosed by the tropical cyclone (TC) outer radius for each 2017 major hurricane (MH):
(a) Harvey, (b) Irma, (c) Jose, (d) Maria, (e) Lee, and (f) Ophelia. TC intensity along their trajectory is represented in blue-greens. The gray dashed line shows the TC
trajectory. The red marker represents the genesis location. All plots are from the first to last record for each MH in the HURDAT?2 database.

3.4. Assessment of the Lagrangian Moisture Source Uptake Diagnostic

The temporal evolution of MU and precipitation rate (R) during the lifetime of each MH indicates a close
relationship between both quantities (Figure 7), as discussed. Both values were obtained using different meth-
ods. R was obtained from the GPM, and MU was obtained from the global outputs of the FLEXPART model
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Figure 5. Accumulated moisture uptake (green colors, in mm) after landfalling (a) on Texas (Harvey) and (b) on Florida Peninsula (Irma). The mean vertical integrated
moisture flux (VIMF, kg/ms) from the ERA-5 reanalysis after landfalling is represented as arrows. The red marker represents the tropical cyclone (TC) landfalling
location, the gray dashed line shows the trajectory after the landfalling, and the lifetime intensity of each TC is represented in shades of purples (data from HURDAT?2
database). The blue line denoted the 90th percentile of the accumulated moisture.

by applying the moisture source diagnostic developed by Sodemann et al. (2008). However, these values had
a statistically significant Pearson correlation (p < 0.05) for all MH except for Maria. The highest Pearson
correlation coefficients were found for Irma (0.83) and Harvey (0.66), followed by Ophelia (0.59). For Lee
and Jose, the correlations were lower but similar (0.43 and 0.40, respectively). Wu and Chen (2012) demon-
strated that the decrease in precipitation of TCs could be explained by a reduction in the ambient water vapor
content. As expected, a simple inspection of Figure 7 confirms that the precipitation of these TCs was mainly
driven by the moisture supply. These relationships confirm the ability of the moisture source diagnostic
method (Sodemann et al., 2008) to quantify and identify the origins of the atmospheric humidity that caused
precipitation along the trajectory of TCs, independent of the complex thermodynamic and dynamic processes
involved in TCs.

Additionally, no consistent relationships were found between MU and total precipitation before and after maxi-
mum intensity. Differences observed between the temporal evolution of the precipitation rate (R) and the MU that
originated the precipitation can be attributed to neglecting the Lagrangian approach for the complex processes
that cause moisture changes, such as convection, turbulence, numerical diffusion, and rainwater evaporation
(Sodemann et al., 2008).

4. Summary and Conclusions

The 2017 North Atlantic TC season was one of the most active in the last two decades since 2000, with 17
named storms and 10 hurricanes, six of which reached the category of a MH. The six MHs followed three path-
ways: two (MHs Harvey and Irma) moved in straightforwardly from the African coast to the Gulf of Mexico
before recurving northward across the US coast, two (MHs Jose and Maria) recurved and bordered the US East
Coast, and two (MHs Lee and Ophelia) recurved northward over the middle of the ocean and did not make
landfall.

We analyzed the moisture sources that resulted in precipitation for the six 2017 MHs by using a Lagrangian
approach. The particle dispersion model FLEXPART, along with the ERA-Interim reanalysis, was used to deter-
mine the moisture sources for each position of the best track of the MHs.
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Figure 6. Moisture sources' contribution (in percent) during each 2017 major hurricane (MH) lifetime: (a) Harvey, (b) Irma, (c) Jose, (d) Maria, (e) Lee, and (f)
Ophelia. The MH lifetime intensity is represented in blue-greens along the trajectory; the red marker represents the genesis location. All plots are from the first to last
record of each MH in the HURDAT? database.

The main moisture sources for Harvey and Irma were the tropical North Atlantic Ocean, the Caribbean Sea,
and the Gulf of Mexico, providing approximately 85% of the total moisture. The western North Atlantic Ocean
provided approximately 75%—-80% for Jose and Maria. The central North Atlantic Ocean supplied similar amounts
to Lee and Ophelia. In general, a higher MU was observed on the right side of the trajectory and during the
maximum intensity phase of each TC. Additionally, on average, as a moisture source, the South Atlantic Ocean
contributed ~14%-20%, and the tropical eastern Pacific Ocean contributed ~1%—5%. On average, higher MU

occurred within approximately 3° to 5° of the TC trajectories.
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Figure 7. Temporal evolution (at 6 hr time steps) of total moisture uptake (green line, mm) from the Lagrangian approach, precipitation rate (blue line, mm) from
Global Precipitation Measurement, and the TC outer radius (red line, km) during 2017 major hurricanes (MH) lifetimes: (a) Harvey, (b) Irma, (c) Jose, (d) Maria, (e)
Lee, and (f) Ophelia. Total moisture uptake was calculated as the sum of all grid point values at each 6 hr time step. The vertical gray dashed line represents the time at
which each TC reached the maximum intensity, and the gray shaded areas represent the time interval at which each TC was in the MH category.

Our results also reveal that the Lagrangian moisture precipitation source diagnostic method applied in this study
is a suitable tool to provide useful information on the geographical position of these moisture sources and quantify
precipitation from TCs. Nevertheless, this work analyzed six TCs and therefore does not provide a climatological
view of the moisture sources of TC-related precipitation in this basin. In further research, a similar analysis
should consider the total number of systems with different intensities over the Atlantic Ocean basin and focus on
the contribution of TCs to the hydrological cycle over continents.
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CHAPTER

Summary and Conclusions

Tropical cyclones (TCs) are essential components of the hydrological cycle in tropical and sub-
tropical latitudes and act as a bridge between oceanic evaporation and precipitation over continents.
The general goal of this thesis was to identify the moisture sources for precipitation associated with
TCs during their three well-known stages of development, that is, the genesis, lifetime maximum in-
tensity (LMI), and dissipation, in each ocean basin of the planet, namely, the North Atlantic (NATL),
Central and East North Pacific (NEPAC), Western North Pacific (WNP), North Indian Ocean (NIO),
South Indian Ocean (SIO), and South Pacific Ocean (SPO), by applying a Lagrangian moisture source

diagnostic method.

The information of each TC was extracted from the best-track archives from United States agen-
cies: the National Hurricane Center for the NATL and NEPAC and the Joint Typhoon Warning
Center for the remaining basins. To address the goal of this thesis, the trajectories of precipitant air
parcels over each TC location at each stage were simulated using the Lagrangian FLEXible PARTicle
dispersion (FLEXPART) model and followed backwards in time for up to 10 days, which is widely
used in climate research as the mean water vapour residence time. Only air parcels that precipitated
within the area delimited by the outer radius of TCs (the target region) were backtracked. The study
period was set from 1980 to 2018 based on the high quality of TC records since the beginning of the
meteorological satellite era. The FLEXPART model was fed by the European Centre for Medium-
Range Weather Forecasts ERA-Interim reanalysis, and the outer radius of TCs were estimated based

on a climatology analysis of TC size using five radial wind profiles.

5.1 Main results

The main findings derived from this thesis are listed below, following the sequence of articles presented
in Chapter 4:
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1. Climatology of outer radius of TCs based on radial wind profiles

The climatological study of the TCs outer radius estimated by using five radial wind profiles

revealed notable interbasin differences.

The radial wind profile developed by Willoughby et al. (2006) was determined as the profile

that more accurately estimates the wind structure of TC and, therefore, the outer radius.

The global mean outer radius of TCs was estimated as 748.71 km, and it ranged from 650
km to 850 km.

The smallest TCs were found close to the Equator in each basin and the largest in extra-

tropical latitudes.

The estimation of the TCs outer radius based on the radial wind profile revealed that the
largest TCs occurred in the NATL basin and the smallest occurred in the NIO.

In all basins, TCs reached their greatest size when the maximum wind speed ranged between
20 and 40 m/s.

2. Origin of moisture for the TC precipitation over the NATL basin

Although the NATL basin was the host for only ~16% of global annual TCs, it exhibited a

notable spatial distribution of TCs genesis, LMI and dissipation locations throughout the basin.

The cluster analysis revealed seven regions where TCs generally formed (central North At-
lantic, western Caribbean Sea, Lesser Antilles arc, region near the West Africa coast, cen-
tral North Atlantic, western North Atlantic, and Gulf of Mexico), seven regions where they
reached the LMI (Gulf of Mexico, western North Atlantic, central tropical North Atlantic,
northeast area of the Lesser Antilles arc, north-central North Atlantic, and Caribbean Sea),
and six regions where TCs often dissipate (Central America, including the southern coast
of the United States, tropical North Atlantic Ocean, Eastern coast of United States, south-
eastern Terranova Island, northern North Atlantic ocean south of Greenland, and Western

Europe).

The main moisture source for TC precipitation during the genesis and LMI phases was
the North Atlantic Ocean north of 10°N, with a special role for the tropical part of the
source, Caribbean Sea and Gulf of Mexico. Meanwhile, the western North Atlantic mainly

supplied moisture during the dissipation stage.

The South Atlantic south of 10°N also supported substantial moisture, which was most

notable during the genesis phase.

TCs over the NATL basin during the genesis and LMI phases also received a weak moisture

contribution from the eastern tropical North Pacific Ocean.

The moisture sources for precipitation during the peak of maximum intensity of all TCs

were more intense and widespread than for each intensity category individually.

The circulation associated with the North Atlantic Subtropical High pressure system and

easterly winds were identified as the main drivers of moisture toward the TC positions.
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3. Origin of moisture for the TC precipitation over the Indian Ocean

The Indian Ocean was responsible for approximately 22% of global annual TCs, and the moisture

source analysis was performed separately for the NIO and SIO basins. The spatial distribution

of TCs in the NIO can be related to its land-sea configuration, which confines TCs to the Bay

of Bengal and Arabian Sea, while TCs over the SIO basin were distributed from the eastern

African coast to northwestern Australia.

North Indian Ocean (NIO) basin

The Bay of Bengal and Arabian Sea were identified as the regions where the genesis and
LMI of TCs frequently occurred over the NIO, while the Arabian Sea, Indian Peninsula,

and eastern India and Bangladesh were the areas for TC dissipation.

The moisture precipitated by TCs mainly came from the Arabian Sea, Bay of Bengal, and
South China Sea.

The terrestrial sources that also contributed notable moisture amounts for TC activity over

the NIO included the Indian Peninsula, Ganges basin, and southern coast of China.

The western Indian Ocean also acted as a weak moisture source for TCs positioned over

the Arabian Sea.

The Indian Summer Monsoon and East Asia Summer Monsoon highly modulated the in-

tensity and extension of moisture sources for TC precipitation formed over the NIO basin.

The Somali low-level acted as the main moisture driver for TCs over the Arabian Sea.

South Indian Ocean (SIO) basin

The cluster analysis revealed that T'Cs over the SIO basin generally formed, intensified, and
dissipated over the central South Indian Ocean, northwestern Australia, and southwestern

Indian Ocean.

The central Indian Ocean and Wharton and Perth basins were identified as the main

moisture sources for TC-related precipitation in the SIO basin.

A small intense contribution also came from the Western Indian Ocean, northern Australian

mainland, and Coral Sea.

The Southeastern African Monsoon and North Australian Monsoon did not strongly mod-

ulate the intensity and extension of moisture sources for TC activity over the SIO basin.

The main drivers of moisture were the Mascarene High, the westerly winds associated with

the North Australian Monsoon and the southeast trade winds.

4. Moisture source for TC precipitation over the Pacific Ocean

During the study period, the Pacific Ocean accounted for approximately 62% of the global annual
average TCs, which were distributed as follow: 31% over the WNP, 20% over the NEPAC, and
11% over the SPO basin.
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Western North Pacific Ocean (WNP) basin

Four regions were identified for TC genesis (Philippine Sea, South China Sea, surrounding
seas of Mariana Islands, and central Pacific Ocean between the Marshall Islands and Hawaii)
and dissipation (band between 0-55°N and 150°-180°E, small cluster over the Bering Sea,
South China Sea, and area from the Korean Peninsula to the Philippine Sea, including
the East China Sea, and Japan Sea), and three regions were identified for the LMI phase
(South China Sea, East China Sea to western Philippine Sea, and central Philippine Sea
to the central North Pacific Ocean).

For the genesis and LMI phases, the moisture sources were elongated eastward with the
major contributions from the western tropical North Pacific Ocean, Philippine Sea, and

China Sea.

During the dissipation stage, the moisture sources shifted northward, and the highest mois-
ture uptake was from the western tropical North Pacific Ocean, East China Seas, and Japan

Sea.

TCs also received a poor moisture support from the Bay of Bengal, the Arabian Sea and
the central North Pacific Ocean.

The moisture was mainly driven by the Western North Pacific Subtropical High and

westerly winds linked to the South Asia Monsoon.

Central and East North Pacific Ocean (NEPAC) basin

The genesis and dissipation in the NEPAC often occurred in four regions (Middle America
Trench, centroid of the second region is positioned approximately at 12°N and 128°W,
southwest Pacific coast of Mexico and central Pacific Ocean south of the Hawaiian Islands),
while TCs reached the LMI in three regions. Likewise, TCs dissipated over the Mexican
Pacific coast, western Pacific Ocean, eastern tropical North Pacific Ocean, and Hawaiian
Islands and surrounding seas. The cluster analysis also revealed that the ocean area close
to the Central America coast, the region limited by the box at 10° to 20°N and 116° to
143°W, and the southern Hawaiian Islands were the hosts for the LMI stage.

The moisture uptake pattern showed a north-south division at 10°N, which coincided with

the mean position of the Intertropical Convergence Zone during boreal summer.

The precipitant moisture uptake by TCs in the NEPAC basin mainly came from the eastern

tropical North Pacific Ocean, eastern tropical South Pacific Ocean, and Caribbean Sea.
During the dissipation stage the moisture sources extended westward to the dateline.

The combined circulation of the North Pacific High and the South Pacific High, and the
easterly wind that crossed over the tropical North Atlantic Ocean were identified as the

principal mechanisms of moisture transport toward TC positions.
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South Pacific Ocean (SPO) basin

The cluster analysis identified three regions for TC genesis (northern Australia, central
South Pacific Ocean, and Coral Sea) and LMI (seas north of Australia and western Coral
Sea, region extending from the Fiji Islands towards the central South Pacific Ocean, and the
Melanesia Archipelago and surrounding seas), and four regions for TC dissipation (western
South Pacific Ocean, Coral Sea, mainland Australia, eastern Indian Ocean, and central
South Pacific Ocean) over the SPO basin.

The Coral Sea, western tropical South Pacific Ocean, and northern Australia supplied the

major amount of moisture for the TC precipitation.

During the dissipation stage, the moisture sources shift eastward with the major contribu-

tion from the western tropical South Pacific Ocean.
In all phases, the moisture contribution from the central South Pacific Ocean was weak.

Moisture was mainly transported by the convergence of westerly and easterly winds that

form the South Pacific Convergence Zone.

5. Mean water vapour residence time for the TC precipitation

The mean water vapour residence time (MWVRT) for the TC precipitation provides a picture

of the moisture uptake from local and remote sources and new insights for understanding the

interbasin differences in TC activity.

The MWVRT for TCs ranged from 2.72 to 3.08 days. The smallest MWVRT was found
over the NATL basin, and the highest value was observed over the SIO and SPO.

The MWVRT for TCs including all basins was estimated in ~2.96 + 0.4 days, which is
approximately two to three times lower than the classical estimate of 8 to 10 days for the

whole atmosphere.

The spatial pattern of the MWVRT distribution agreed with other global studies, showing

a poleward decreasing. This behaviour was more notable over the NATL basin.

A statistically significant decreasing trends in the MWVRT of ~2.4 hours/decade in the

NIO and ~1.0 hour/decade in the remaining basins were found.

By intensity category, the tropical depression exhibited the highest MWVRT and the

Category 2 hurricane on the Saffir-Simpson wind scale exhibited the lowest.

The MWVRT generally decreased in the 24-hour period before TCs made landfall, and it

was lower when TCs moved over land than over the ocean.

6. Case study: Six major hurricanes formed over the NATL basin in 2017

The 2017 North Atlantic TC season was active with 17 named storms, of which six reached the

major hurricane category showing higher rainfall amounts along their trajectories. Furthermore,

the different pathways followed by the six MHs illustrate the variability of moisture sources for

TC precipitation according to their tracks.
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e Higher moisture uptake was observed on the right side of the trajectory and during the

maximum intensity phase of each TC.

e Higher moisture uptake generally occurred within approximately 3° to 5° of the TCs tra-

jectories.

e The major moisture sources for each major hurricane varied according to its track. For
Harvey and Irma, that impacted the southern coast of United States, the tropical North
Atlantic Ocean, the Caribbean Sea, and the Gulf of Mexico provided substantial moisture
for their precipitation. For Jose and Maria, that moved parallel to the eastern coast of
United States after recurving, the moisture mainly came from the western North Atlantic
Ocean. Finally, for Lee and Ophelia that moved over the open waters of the central NATL,

the central North Atlantic Ocean was the principal moisture source.

e The precipitation of each TC estimated using the Lagrangian moisture source diagnostic

method agreed with the observed precipitation.

e The local evaporation could not explain the total TC precipitation, therefore, substantial

moisture was mainly imported throughout the secondary circulation from the outer region.

5.2 General conclusions

From the results listed above, the following general and common conclusions for all oceanic basins

can be drawn:

1.

The Lagrangian moisture source diagnostic method is able for identifying the origin of moisture
for the precipitation associated with TCs and to quantify that precipitation, independently of

the complexity of thermodynamic and dynamic processes involved in TCs.
TCs gained more moisture from sources located close to their positions than from remote sources.

The spatial distribution of the moisture sources revealed interbasin differences. For NATL and
NEPAC basins was notable the north-south division at 10°N, coinciding with the average loca-
tion of the Intertropical Convergence Zone during the summer season in the North Hemisphere.
For WNP and SPO, the region with highest moisture contribution agrees with the mean po-
sition during the TC season of the monsoon trough and the South Pacific Convergence Zone,
respectively. For NIO the nuclei of the highest moisture supply appeared over the Bay of Bengal
and the Arabian Sea, which are the regions for TC activity in this basin, while the moisture
sources in the SIO are westward extended, following the circulation of the northern branch of
the Mascarene High. In addition, the moisture sources shifted northward in NATL and WNP
during the dissipation stages due to TCs tend to decay in high latitudes in this basins.

In all basins, during the hurricane category (Category 1 and 2 on the Saffir-Simpson wind scale)

TCs gained more moisture than in any other stage.

The highest moisture uptake per TC during the hurricane category was intrinsically related to

the largest TC size in this phase.
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6. The MWVRT for TCs did not exhibit large differences between the basins, reaching the highest
values at low latitudes and decreasing poleward. Likewise, it was lower over land than over the

ocean.

7. The decadal decreasing trend in the MWVRT for TCs could be related to the increase in TC

intensity and precipitation rates over the last four decades.

8. The study of the individual cases of TCs showed that the moisture contribution from local
evaporation did not explain the TC-related precipitation totals and highlighted the role of
secondary circulation of TCs in the moisture transport from external sources. Likewise, this
analysis confirmed that TC precipitation from the Lagrangian approach fit with the precipita-

tion observations from satellite.

The developed TC size database could also be useful for different risk analyses, that is, mapping
potential storm surge impacts on the global population, ecosystems, and economies. Meanwhile, the
climatological moisture sources could be used as key predictors for seasonal forecasts of TC activity.
Furthermore, based on the projected increase in the low-level water vapour content in the atmosphere
under global warming, the results from this thesis could be used as a reference to identify and project
the changes in moisture sources for TC precipitation in a warmer climate, which constitutes an added
value of these results to support future scientific research and policy-making plans for adaptation and

mitigation.

5.3 Future works

TC activity is widely modulated by climatic variability modes, such as the El Nino-Southern
Oscillation (ENSO), North Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO), and Indian
Ocean Dipole (IOD). The ENSO is considered one of the most important climate modes, and it
influences the frequency, location, and intensity of TCs by causing changes in atmospheric and oceanic
conditions (Zheng et al., 2015; Lin et al., 2020). For example, TC activity decreases in the NATL
basin, and TCs tend to form closer to the dateline over the NEPAC and WNP basins during El Nifio
years (the warm phase of the ENSO) (Lin et al., 2020). During La Nifia years (cold phase of the
ENSO), moisture transport increased in the NIO basin, favouring TC development, although Li et al.
(2016) found no notable differences in TC frequency over the NIO during both phases of ENSO. The
ENSO caused year-to-year variability in the number of TCs in the Southern Hemisphere basins (Magee
et al., 2017) by enhancing (suppressing) TC activity over the SPO basin east of 170°E during El Nifio
(La Nifia) years and a similar behaviour east of 75°E over the SIO basin (Lin et al., 2020). The
NAO modulated the TC tracks over the NATL basin by influencing the strength and position of the
North Atlantic Subtropical high-pressure system (NASH) (Colbert and Soden, 2012). The negative
phase of the PDO caused anomalous easterly steering flows, which favoured TCs making landfall on
the eastern Chinese coast (Yang et al., 2018; Lee et al., 2021). The IOD not only influences TC
activity over the Indian Ocean but also TC genesis over the South China Sea (Wang et al., 2019b).
Climate variability modes can also modulate the rainfall contribution of TCs over the continents.
Aryal et al. (2018) noted that ENSO and NAO are related to the associated heavy rainfall of TCs,
and Khouakhi et al. (2017) found that the TC-induced extreme rainfall over the US increased during
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La Nina years. Therefore, the relationship between climatic modes and the intensity and

extent of moisture sources for TC precipitation must be better understood.

Additionally, TC activity over the NIO and WNP is highly related to the monsoon season (Wu
et al., 2012; Choi et al., 2016; Zhao et al., 2019; Dhavale et al., 2022). In the NIO, TCs exhibit
a bimodal annual distribution, with a maximum during the post-monsoon season and a secondary
maximum during the pre-monsoon season (Yanase et al., 2012; Li et al., 2013), while approximately
70-80% of tropical cyclogenesis over the WNP basin occurs in the WNP monsoon trough (WNPMT)
(Molinari and Vollaro, 2013; Choi et al., 2016; Wang and Wu, 2018). In the paper focused on Indian
Ocean basins (Pérez-Alarcon et al., 2022c), changes in the position and intensity of moisture sources
for the precipitation produced by TCs formed over the NIO and SIO during the monsoon seasons
were discussed; however, the influence of monsoon strength on moisture sources was not investigated.
Likewise, the interannual variability of the position of the WNPMT regulates the TC genesis location
and TC frequency over the WNP (Zhao et al., 2019), and consequently, the moisture flux converges
toward TC positions (Guo et al., 2017). In addition, a recent study by Kelly et al. (2018) found that
a strong Indian Summer Monsoon (ISM) provoked a significant enhancement of the NASH, causing a
westward shift of NATL TCs trajectories and increasing landfall probability. Therefore, changes in
moisture sources for TC precipitation caused by monsoon systems should be investigated

in future studies.

This thesis also noted that the moisture sources for precipitation produced by TCs were generally
located close to T'C positions, as revealed by the moisture source analysis for the six TCs that reached
Category 3+ on the Saffir-Simpson wind scale in the NATL in the 2017 season. The wind circulation
associated with subtropical high-pressure systems acts as the principal moisture driver. TC trajectories
are highly modulated both by the large-scale steering flow linked to the strength and position of
subtropical high-pressure systems and by interactions between the steering flow and storm dynamics
(for example, Kossin and Camargo, 2009; Kossin et al., 2010; Colbert and Soden, 2012; Ramsay
et al., 2012; Wang et al., 2019a). In particular, during the analysis of moisture sources for the
precipitation of the six major hurricanes formed over the NATL during the 2017 TC season (Pérez-
Alarcon et al., 2022b), the highest moisture uptake generally occurred within 3-5° of the TC trajectory.
The variability of the intensity and position of the subtropical high in each basin governs the variability
of the TC trajectories (for example, Colbert and Soden, 2012; Torn et al., 2018; Sainsbury et al.,
2022). Therefore, in future studies, the influence of seasonal variations in these high-

pressure systems on the interannual variability of moisture uptake will be examined.

Investigating atmospheric moisture transport is a crucial step in the study of extreme precipitation
events (for example, Chu et al., 2017; Ordonez et al., 2019; Vazquez et al., 2020), and TCs play an
important role in onshore moisture transport (Schumacher and Galarneau Jr, 2012; Xu et al., 2017).
TCs are fuelled by heat and moisture fluxes from the warm sea surface (for example, Emanuel et al.,
2004). Therefore, the presence of a TC at a specific location induces anomalous moisture fluxes toward
the region influenced by TC circulation. Understanding anomalous moisture fluxes for precipitation
associated with TCs can improve the predictability of regional rainfall extremes and reveal the response
of the global hydrological cycle to climate warming. Future research should aim to determine

the anomalous moisture uptake of TCs on a global scale and the observed changes.
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Generally, the intensity of TCs rapidly decays after landfall because of the reduction in moisture
supply by the ocean and increase in land surface friction (Chen et al., 2010; Andersen and Shepherd,
2014; Zhu et al., 2021; Wang and Matyas, 2022). During the interaction of TC circulation with inland
heterogeneities, that is, soil type, land cover, vegetation type, and topography, the evaporation rate
dramatically decreased compared with that over the ocean, thereby reducing the latent heat flux
(Yoo et al., 2020; Wang and Matyas, 2022). Nonetheless, observational studies have found that some
TCs maintain intensity or reintensify after landfall due to fluxes of moisture and energy derived from
anomalously wet soils in a phenomenon referred to as the “brown ocean” effect (Evans et al., 2011;
Andersen et al., 2013; Andersen and Shepherd, 2014; Nair et al., 2019; Yoo et al., 2020; Brauer et al.,
2021; Wakefield et al., 2021). Therefore, the anomalous moisture supplied from terrestrial

sources after the landfalling of TCs will be studied in a future work .

Previous studies (for example, Kaplan and DeMaria, 2003; Kaplan et al., 2010; Chen and Wang,
2018; Zhang et al., 2020) have also noted noticeable differences between TCs that underwent slow and
rapid intensification processes (SI and RI, respectively). RI mainly occurs under high tropospheric
humidity and oceanic heat content, low vertical wind shear, and large upper-tropospheric divergence;
however, these conditions have also been found during the SI process. Therefore, convective-scale
processes are important for TCs undergoing RI (Tao and Jiang, 2015; Tao et al., 2017). During RI,
convective bursts favour warming of the TC core (for example, Kieper and Jiang, 2012). Recently,
Vinodhkumar et al. (2022) found an increment in heavy rainfall in the inner core region of RI-
TCs 12 hours before RI onset, and Tan et al. (2022) reported that RI processes tend to increase
extreme precipitation over land. Based on these previous findings, future studies will examine

the differences in moisture sources for the precipitation of RI and SI TCs.

TCs can also undergo an extratropical transition (ET) during their poleward movement, that
is, approximately 40-50% of TCs over the NATL basin undergo ET (Evans et al., 2017; Bieli et al.,
2019a,b). During ET, the warm core of the storm is replaced with a cold core, a frontal structure
develops (Hart and Evans, 2001; Bieli et al., 2019a), the size increases (Evans and Hart, 2008), the
intensity of precipitation decreases, the spatial range of precipitation tends to be wider (Harr et al.,
2008), and the precipitation pattern notably expands in the area (Jones et al., 2003). Additionally,
while heavy precipitation in TCs often occurs on both sides of the trajectory, it generally occurs
on the left side of the track after ET in the Northern Hemisphere (Evans et al., 2017; Keller et al.,
2019). Based on these structural changes of TCs during ET, future work will aim to identify
the changes in the moisture sources for the precipitation associated with TCs before and

after undergoing ET.

Future projections of TC activity are subject to uncertainties in climate projections, such as cli-
mate forcing scenario, model dynamics, physics, and resolution (for example, Bacmeister et al., 2014;
Reed et al., 2015; Roberts et al., 2018; Vecchi et al., 2019). Despite these constraints, several studies
have addressed the increase in the frequency (Camargo, 2013; Murakami et al., 2014; Bacmeister et al.,
2018; Wehner et al., 2018) and intensity (Emanuel et al., 2008; Balaguru et al., 2016; Bhatia et al., 2018;
Pérez-Alarcon et al., 2021a) of TCs under global warming. The current relentless increase in global
mean surface temperature is closely associated with an increase in atmospheric water vapour content

of approximately ~6-7%/K at a constant relative humidity (Held and Soden, 2006; O’Gorman and
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Muller, 2010; Allan, 2012; Bao et al., 2017; Gimeno et al., 2021). Recently, several studies (Bacmeister
et al., 2018; Liu et al., 2019a; Knutson et al., 2020) addressed a global increase of approximately 14%
in TC precipitation rates. Indeed, observational and modelling studies suggest that the strong depen-
dence of saturated vapour pressure on temperature based on the Clausius-Clapeyron relationship will
result in increased evaporation and precipitation, thus leading to an intensification of the water cycle
(Gimeno et al., 2015). Therefore, an increase in moisture uptake by TCs is expected owing to the
higher moisture availability. Therefore, future studies will investigate the impact of climate
change on moisture sources for the TC precipitation by applying dynamic downscaling
using the Weather Research and Forecasting model to reduce the effects of horizontal

resolution.
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Introduction

This Supplementary Information provides Figures and Tables that support the statistical analysis presented in the manuscript.

r,,: Tropical cyclones (TCs) radius of maximum wind speed

r34: radial distance from the centre where the TCs sustained winds of 34 kt (approximately 17 ms~!) are observed on the surface
rsq: radial distance from the centre where the TCs sustained winds of 50 kt (approximately 26 ms~") are observed on the surface
res: radial distance from the centre where the TCs sustained winds of 64 kt (approximately 33 ms~!) are observed on the surface
r100: Tadial distance from the centre where the TCs sustained winds of 100 kt (approximately 51 ms~!) are observed on the surface
H80: Radial wind profile of Holland (1980)

D87: Radial wind profile of DeMaria (1987)

WO06: Radial wind profile of Willoughby et al. (2006)

E11: Radial wind profile of Emanuel and Rotunno (2011)

F13: Radial wind profile of Frisius and Scgénemann (2013)

C16: TC outer radius estimated from Chavas et al. (2016)

ERA-5: TC outer radius estimated from the ERA-5 reanalysis

NHC: National Hurricane Center

JTWC: Joint Typhon Warning Center

NATL: North Atlantic basin

NEPAC: Central and East Pacific basin

WNP: Western North Pacific basin

NIO: North Indian Ocean basin

SIO: Southern Indian Ocean basin

SPO: Southern Pacific Ocean basin

TD: Tropical Depressions

TS: Tropical Storms

H: Hurricanes (Category 1 and 2 on the Saffir-Simpson wind scale, 33 < V,,,,, < 49 ms™!)
MH: Major Hurricanes (Category 3+ on the Saffir-Simpson wind scale, V,,,, > 49 ms™!)

Trop: TC in tropical zone (|/atitude| < 30°)
HTrop: Hurricane in tropical areas (|/atitude| < 30° and V,, . > 33 ms™!

max =— )

Extrop: TC in extratropical zone (|/atitude| > 30°)
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Table S1

NATL statistics for r,,, 34, Fso, Foq and ryo (in km): including the mean, mean absolute error (MAE) and BIAS. Note
that was used the same r,, in all radial wind profiles. It is remarkable that the r, is operationally estimated by NHC,
but not quallity controlled after TC season and ry, is not recorded.

Class Mean MAE BIAS
NHC H80 D87 W06 El11 Fi13 ‘ H80 D87 W06 E11 F13 ‘ H80 D87 W06 E11 F13
r, 87.6 50.1 50.1 50.1 50.1 50.1 445 445 445 445 445 | -37.1 -37.1 -37.1 -37.1 -37.1
TS ry 1951 93.8 113.4 133.2 91.9 49.3 |107.1 95.4 89.1 109.2 161.3 |-103.4 -84.2 -66.1 -104.6 -161.2
rs, 944 716 87.1 85.7 734 46.3 | 40.2 38.4 37.7 40.3 49.2 | -25.1 -11.2 -13.4 -24.6 -46.3
r, 472 40.1 40.1 40.1 40.1 40.1 |19.2 19.2 19.2 19.2 19.2 -6.0 -6.0 -6.0 -6.0 -6.0
H ry, 275.8 144.8 159.6 249.7 136.7 110.9 |140.1 129.1 96.5 146.3 201.1 |-133.1-117.4-30.2 -140.1 -200.7
rso 133.6 93.1 113.42142.8 96.4 70.9 | 56.5 51.5 52.1 55.8 67.9 | -42.8 -22.3 5.17 -38.4 -71.6
res 69.4 648 781 79.2 679 399 |30.1 33.1 334 31.0 35.9 -6.5 58 6.2 -35 -31.1
r, 295 292 292 292 292 292 85 85 85 85 85 -1.8 -18 -18 -18 -1.8
MH ry, 291.3 153.3 145.4 266.7 147.1 129.5 | 145.1 155.2 68.0 147.5 214.1 |-144.1 -154.2 -36.1 -146.7 -210.3
rs, 150.8 101.9 113.3 175.6 107.8 85.5 | 57.8 53.3 42.1 53.2 116.4 | -52.4 -43.1 18.1 -45.2 -122.6
re, 86.7 769 919 1209 84.2 295 | 28.1 27.4 39.2 26.8 59.5 |-12.1 0.94 31.0 -46 -59.1
reo - 418 502 461 455 441 | - - - - - - - - -
r, 161 445 445 445 445 445 389 389 389 389 389 |-32.1 -32.1 -32.1 -32.1 -32.1
Trop '3 20971066 1199 167.11063 406 |111.41037 815 111.2181.1 |-107.4 -94.1 -52.8-107.2 -176.4
rs, 109.4 83.1 98.9 1242 884 36.5 | 44.6 419 39.1 427 794 |-32.8 -185 7.1 -274 -77.8
res 787 633 76.1 83.4 683 339 | 25.0 27.3 315 253 434 | -48 7.33 188 0.71 -41.7
fo - 418 495 458 449 432 | - - - - - . . -
r, 334 344 344 344 344 344 | 117 11.7 11.7 11.7 11.7 | 0.26 0.26 0.26 0.26 0.26
HTrop ryy 259.9 136.3 143.6 236.6 134.5 97.5 |127.1126.4 73.1 129.6 226.7 |-123.7 -119.4 -23.5 -124.1 -220.1
rso 127.7 88.5 104.9 139.2 945 34.6 | 49.3 456 419 46.6 947 | -38.1 -24.2 139 -324 -941
res 687 633 76.1 83.4 683 339 | 25.0 27.3 315 253 434 | -48 7.33 188 0.71 -41.7
fo - 418 495 458 449 432 | - - - - - - . -
r, 85.6 555 555 555 555 555 | 39.4 394 394 394 394 |-29.1 -29.1 -29.1 -29.1 -29.1
ExTrop ry, 261.4138.5 158.3 224.1125.1 51.2 |140.8 126.5 105.4 149.2 228.1 (-132.4 -112.5 -58.4 -144.8 -227.2
rs, 146.1101.5 122.9 154.4101.2 475 | 68.5 61.8 61.0 98.8 104.1 | -55.3 -34.6 -8.4 -54.3 -103.1
res 87.8 751 90.4 96.8 77.1 445 |39.8 409 433 40.0 470 |-161 -25 1.0 -141 -422
ro - 469 554 486 497 451 | - - - - - - - - -
r, 79.0 47.7 47.7 477 47.7 47.7 |39.0 39.0 39.0 39.0 39.0 | -31.1 -31.1 -31.1 -31.1 -31.1
Full ry 225.1116.6 132.1 185.1112.2 44.1 |119.1 110.2 88.8 122.2 195.4 |-155.1 -99.6 -54.1-118.7 -190.4
basin  ry, 120.7 89.4 107.2 134.6 92.8 40.2 | 52.0 48.0 45.8 50.7 86.9 | -39.4 -23.7 23 -35.6 -86.5
res 845 67.3 812 88.1 714 374 | 295 314 351 29.8 444 -8.3 -44 134 -38 -41.3
reo - 418 502 461 455 441 | - - - - - - - - -

Pérez-Alarcén et al.: Comparative climatology of outer tropical cyclone size using radial wind profiles.



Supplementary Information

Table S2

NATL statistics for TC outer radius from 1851 to 2020: including the mean (u), median, standard deviation
(c), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (Pys5), 95th percentile (Pys) and the
95% confidence interval (Cl). N represents the total data analysed and the outer radius is given in km.

Class ~ Wind profile N J7; Median o cv Py Py Py Cl
H80 11637 631.57 620.00 107.5 0.1703 563.00 701.00 818.00 629.61, 633.52
D87 11637 399.74 392.00 55.69 0.1393 353.50 440.50 494.00 398.73, 400.75
TD W06 11637 701.35 697.50 64.38 0.0918 657.50 747.00 806.50 700.18, 702.52
Ell 11637 208.87 208.00 20.05 0.0959 195.00 221.00 243.00 208.51, 209.24
F13 11637 194.35 193.50 25.99 0.1337 178.50 212.00 236.00 193.88, 194.83

H80 20008 962.21 939.50 191.2 0.1987 819.50 1084.5 1313.0 959.56, 964.86
D87 20008 434.00 428,50 62.32 0.1436 382.00 476.00 545.50 433.13, 434.86

TS W06 20008 821.21 816.50 73.15 0.0890 764.50 872.00 947.50 820.19, 822.22
Ell 20008 252.12 250.50 20.92 0.0829 237.50 264.00 290.50 251.83, 252.41
F13 20008 242.66 241.00 24.08 0.0992 225.00 257.50 286.00 242.33, 243.00
H80 12007 1319.3 1311.0 189.7 0.1438 1171.5 1450.0 1644.0 1315.9, 1322.7
D87 12007 418.07 413.50 62.09 0.1485 369.50 459.00 527.00 416.96, 419.18
H W06 12007 876.80 876.50 69.65 0.0794 822.00 927.00 992.50 875.55, 878.05
Ell 12007 287.06 282.50 18.03 0.0628 274.50 295.50 324.50 286.74, 287.39
F13 12007 281.54 277.00 19.93 0.0708 267.00 292.00 322.00 281.18, 281.90
H80 3195 1368.2 13625 139.4 0.1019 1259.5 1455.5 1609.0 1363.4, 1373.1
D87 3195 334.33 333.00 46.65 0.1395 301.50 365.50 412.50 332.71, 335.94
MH W06 3195 800.93 80250 66.87 0.0835 755.00 847.00 906.65 798.61, 803.25
Ell 3195 305.28 300.50 16.26 0.0532 293.00 314.50 337.15 304.72, 305.85
F13 3195 302.64 298.50 17.08 0.0564 290.00 312.50 335.50 302.05, 303.23

H80 32913 914.07 888.50 269.6 0.2950 681.50 1138.5 1370.5 911.15, 916.98
D87 32013 383.38 381.50 42.82 0.1117 353.00 416.50 453.00 382.92, 383.84

Trop W06 32913 768.11 774.00 73.98 0.0963 717.50 826.00 877.50 767.31, 768.91
Ell 32913 258.28 258.00 37.76 0.1462 229.00 288.50 318.50 257.87, 258.68
F13 32913 250.71 251.00 41.54 0.1656 219.00 284.00 316.00 250.27, 251.16
H80 9989 12349 1238.0 126.4 0.1024 1144.0 13325 1432.0 12325, 1237.4
D87 9989 363.39 364.50 43.61 0.1200 334.50 395.00 432.50 362.53, 364.24
HTrop W06 9989 818.42 82250 50.75 0.0620 785.00 859.00 890.00 817.43, 819.42
Ell 9989 2099.21 296.50 18.14 0.0606 286.50 310.00 333.50 298.86, 299.57
F13 9989 209550 293.00 19.35 0.0654 282.00 307.00 331.00 295.12, 295.88
H80 13934 1200.4 12415 320.4 0.2669 957.00 1465.5 1649.0 1195.1, 1205.8
D87 13934 488.37 484.00 46.10 0.0944 462.00 513.00 568.50 487.60, 489.13
ExTrop W06 13934 889.77 905.50 82.57 0.0928 850.00 942.50 999.00 888.40, 891.14
Ell 13934 243.77 24850 32.24 0.1322 219.00 270.00 284.00 243.23, 244.30
F13 13934 230.55 238.00 38.81 0.1683 203.50 262.50 279.00 229.91, 231.19

Pérez-Alarcén et al.: Comparative climatology of outer tropical cyclone size using radial wind profiles.
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Table S3

NATL statistics for TC outer radius from 1980 to 2020: including the mean (u), median, standard deviation
(0), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (P,s), 95th percentile (Pys), the 95%
confidence interval (Cl) and the mean absolute error (MAE) respect to TC size from ERA-5 reanalysis. N

represents the total data analysed and the outer radius is given in km. The lower MAE is marked in bold text.
WP: Wind Profile

Class WP N U Median ¢ cv Py Py Pys Cl MAE

H80 5580 623.00 610.0 1129 0.1813 5515 696.5 819.0 620.03, 625.96 169.1
D87 5580 396.82 386.0 56.50 0.1423 349.5 439.0 496.5 395.33, 398.30 366.2
TD W06 5580 695.79 690.0 68.26 0.0981 652.0 7455 808.5 694.00, 697.59 112.9
E11 5580 208.36 208.5 22.14 0.1062 1940 222.0 243.5 207.78, 208.94 552.8
F13 5580 193.64 194.0 28.76 0.1485 177.5 213.0 236.5 192.88, 194.39 557.5
ERA-5 5580 761.06 766.87 120.0 0.1576 696.90 835.39 946.5 757.91, 764.21 -

H80 6747 958.07 9335 197.2 0.2058 809.0 1085.0 1322.0 953.36, 962.77 193.1
D87 6747 43451 429.0 65.92 0.1517 378.0 479.5 552.34 432.93, 436.08 383.1
TS W06 6747 820.05 816.5 76.73 0.0935 759.0 874.0 953.5 818.21, 821.88 95.77
Ell 6747 25224 251.0 21.26 0.0843 2375 264.0 2915 251.73, 252.75 563.4
F13 6747 242,67 2415 24.63 0.1015 225.0 257.5 287.5 242.08, 243.26 572.9
ERA-5 6747 815.11 828.47 122.2 0.1499 752.74 899.50 988.01 812.20, 818.03 -

H80 3155 13159 1316.5 185.2 0.1407 11715 14515 1619.5 1309.5, 1322.4 460.5
D87 3155 422.05 420.0 62.72 0.1486 372.0 465.0 529.64 419.86, 424.24 436.5
H W06 3155 879.07 885.0 69.27 0.0788 823.0 931.5 986.50 876.65, 881.49 95.96
Ell 3155 285.71 281.0 18.87 0.0660 2715 2945 326.0 285.05, 286.37 570.8
F13 3155 279.96 275.0 20.89 0.0746 264.5 290.5 3235 279.23, 280.69 576.5
ERA-5 3155 855.81 872.01 120.3 0.1406 797.26 932.32 1016.4 851.61, 860.02 -

H80 1126 1321.9 1306.0 126.4 0.0956 1224.6 1405.8 1543.6 1314.5, 1329.3 460.6
D87 1126 315.60 312.75 45.38 0.1437 282.0 3435 394.75 312.95, 318.26 545.8
MH W06 1126 773.47 7715 67.26 0.0869 726.0 819.5 885.0 769.54, 777.40 122.1
Ell 1126 311.30 308.0 17.96 0.0577 297.0 3235 34537 310.25, 312.35 555.1
F13 1126 309.04 306.0 18.71 0.0605 294.5 322.0 344.0 307.94, 310.13 552.3
ERA-5 1126 861.34 874.78 106.7 0.1239 795.21 934.68 1015.0 855.10, 867.59 -

H80 11615 857.69 804.5 269.4 0.3141 628.75 1073.7 1339.0 852.79, 862.59 214.2
D87 11615 378.28 3755 4541 0.1200 3475 4125 4525 377.45,6 379.11 420.1
Trop W06 11615 749.54 7525 7755 0.1034 692.5 808.75 8725 748.13, 750.95 106.5
E1l1 11615 253.08 250.0 39.47 0.1559 2215 2835 3205 252.36, 253.80 544.1
F13 11615 245.09 2425 4345 0.1772 211.0 2785 3185 244.30, 245.88 552.1
ERA-5 11615 796.90 806.41 126.2 0.1584 726.22 884.26 982.19 794.60, 799.19 -

H80 2801 1228.6 1230.5 125.2 0.1019 1143.0 1318.5 1428.0 1224.0, 1233.3 379.1
D87 2801 35259 3555 50.49 0.1431 319.0 3885 434.0 350.72, 354.46 498.1
HTrop W06 2801 804.70 809.0 59.20 0.0735 766.5 851.5 890.0 802.50, 806.89 102.9
E1l 2801 302.45 299.0 20.10 0.0664 288.5 3155 339.0 301.70, 303.19 547.9
F13 2801 298.99 296.0 21.43 0.0717 284.0 313.5 337.5 298.19, 299.78 551.3
ERA-5 2801 850.04 862.95 113.2 0.1331 785.07 928.03 1003.3 845.85, 854.24 -

H80 4993 11253 1156.5 328.7 0.2921 856.0 1406.5 1597.1 1116.2, 1134.4 346.5
D87 4993 488.50 484.0 46.88 0.0959 462.0 5145 571.19 487.20, 489.80 348.7
ExTrop W06 4993 87199 896.5 94.38 0.1082 819.5 9355 990.0 869.37, 874.61 96.04
E11 4993 23572 2395 34.69 0.1471 207.0 2645 282.0 234.76, 236.68 598.2
F13 4993 220.78 227.5 4211 0.1907 189.0 255.0 276.5 219.61, 221.95 613.1
ERA-5 4993 833.22 844.23 121.0 0.1452 766.28 908.77 1009.6 829.86, 836.58 -

H80 16608 938.15 891.5 3135 0.3342 671.0 11915 1480.5 933.38, 942.92 253.9
Full D87 16608 411.42 404.0 68.24 0.1658 3585 459.0 531.5 410.38, 412.46 398.6
basin W06 16608 786.35 783.0 100.1 0.1274 712.0 860.12 9525 784.83, 787.88 103.4
E1l 16608 247.86 247.0 38.92 0.1570 219.0 275.0 313.5 247.27, 248.45 560.4
F13 16608 237.78 238.0 44.47 0.1870 206.0 268.5 311.0 237.10, 238.46 570.4

ERA-5 16608 807.82 817.48 125.7 0.1557 738.18 896.84 991.35 805.91, 809.73 -

Pérez-Alarcén et al.: Comparative climatology of outer tropical cyclone size using radial wind profiles.
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NEPAC statistics for r,,, 134, Fso, e and ryo (in km):
that was used the same r,, in all radial wind profiles.
but not quallity controlled after TC season and ry, is

Supplementary Information

including the mean, mean absolute error (MAE) and BIAS. Note
It is remarkable that the r,, is operationally estimated by NHC,
not recorded.

Class Mean MAE BIAS
NHC H80 D87 W06 E11 F13 | H80 D87 W06 E11 F13 ‘ H80 D87 WO06 E11 F13
r, 61.8 439 439 439 439 439 |23.8 23.8 23.8 23.8 23.8 | -17.4 -17.4 -17.4 -17.4 -17.4
TS ry 1321 79.8 96.7 107.5 82.6 43.1 | 56.5 47.2 47.1 55.0 97.4 | -52.1 -36.5 -25.1 -50.3 -97.3
rs, 633 59.6 722 66.2 66.3 399 |21.2 235 214 216 286 | -80 -45 -13 -45 -271
r, 326 343 343 343 343 343 | 89 89 89 89 89 -14 -14 -14 -14 -14
H ry, 181.1 120.9 133.8 209.1 124.8 34.5 | 64.5 56.3 54.5 62.0 146.2 | -59.6 -47.2 28.3 -55.3 -146.2
rs, 86.6 77.6 94.8 144.0 84.6 46.2 | 22.6 244 357 224 523 | -88 -8.1 -28.0 -1.8 -52.3
re, 433 53.8 648 625 581 40.8 | 15.6 24.0 23.3 188 151 | -105 21.4 20.0 -14.8 -12.2
r, 302 253 253 253 253 253 | 82 82 82 82 82 52 -52 -52 52 52
MH ry, 212.1 133.5 126.2 233.4 138.3 455 | 81.3 88.7 55.9 77.3 160.1 | -78.3 -86.4 -21.1 -73.9 -166.7
ri, 109.8 88.8 98.4 150.9 98.3 355 | 29.6 28.4 47.6 27.6 84.6 | -20.1 -11.7 41.6 -11.4 -74.3
res 617 66.9 80.0 103.6 75.6 259 | 18.7 25.6 43.4 22.7 36.6 54 18.1 426 14.0 -36.0
100 - 372 451 415 41.1 28.6 - - - - - - - - - -
' 50.8 429 429 429 429 429 |24.4 244 244 244 244 | -18.2 -18.2 -18.2 -18.2 -18.2
Trop ry 1524 97.1 110.2 149.7 100.5 48.1 | 60.4 53.7 49.5 58.3 123.1 | -56.3 -44.7 -6.2 -53.7 -118.2
Isg 819 757 90.3 110.6 825 435 | 23.4 247 343 229 532 |-102 29 239 -41 -528
res 095 57.1 687 731 62.6 482 | 16.7 24.6 30.1 20.2 23.5 | -8.81 20.3 27.6 14.6 -21.3
foo - 372 451 415 411 286 | - - - - - - - -
r, 31.8 319 319 319 319 319 | 87 87 87 87 87 -08 -08 -08 -0.8 -0.8
HTrop ry  191.1 123.9 131.5 214.9 128.2 52.3 | 69.9 67.0 54.9 66.8 149.2 | -65.4 -60.2 -26.0 -61.4 -141.1
rs, 943 80.3 956 123.4 88.1 415 | 249 257 39.7 241 58.1 |-12.3 1.48 326 -49 -56.5
re, 495 571 687 73.1 62.6 382 | 16.7 246 30.1 20.2 235 | -8.8 20.3 276 146 -21.3
100 - 372 451 415 411 28.6 - - - - - - - - - -
r, 59.9 432 432 432 432 432 | 244 244 244 244 244 |-18.1 -18.1 -18.1 -18.1 -18.1
Full ry, 153.9 97.4 110.6 150.2 100.7 68.2 | 61.5 54.5 50.0 59.5 115.1 | -57.1 -45.3 -6.8 -54.2 -115.4
basin ry, 82.6 75.8 90.5 110.7 82.6 63.5 | 23.9 25.1 34.6 23.4 435 |-11.2 234 231 -48 -435
reg 695 572 687 731 62.6 37.4 | 21.6 28.6 354 26.1 29.6 8.8 20.3 275 146 -21.8
100 - 372 451 415 41.1 28.6 - - - - - - - - - -
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Table S5
NEPAC statistics for TC outer radius from 1949 to 2020: including the mean (u), median, standard deviation
(c), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (Pys5), 95th percentile (Pys) and the
95% confidence interval (Cl). N represents the total data analysed and the outer radius is given in km.

Supplementary Information

Class  Wind profile N 7 Median ¢ cv Py Py Py Cl
H80 10472 558.64 563.00 74.22 0.1328 507.50 603.50 680.00 557.22, 560.06
D87 10472 356.98 352.00 32.20 0.0902 335.00 374.50 416.00 356.37, 357.60
TD W06 10472 655.38 657.00 46.34 0.0707 626.50 683.50 730.00 654.49, 656.26
Ell 10472 216.91 217.50 21.30 0.0982 203.50 230.50 249.00 216.50, 217.32
F13 10472 206.54 207.50 24.57 0.1189 191.00 223.00 243.00 206.07, 207.01
H80 11450 824.32 821.00 112.2 0.1362 74250 896.00 1010.5 822.27, 826.38
D87 11450 377.46 373.00 30.17 0.0799 357.50 392.00 430.00 376.90, 378.01
TS W06 11450 758.40 757.00 41.78 0.0550 731.50 783.50 826.50 757.63, 759.16
Ell 11450 266.77 265.00 21.79 0.0817 251.50 280.00 305.00 266.37, 267.17
F13 11450 260.36 259.00 23.54 0.0904 244.00 275.00 301.00 259.92, 260.79
H80 5582 1104.3 1100.5 85.72 0.0776 1045.6 1154.0 1247.0 1102.1, 1106.6
D87 5582  352.17 34950 27.92 0.0792 333.00 367.00 399.50 351.44, 352.90
H W06 5582 794.93 79150 3252 0.0409 773.00 811.50 851.50 794.07, 795.78
El1l 5582 309.71 308.50 18.35 0.0592 297.50 321.00 339.00 309.23, 310.19
F13 5582 306.30 305.50 19.22 0.0627 293.50 318.50 337.00 305.80, 306.81
H80 1931 11914 1188.0 56.25 0.0472 11545 12235 1291.0 1188.8, 1193.9
D87 1931 289.64 290.50 24.52 0.0846 274.50 305.50 327.25 288.54, 290.73
MH W06 1931 731.81 73450 3854 0.0526 710.00 756.50 788.50 730.09, 733.53
Ell 1931 331.96 330.50 15.46 0.0465 322.50 340.50 358.00 331.27, 332.65
F13 1931 330.25 32850 15.77 0.0477 320.50 339.00 357.00 329.54, 330.95
H80 20033 804.65 785.50 237.0 0.2945 594.00 1007.0 1196.5 801.92, 807.38
D87 20033 357.99 358.00 34.26 0.0957 338.50 379.00 413.00 357.60, 358.39
Trop W06 29033 72545 737.00 67.94 0.0936 674.00 777.00 821.50 724.67, 726.23
E11 20033 261.98 259.50 43.60 0.1664 227.50 296.50 332.50 261.48, 262.48
F13 20033 255.17 253.00 47.02 0.1842 21850 29250 330.50 254.63, 255.71
H80 7454 11246 1126.0 84.69 0.0753 1065.5 1182.0 1258.0 1122.7, 1126.5
D87 7454  335.07 338,50 36.75 0.1096 312.50 359.50 391.50 334.23, 335.90
HTrop W06 7454 77755 780.50 42.06 0.0541 756.00 804.00 841.50 776.60, 778.51
El1l 7454 31578 31550 19.83 0.0628 301.50 328.00 348.50 315.33, 316.24
F13 7454  312.85 31250 20.77 0.0664 298.00 326.00 347.00 312.38, 313.32
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Table S6

NEPAC statistics for TC outer radius from 1980 to 2020: including the mean (u), median, standard deviation
(0), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (P,s), 95th percentile (Pys), the 95%
confidence interval (Cl) and the mean absolute error (MAE) respect to TC size from ERA-5 reanalysis. N

represents the total data analysed and the outer radius is given in km. The lower MAE is marked in bold text.
WP: Wind Profile

Class WP N U Median ¢ cv Py Py Pys Cl MAE

H80 8751 558.12 564.0 76.89 0.1377 505.0 6055 6825 556.51, 559.73 218.8
D87 8751 356.58 352.0 32.14 0.0901 335.0 3745 4145 355.90, 357.25 399.8
TD W06 8751 654.74 657.0 47.92 0.0731 6255 6835 730.5 653.74, 655.75 145.2
Ell 8751 216.90 2175 22.04 0.1016 203.5 2315 249.0 216.44,217.36 534.9
F13 8751 206.53 208.0 25.35 0.1227 191.0 2235 243.0 205.99, 207.06 545.2
ERA-5 8751 75131 7725 1431 0.1905 687.31 844.2 9355 748.31, 754.31 -

H80 7793 819.30 810.0 1189 0.1451 725.0 900.5 1017.0 816.66, 821.94 126.1
D87 7793 375.62 370.5 30.02 0.0799 355.5 390.0 427.19 374.95, 376.29 425.9
TS W06 7793 75551 753.0 42.84 0.0567 7255 782.0 8255 754.56, 756.46 106.5
Ell 7793 267.25 2655 23.69 0.0886 249.5 2825 308.0 266.72, 267.78 532.6
F13 7793 260.87 259.5 25,52 0.0978 242.0 2775 3045 260.31, 261.44 538.9
ERA-5 7793 799.27 816.07 127.0 0.1589 737.29 885.05 972.01 796.45, 802.09 -

H80 3637 1104.1 1101.5 88.50 0.0801 1042.0 1159.0 1250.6 1101.2, 1106.9 271.7
D87 3637 350.66 343.0 28.42 0.0810 331.0 366.5 399.5 349.74, 351.59 483.3
H W06 3637 793.21 789.5 32.61 0.0411 7715 8105 850.09 792.15, 794.27 98.17
Ell 3637 310.48 309.5 19.54 0.0629 297.0 322.0 342.0 309.85, 311.12 523.1
F13 3637 307.11 306.5 20.43 0.0665 293.5 3195 339.5 306.45, 307.78 526.5
ERA-5 3637 833.34 848.43 1145 0.1374 779.44 904.72 989.24 829.62, 837.07 -

H80 1639 1188.9 1186.5 53.51 0.0450 1154.0 12225 12825 1186.3, 1191.5 339.1
D87 1639 288.23 289.5 24.66 0.0855 272.0 3045 3255 287.03, 289.42 561.6
MH W06 1639 72954 733.0 38.85 0.0532 706.5 755.0 785.0 727.66, 731.42 144.1
Ell 1639 332.61 331.0 15.52 0.0466 323.0 341.0 359.5 331.85,6333.36 517.3
F13 1639 330.93 329.0 15.81 0.0478 321.0 340.0 358.04 330.16, 331.69 519.0
ERA-5 1639 849.84 860.2 1139 0.1340 784.96 924.08 1017.5 844.32, 855.37 -

H80 21550 787.68 736.5 2419 0.3072 584.0 992.0 1198.5 784.44, 790.91 202.9
D87 21550 355.78 356.0 35.01 0.0984 336.0 377.5 411.5 355.31, 356.25 436.5
Trop W06 21550 718.07 7245 68.77 0.0957 668.0 771.0 818.0 717.15, 718.99 123.8
E11 21550 259.65 254.0 45.33 0.1745 224.0 296.0 334.0 259.04, 260.25 530.3
F13 21550 252.64 2475 48091 0.1936 2155 292.0 332.0 251.99, 253.29 537.2
ERA-5 21550 789.45 807.68 35.4 0.1716 724.52 878.87 972.70 787.64, 791.26 -

H80 5240 1128.8 1137.5 86.54 0.0766 1068.5 1188.5 1261.0 1126.5, 1131.2 291.1
D87 5240 330.40 333.5 38.43 0.1163 3045 357.5 389.5 329.35, 331.44 508.3
HTrop W06 5240 772.45 776.0 44.08 0.0570 749.0 801.0 839.0 771.26, 773.65 1124
Ell 5240 317.68 3175 20.75 0.0653 303.0 330.12 351.0 317.11, 318.24 520.9
F13 5240 314.86 315.0 21.72 0.0690 299.5 3285 3495 314.27,315.45 523.7
ERA-5 5240 838.45 851.66 113.9 0.1359 781.27 910.01 1002.2 835.36, 841.54 -

H80 21820 789.79 739.0 243.3 0.3081 5845 995.0 1201.0 786.56, 793.02 203.6
Full D87 21820 357.26 356.5 37.44 0.1048 336.0 3785 416.5 356.76, 357.76 435.2
basin W06 21820 719.43 7255 70.18 0.0975 668.5 7725 821.0 718.50, 720.36 123.4
E11 21820 259.17 2535 4540 0.1751 2240 2955 334.0 258.57,259.77 530.8
F13 21820 252.05 246.5 49.09 0.1947 215.0 291.0 332.0 251.39, 252.70 537.9

ERA-5 21820 789.51 807.7 1354 0.1716 724.46 879.2 972.63 787.72, 791.31 -
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WNP statistics for r,,, 34, Fso, Fes and iy (in km): including the mean, mean absolute error (MAE) and BIAS. Note
that was used the same r,, in all radial wind profiles. It is remarkable that the r, is operationally estimated by NHC,
but not quallity controlled after TC season and ry, is not recorded.

Class Mean MAE BIAS
JTWC H80 D87 W06 EI11 F13 ‘ H80 D87 W06 E11 F13 ‘ H80 D87 W06 E11 F13
r, 659 49.6 49.6 49.6 49.6 49.6 | 189 18.9 189 18.9 189 -6.7 -67 -6.7 -6.7 -6.7
TS ry 184.4 925 11.7 1265 92.8 58.4 | 81.8 724 70.0 82.7 121.1 | -72.1 -48.3 -39.6 -72.4 -121.4
rs, 847 67.9 824 77.4 70.8 54.7 | 37.7 43.3 38.0 39.0 35.8 46 117 21 -16 -251
r, 385 379 379 379 379 379 | 13.8 13.8 13.8 13.8 133 53 53 53 53 53
H ry 251.4 1355 149.2 227.4 134.558.2 | 97.4 87.0 60.5 100.0 201.2 | -92.1 -77.3 -9.5 -96.3 -201.3
r, 117.1 81.1 106.1 127.7 92.8 48.3 | 39.0 41.6 46.0 39.8 69.1 |-141 7.2 231 -87 -685
rey 0643 60.4 727 712 645 41.2 | 25.7 35.3 32.4 28.8 27.2 10.1 265 223 154 -223
r, 296 275 275 275 275 275 | 10.8 10.8 10.8 10.8 10.8 38 38 38 38 38
MH ry, 288.6 152.6 140.9 249.9 151.8 57.9 |104.1 118.1 61.3 110.2 243.2 |-101.1 -116.5 -21.5 -107.4 -246.3
rs, 148.4 101.7 110.7 166.1 110.1 45,5 | 40.4 39.6 49.9 39.6 109.2 | -22.1 -12.3 32.5 -14.2 -108.3
res 83.9 76.9 90.7 116.6 85.7 36.9 | 25.7 34.4 48.1 305 46.2 11.2 27.8 458 20.9 -43.1
100 - 43.8 53.4 49.3 48.5 31.2 - - - - - - - - - -
r, 606 463 46.3 463 463 463 | 17.2 172 172 172 17.2 -1 -11 -11 -11 -1.1
Trop ry 2247 1147 1255 176.3 115.959.4 | 86.9 83.5 62.7 89.1 1725 | -80.2 -68.4 -23.7 -81.3 -172.1
rs, 1185 86.2 100.8 126.4 92.7 46.7 | 37.9 40.6 448 383 79.8 |-13.1 33 233 -69 -725
res 732 65.9 78.7 87.4 721 426 | 25.6 35.0 39.5 29.7 382 | -11.2 27.8 33.6 18.8 -352
100 - 43.7 53.3 49.9 48.4 30.1 - - - - - - - - - -
r, 346 333 333 333 333 333|125 125 125 125 125 48 48 48 48 48
HTrop ry 264.7 140.1 143.7 232.1 140.5 53.5 | 97.5 97.9 59.8 101.1 212.3 | -93.1 -91.4 -14.2 -97.1 -211.3
rs, 129.4 91.4 106.3 139.8 98.6 43.5 | 38.6 40.3 46.83 38.8 849 | -162 0.14 274 -95 -81.2
res 732 659 78.7 87.4 721 426 | 25.6 35.0 39.5 29.7 382 |-11.2 27.8 33.6 188 -352
100 - 43.7 53.3 49.9 48.4 30.1 - - - - - - - - - -
r, 607 586 586 586 586 58.6 | 20.2 20.2 20.2 20.2 20.2 -53 53 53 -53 53
ExTrop ry, 255.4 128.4 149.8 202.9 117.5 69.1 |130.1 115.1 86.0 139.4 201.3 |-127.1 -108.3 -51.2 -137.4 -20.3
rso 1269 94.1 114.2 136.7 945 66.8 | 52.6 48.4 547 52.1 822 | -33.2 -145 -8.84 -32.1 -77.2
Fey 724 693 824 851 715 62.1 | 26.7 32.6 39.3 27.3 357 1.13 16.6 234 4.4 -290.1
100 - 48.8 58.8 53.9 52.4 34.1 - - - - - - - - - -
r, 60.6 47.6 47.6 47.6 47.6 47.6 | 17.4 17.4 17.4 174 174 | -15 -15 -15 -15 -15
Full  ry, 227.9 116.5 128.6 179.7 116.2 64.2 | 91.6 86.9 65.1 94.4 177.2 | -85.2 -72.1 -26.3 -87.1 -177.2
basin ry, 119.3 86.9 102.3 127.5 92.9 56.8 | 39.2 41.3 456 39.6 76.4 | -152 1.8 220 -9.2 -77.1
res 731 66.3 79.1 87.2 71.9 51.2 | 25.7 34.9 39.5 29.5 38.1 106 27.1 329 179 -31.4
100 - 43.8 53.4 499 485 31.2 - - - - - - - - - -
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Table S8

WNP statistics for TC outer radius from 1945 to 2019: including the mean (), median, standard deviation
(c), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (Pys5), 95th percentile (Pys) and the
95% confidence interval (Cl). N represents the total data analysed and the outer radii are given in km.

Class ~ Wind profile N J7; Median o cv P, Py Pys Cl

H80 20760 580.07 554.50 183.1 0.3156 445.00 709.50 901.00 577.57, 582.56
D87 20760 392.13 357.50 102.6 0.2618 312.50 483.12 581.50 390.73, 393.53

TD W06 20760 632.28 639.50 91.87 0.1453 576.00 693.00 773.50 631.03, 633.53
Ell 20760 230.97 220.00 51.48 0.2229 198.50 252.00 334.50 230.27, 231.67
F13 20760 217.47 209.00 52.49 0.2413 184.00 240.00 318.50 216.76, 218.19

H80 20907 951.00 946.00 198.5 0.2088 796.50 1096.0 1286.5 948.31, 953.69
D87 20907 429.91 412.00 76.45 0.1778 365.50 498.50 553.50 428.87, 430.94

TS W06 20907 794.95 786.00 74.13 0.0932 742.00 839.00 931.00 793.94, 795.95
Ell 20907 275.91 266.00 43.67 0.1582 246.50 293.50 359.50 275.32, 276.50
F13 20907 267.37 25850 45.76 0.1711 237.00 287.50 353.00 266.75, 267.99
H80 12985 1235.6 12275 179.4 0.1452 1087.0 1370.0 1531.0 1232.5, 1238.7
D87 12986 390.83 383.00 55.96 0.1431 346.50 43550 478.00 389.86, 391.79
H W06 12986 827.00 822.00 57.25 0.0692 786.00 866.00 923.50 826.01, 827.98
Ell 12986 311.44 302.00 38.64 0.1240 286.00 326.50 386.00 310.78, 312.10
F13 12986 307.08 298.50 39.52 0.1287 281.00 323.50 382.00 306.40, 307.76

H80 7058 1359.2 13025 207.8 0.1529 1199.5 1550.5 1758.6 1354.4, 1364.1
D87 7058 319.36 313.00 54.97 0.1721 278.00 363.87 409.00 318.08, 320.64

MH W06 7058 748.51 751.50 63.94 0.0854 707.50 793.00 849.00 747.02, 750.01
Ell 7058 337.20 325.00 41.34 0.1226 308.50 354.00 418.00 336.24, 338.17
F13 7058 335.10 323.50 41.53 0.1239 306.50 352.00 415.57 334.13, 336.07

H80 55029 906.41 901.00 342.7 0.3781 630.50 1156.0 1487.5 903.54, 909.27
D87 55031 383.64 367.50 81.60 0.2127 327.00 427.50 532.50 382.95, 384.32

Trop W06 55031 724.10 742.00 101.5 0.1402 664.00 799.00 862.00 723.25, 724.95
Ell 55031 279.66 281.00 59.58 0.2130 237.50 314.50 380.00 279.17, 280.16
F13 55031 271.87 274.00 6250 0.2298 227.50 310.00 374.50 271.35, 272.39
H80 18339 1264.6 12395 199.3 0.1576 11155 1378.0 1628.0 1261.7, 1267.5
D87 18339 357.20 355.50 60.44 0.1692 315.75 399.50 455.00 356.33, 358.08
HTrop W06 18339 787.93 793.00 61.53 0.0781 750.50 832.00 880.00 787.04, 788.82
Ell 18339 324.81 31450 40.68 0.1252 297.50 341.00 404.50 324.23, 325.40
F13 18339 321.56 311.50 41.28 0.1283 294.00 338.50 401.50 320.96, 322.16

H80 6680 1150.2 11745 270.3 0.2350 961.00 1358.0 1535.0 1143.7, 1156.7
D87 6680 500.92 493.50 55.87 0.1115 467.50 531.50 605.02 499.58, 502.26
ExTrop W06 6680 886.33 902.50 77.16 0.0870 854.50 928.00 992.02 884.48, 888.18
Ell 6680 239.16 240.50 29.98 0.1253 219.00 263.00 282.50 238.45, 239.88
F13 6680 224.00 228.00 37.35 0.1667 199.00 253.00 277.50 223.10, 224.90
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Table S9

WNP statistics for TC outer radius from 1980 to 2019: including the mean (), median, standard deviation
(0), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (P,s), 95th percentile (Pys), the 95%
confidence interval (Cl) and the mean absolute error (MAE) respect to TC size from ERA-5 reanalysis. N

represents the total data analysed and the outer radius is given in km. The lower MAE is marked in bold text.
WP: Wind Profile

Class WP N U Median ¢ cv Py Py Pys Cl MAE

H80 15256 589.02 557.0 197.4 0.3352 4275 784.0 901.0 585.89, 592.15 238.7
D87 15256 403.34 366.0 111.5 0.2764 308.5 523.5 588.0 401.57,405.11 374.3
TD W06 15256 626.13 634.7 93.29 0.1489 561.0 6925 767.5 624.65 627.61 176.9
E1l 15256 236.53 223.0 56.30 0.2380 198.5 263.0 346.5 235.64, 237.42 536.1
F13 15256 222.48 211.5 56.58 0.2543 185.0 248.0 331.0 221.58, 223.38 550.0
ERA-5 15256 771.29 785.75 138.8 0.1800 703.55 860.5 966.4 769.09, 773.49 -

H80 11596 979.22 9815 196.5 0.2007 826.5 1130.5 1290.5 975.65, 982.80 209.5
D87 11596 445.10 461.0 75.39 0.1693 375.0 512.0 544.0 443.72, 446.47 396.1
TS W06 11596 793.89 788.0 68.38 0.0861 746.0 8355 917.5 792.65, 795.14 112.2
E1l 11596 284.61 2725 50.09 0.1760 250.5 306.0 381.0 283.70, 285.52 554.1
F13 11596 275.79 265.0 51.68 0.1873 240.5 298.5 3735 274.84, 276.73 562.8
ERA-5 11596 837.09 850.52 127.2 0.1519 775.0 908.83 1020.0 834.77, 839.41 -

H80 6765 1290.0 13145 183.1 0.1419 11345 1429.0 1535.0 1285.6, 1294.4 413.1
D87 6766 407.18 419.5 56.24 0.1381 358.0 455.0 478.0 405.84, 408.52 473.3
H W06 6766 832.13 829.0 54.28 0.0652 7925 869.5 9225 830.84, 833.42 102.1
Ell 6766 318.42 307.0 4525 0.1421 2875 337.0 4055 317.35, 319.50 561.4
F13 6766 313.81 303.0 45.97 0.1464 2825 333.5 4015 312.72,314.91 566.5
ERA-5 6765 878.89 8975 110.1 0.1253 821.99 945.74 1041.3 876.27, 881.52 -

H80 3762 1450.2 1476.0 226.8 0.1564 1238.0 1628.0 1792.5 1443.0, 1457.5 546.1
D87 3762 339.85 347.0 56.70 0.1668 291.62 389.0 420.5 338.04, 341.67 564.8
MH W06 3762 75456 7555 59.71 0.0791 715.12 797.0 849.5 752.65, 756.46 163.4
Ell 3762 349.73 3365 47.41 0.1355 315.0 375.37 436.0 348.21, 351.24 5549
F13 3762 347.44 3345 4755 0.1368 3125 373.0 434.0 345.92, 348.96 557.2
ERA-5 3762 904.32 900.0 101.3 0.1120 855.15 969.75 1058.1 901.08, 907.55 -

H80 33927 902.91 893.0 374.1 0.4144 5935 1172.0 1574.0 898.92, 906.89 288.7
D87 33927 402.03 3845 92.00 0.2288 330.5 4825 560.0 401.05, 403.01 424.9
Trop W06 33927 713.23 7325 108.7 0.1524 6455 796.0 861.0 712.07, 714.38 146.8
E11 33927 281.66 280.5 66.01 0.2343 2335 321.0 396.5 280.96, 282.36 542.5
F13 33927 272.68 272.0 68.76 0.2521 221.5 315.0 3915 271.94, 273.41 5514
ERA-5 33927 822.82 839.3 137.7 0.1673 751.27 902.42 1021.5 821.36, 824.29 -

H80 9630 1340.1 13275 220.5 0.1645 1165.0 1510.0 1739.4 1335.7, 13445 251.1
D87 9630 376.38 376.5 6294 0.1672 331.0 428.0 4685 375.12, 377.63 515.3
HTrop W06 9630 793.58 798.5 59.31 0.0747 756.0 838.0 882.27 792.40, 794.77 126.6
E1l 9630 334.80 323.0 47.29 0.1412 3015 355.0 424.0 333.86, 335.75 556.5
F13 9630 331.31 320.0 47.81 0.1443 298.0 352.0 4215 330.36, 332.27 559.9
ERA-5 9630 890.50 900.0 106.7 0.1198 835.78 955.87 1050.5 888.37, 892.63 -

H80 3453 1127.0 11505 269.7 0.2393 909.5 13415 1521.1 1118.0, 1136.0 325.9
D87 3453 494.81 489.5 49.46 0.0999 4635 521.5 588.0 493.16, 496.46 351.4
ExTrop W06 3453 877.32 898.0 75.05 0.0855 840.5 922.0 971.69 874.82, 879.83 94.18
E1l 3453 238.38 2395 30.38 0.1274 2185 263.0 283.0 237.36, 239.39 604.2
F13 3453 22341 227.0 37.47 0.1677 196.5 253.0 2775 22216, 224.66 619.0
ERA-5 3453 841.69 851.4 1169 0.1389 780.31 911.09 1011.3 837.79, 845.59 -

H80 37380 923.61 901.0 3715 0.4022 625.5 12025 1568.0 919.84, 927.38 292.9
Full D87 37380 410.60 396.0 92.89 0.2262 336.0 489.5 560.0 409.66, 411.54 418.1
basin W06 37380 728.39 7445 116.2 0.1595 656.5 811.0 896.5 727.21,729.56 141.9
E1l 37380 277.66 274.0 64.79 0.2333 230.0 316.0 3925 277.00, 278.32 548.2
F13 37380 268.12 264.5 68.00 0.2536 218.0 310.0 387.5 267.44, 268.81 557.6

ERA-5 37380 824.57 840.7 136.0 0.1649 754.15 903.33 1020.9 823.19, 825.95 -
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Table S10

Supplementary Information

NIO statistics for r,,, rs,, Fsy, Fes @and ryo (in km): including the mean, mean absolute error (MAE) and BIAS. Note that
was used the same r,, in all radial wind profiles. It is remarkable that the r,, is operationally estimated by NHC, but not

quallity controlled after TC season and r,y, is not recorded.

Class Mean MAE BIAS
JTWC H80 D87 W06 El11 F13 ‘ H80 D87 W06 E11 F13 ‘ H80 D87 W06 E11 F13
P 60.6 504 504 50.4 504 504 | 16.5 16.5 165 16,5 165 | 0.28 0.28 0.28 0.28 0.28
TS ry 1446 86.6 104.1 106.2 89.7 68.5 | 48.4 45.1 47.7 476 79.6 |-36.1 -13.2 -16.5 -32.4 -79.4
rs, 648 644 77.7 68.3 685 532 | 254 350 26.0 275 251 | -8.8 244 10.6 13.0 -11.1
Fin 348 36.7 36.7 36.7 36.7 36.7 | 12.9 129 129 129 129 64 6.4 64 6.4 64
H ry  191.4 127.9 141.9 206.1 133.3 56.9 | 61.3 53.1 50.4 57.7 142.1 | -47.1 -31.2 23.9 -43.1 -143.2
rs, 90.4 81.8 100.1 113.0 89.6 47.9 | 27.5 35.8 39.0 30.0 47.1 | 1.63 22.0 30.6 9.7 -46.4
re 51.1 56.1 67.1 62.7 605 38.8 | 21.5 31.8 26.7 25.2 19.5 | 154 29.8 232 21.0 -11.1
Fin 221 263 263 263 263 263 | 84 84 84 84 8.4 46 46 46 46 4.6
MH ry 219.9 140.9 132.2 238.9 144.4 46.5 | 81.1 90.6 37.9 77.7 183.1 | -74.2 -84.1 20.2 -71.5 -1815
ri, 118.8 93.7 103.4 156.2 103.3 41.2 | 31.5 28.2 42.3 269 849 |-22.2 -12.3 39.4 -12.4 -87.8
res 702 70.8 84.3 108.2 79.7 355 | 20.6 25.7 40.9 23.2 439 | 281 16.2 404 119 -37.2
100 - 30.1 472 435 431 275 - - - - - - - - - -
P 619 535 535 535 535 535 | 16.3 16.3 16.3 16.3 16.3 14 14 14 14 14
Trop N 162.1 975 112.6 132.7 101.1 64.5 | 54.5 51.6 47.2 52,9 108.2 | -42.1 -245 -4.2 -39.4 -107.2
rsg 89.1 77.6 924 1043 84.3 57.5 | 28.0 33.6 36.3 285 33.9 | -25 137 274 49 -318
100 - 390.1 472 435 431 275 - - - - - - - - - -
Fin 30.3 338 33.8 33.8 33.8 338 |11.3 11.3 11.3 11.3 11.3 58 58 58 58 58
HTrop ry  201.3 131.5 139.2 2154 136.4 34.1 | 68.2 66.1 46.1 64.7 151.2 | -57.8 -50.4 22.6 -53.6 -154.6
rs, 100.5 85.2 100.9 125.2 93.4 48.9 | 28.9 33.1 40.2 289 649 | -6.83 9.6 33.83 1.84 -57.38
re 59.1 603 719 759 659 56.4 | 21.1 29.3 325 244 151 | 10.2 242 30.3 17.3 -13.4
100 - 30.1 472 435 431 275 - - - - - - - - - -
Fin 619 535 535 535 535 535 | 16.3 16.3 16.3 16.3 16.3 14 14 14 14 14
Full ry 1621 975 112.6 132.7 101.1 64.1 | 54.5 51.6 47.2 529 111.4 | -42.1 -24.3 -4.2 -39.4 -110.8
basin ry, 89.2 77.6 924 1043 84.3 57.5 | 28.0 33.6 36.3 285 439 | -25 13.7 274 -49 -472
res 59.1 663 719 759 659 56.4 | 21.1 29.3 325 244 151 | 10.2 242 303 17.3 -134
F100 - 30.1 472 435 431 275 - - - - - - - - - -
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Table S11
NIO statistics for TC outer radius from 1945 to 2019: including the mean (u), median, standard deviation
(c), coefficient of variation (CV'), 25th percentile (P,5), 75th percentile (P;5), 95th percentile (Pys) and the
95% confidence interval (Cl). N represent the total data analysed and the outer radius are given in km.

Supplementary Information

Class  Wind profile N u Median ¢ cv Py Py Py Cl
H80 2588 628.36 570.50 209.3 0.3331 470.50 819.50 929.50 620.28, 636.43
D87 2588 417.94 363.00 119.4 0.2858 316.00 549.50 590.00 413.34, 422.55
TD W06 2588 632.55 644.00 76.35 0.1207 591.37 691.50 734.00 629.61, 635.50
El1l 2588 258.33 240.00 68.87 0.2665 212.50 29450 390.50 255.68, 260.99
F13 2588 24551 22950 68.31 0.2782 202.50 277.50 378.32 242.88, 248.15
H80 2125 916.26 913.00 193.5 0.2112 752.00 1072.0 1214.5 908.03, 924.50
D87 2125 429.01 395.50 84.12 0.1960 356.50 517.00 539.50 425.43, 432.59
TS W06 2125 750.88 753.50 41.80 0.0556 721.50 779.00 815.00 749.10, 752.66
El1l 2125 309.35 295.00 61.49 0.1987 266.00 343.00 408.20 306.73, 311.96
F13 2125 301.98 288.50 61.58 0.2039 259.00 335.50 401.30 299.35, 304.60
H80 488 1168.6 1168.2 158.2 0.1354 1042.3 1268.0 1478.4 11545, 1182.7
D87 488 375.61 366.50 52.03 0.1385 333.00 418.50 467.30 370.98, 380.24
H W06 488 784.50 78450 30.51 0.0388 764.00 804.00 834.82 781.79, 787.22
Ell 488 343.75 332.00 46.69 0.1358 313.00 364.50 414.30 339.59, 347.91
F13 488 340.23 329.50 46.83 0.1376 309.00 360.62 410.82 336.07, 344.40
H80 192 1256.7 1281.0 109.8 0.0873 1206.1 1301.5 1422.5 1241.0,1272.4
D87 192  302.15 306.25 37.89 0.1254 279.12 320.50 361.00 296.74, 307.56
MH W06 192  736.31 732.00 36.98 0.0502 712.37 765.75 798.22 731.03, 741.59
El1l 192 337.36 333.00 27.46 0.0814 317.50 355.25 381.50 333.44, 341.28
F13 192 33553 33150 27.42 0.0817 315.75 353.62 379.45 331.62, 339.45
H80 5393 813.06 819.50 278.4 0.3424 579.50 1004.5 1272.0 805.63, 820.50
D87 5393 414.35 376.50 1029 0.2485 330.50 523.50 577.00 411.60, 417.10
Trop W06 5393 696.62 71250 86.62 0.1243 647.00 762.50 809.00 694.31, 698.93
E1ll 5393 288.98 282.00 70.42 0.2436 238.00 331.00 401.40 287.10, 290.86
F13 5393 279.54 27150 71.82 0.2569 228.50 324.50 393.20 277.62, 281.45
H80 680 1193.5 12195 1515 0.1269 1073.8 1284.0 1469.3 1182.1, 1204.9
D87 680 354.87 342.75 58.67 0.1653 317.00 394.00 448.00 350.45, 359.29
HTrop W06 680 770.90 773.75 39.05 0.0506 747.50 796.50 831.50 767.95, 773.84
El1l 680 341.95 33250 4226 0.1235 314.00 362.50 407.02 338.76, 345.13
F13 680 338.91 330.00 42.31 0.1248 311.00 358.50 403.55 335.72, 342.10
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Supplementary Information

Table S12

NIO statistics for TC outer radius from 1980 to 2019: including the mean (u), median, standard deviation
(0), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (P,s), 95th percentile (Pys), the 95%
confidence interval (Cl) and the mean absolute error (MAE) respect to TC size from ERA-5 reanalysis. N

represents the total data analysed and the outer radius is given in km. The lower MAE is marked in bold text.
WP: Wind Profile

Class WP N U Median o cv Py Py Pys Cl MAE

H80 2458 635.02 578.75 211.8 0.3335 473.0 846.0 929.5 626.64, 643.40 185.9
D87 2458 42250 369.0 120.7 0.2857 316.5 549.5 590.0 417.72, 427.27 254.4
TD W06 2458 633.41 6455 77.14 0.1217 5925 693.0 735.0 630.35 636.46 97.2
E11 2458 260.47 243.0 69.80 0.2679 213.5 297.0 393.0 257.71, 263.24 409.9
F13 2458 247.45 231.0 69.30 0.2800 203.5 279.5 379.5 244.71, 250.19 42238
ERA-5 2458 668.97 6745 108.3 0.1619 6104 7354 836.5 664.68, 673.25 -

H80 1827 935.92 981.0 197.1 0.2106 766.0 1089.0 12145 926.87, 944.97 260.1
D87 1827 439.70 451.0 85.50 0.1944 359.0 517.0 556.14 435.78, 443.63 267.5
TS W06 1827 75236 7555 4215 0.0560 7235 781.0 816.5 750.42, 754.29 92.1
E1l1 1827 314.67 300.5 63.46 0.2016 269.5 350.0 414.34 311.76, 317.58 391.3
F13 1827 307.03 294.0 63.58 0.2070 262.5 342.0 406.5 304.11, 309.95 398.9
ERA-5 1827 704.80 707.6 97.38 0.1381 652.41 766.95 862.3 700.33, 709.27 -

H80 376 1208.7 1219.5 155.0 0.1282 1089.0 1277.5 1523.0 1192.9, 1224.4 489.2
D87 376 383.50 389.5 50.97 0.1312 346.37 431.0 476.0 383.32, 393.68 331.4
H W06 376 790.01 789.5 28.19 0.0356 771.87 807.0 838.37 787.15, 792.87 934
Ell 376 347.86 338.25 50.05 0.1438 3135 367.12 425.62 342.78, 352.94 371.9
F13 376 344.14 335.0 50.15 0.1457 309.87 362.62 421.0 339.05, 349.23 375.7
ERA-5 376 719.48 7247 87.76 0.1219 666.44 777.48 867.09 710.57, 728.40 -

H80 176 1270.3 1283.2 103.8 0.0817 12225 1302.3 14225 1254.8, 1285.8 542.8
D87 176 304.13 307.5 38.87 0.1278 282.0 323.0 362.25 298.33, 309.93 423.4
MH W06 176 738.32 736.25 37.67 0.0510 713.62 767.75 798.5 732.70, 743.94 73.3
Ell 176 335.44 3305 27.48 0.0819 316.0 351.25 382.62 331.33, 339.54 392.1
F13 176 333.57 328.75 27.39 0.0821 314.0 349.12 381.0 329.48, 337.66 393.9
ERA-5 176 72753 723.11 81.74 0.1123 678.54 780.81 863.41 715.34, 739.73 -

H80 4837 816.39 819.5 285.1 0.3492 5715 1004.5 1277.5 808.35, 824.43 250.8
D87 4837 422.04 386.0 105.5 0.2500 331.5 5265 5825 419.07, 425.02 2715
Trop W06 4837 694.33 709.5 88.02 0.1267 6435 761.5 809.0 691.85, 696.81 94.1
E11 4837 290.46 284.0 7230 0.2489 237.5 3345 40459 288.43, 29250 399.2
F13 4837 280.60 2725 73.68 0.2625 227.5 326.5 3975 278.53, 282.68 409.04
ERA-5 4837 688.56 694.3 103.9 0.1510 632.36 753.5 851.33 685.63, 691.49 -

H80 552 1228.3 12445 143.6 0.1169 11451 1296.0 1501.7 1216.3,1240.3 506.31
D87 552 361.60 354.75 61.62 0.1704 320.0 409.0 451.22 356.44, 366.75 360.7
HTrop W06 552 77353 778.0 39.67 0.0512 749.5 798.12 8335 770.21, 776.85 87.5
Ell 552 343.90 3343 4450 0.1294 314.0 364.12 413.0 340.17, 347.62 379.4
F13 552 340.77 3323 44.46 0.1304 3115 360.5 408.89 337.05, 344.49 381.5
ERA-5 552 722.05 72358 85.97 0.1190 668.29 779.56 867.21 714.86, 729.24 -

H80 4837 816.39 819.5 285.1 0.3492 5715 1004.5 1277.5 808.35, 824.43 250.8
Full D87 4837 422.04 386.0 105.5 0.2500 331.5 526.5 5825 419.07, 425.02 2715
basin W06 4837 694.33 709.5 88.02 0.1267 6435 761.5 809.0 691.85, 696.81 91.2
E11 4837 290.46 284.0 7230 0.2489 2375 3345 40459 288.43, 29250 399.3
F13 4837 280.60 2725 73.68 0.2625 227.5 3265 3975 278.53, 282.68 409.1

ERA-5 4837 688.56 694.36 103.9 0.1510 632.36 753.49 851.33 685.63, 691.49 -
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Table S13

Supplementary Information

SIO statistics for r,,, 1y, Fso, Fgy and rigy (in km): including the mean, mean absolute error (MAE) and BIAS. Note that
was used the same r,, in all radial wind profiles. It is remarkable that the r,, is operationally estimated by NHC, but not

quallity controlled after TC season and r,y, is not recorded.

Class Mean MAE BIAS
JTWC H80 D87 W06 El11 F13 ‘ H80 D87 W06 E11 F13 ‘ H80 D87 W06 E11 F13
' 61.2 489 489 489 489 489 | 15.1 15.1 15.1 15.1 15.1 -41 -41 -41 -41 -41
TS ry 1629 822 103.5 110.4 87.8 67.2 | 66.3 58.1 57.7 71.7 945 | -58.1 -36.4 -30.1 -65.4 -96.4
rsg 722 652 78.8 70.2 584 53.9 | 27.3 33.8 28.3 24.1 26.1 3.3 189 824 -26 -25.7
Fin 352 36.8 36.8 36.8 36.8 36.8 | 10.4 10.4 10.4 10.4 10.4 60 6.0 6.0 6.0 6.0
H ry  219.5 130.4 143.8 214.4 1279 57.1 | 77.1 66.7 51.7 81.6 159.4 | -72.1 -57.6 5.54 -77.2 -161.1
rso 99.8 83.6 101.9 118.8 85.8 45.1 | 28.0 33.9 40.4 29.1 46.3 | -5.0 153 248 16.3 -45.2
reg 547 57.7 693 66.3 629 38.2 | 20.8 32.6 28.6 22.4 19.6 | 143 29.6 248 16.3 -15.1
Fin 28.3 284 28.4 284 284 284 | 10.2 10.2 10.2 10.2 10.2 31 31 31 31 31
MH ry  240.9 149.9 141.7 242.4 149.7 68.6 | 77.5 85.9 50.1 80.3 199.4 | -73.56 -83.4 9.97 -76.4 -198.2
ri, 118,56 99.7 110.6 158.7 106.9 55.5 | 28.3 29.7 52.6 29.2 76.4 | -6.7 541 479 0.25 -79.2
res 06.6 752 89.9 109.8 823 46.9 | 23.5 36.0 50.1 28.7 34.8 | 18.0 345 49.8 253 -27.8
fo - 418 505 446 437 294 | - - - - - . -
T 7.7 48.1 48.1 48.1 48.1 48.1 | 145 145 145 145 145 -05 -05 -05 -05 -05
Trop ry, 188.8 104.1 117.5 150.7 109.3 71.2 | 69.3 63.3 53.7 75.0 133.2 | -62.4 -47.9 -12.1 -70.7 -141.2
rs 969 821 97.4 1144 83.8 56.9 | 27.9 32.7 40.7 28.0 49.1 | -3.3 135 288 -2.2 -494
res 59.7 632 757 79.8 70.2 49.1 | 21.9 34.0 37.6 252 258 | 159 31.6 35.3 20.3 -23.4
100 - 41.8 505 446 437 29.4 - - - - - - - - - -
Fin 326 341 34.1 341 341 34.1 | 10.3 10.3 10.3 10.3 10.3 49 49 49 49 49
HTrop ry  227.7 136.3 143.1 2229 134.7 64.4 | 77.1 73.6 51.0 80.9 169.2 | -72.3 -66.4 7.3 -76.5 -179.1
rs, 106.7 838.6 104.5 131.1 924 53.5 | 28.0 32.3 45.0 29.1 59.0 | -5.6 11.7 357 -2.1 -58.4
rey 597 632 757 79.8 70.2 53.3 | 21.9 34.0 376 252 263 | 159 31.6 353 20.3 -234
fwo - 418 505 446 437 294 | - - - - - - - - -
Fn 58.1 50.1 50.1 50.1 50.1 50.1 | 14.7 14.7 147 147 147 | -08 -0.8 -0.8 -0.8 -0.8
Full ry, 189.9 104.2 117.7 150.8 109.1 71.6 | 70.9 64.7 55.0 73.6 138.4 | -64.5 -49.3 -14.1 -71.2 -139.1
basin ry, 97.3 821 97.4 1144 83.8 66.3 | 27.9 32.7 40.8 28.0 51.0 | -3.4 135 287 -23 -47.2
reg 597 632 757 79.8 70.2 53.3 | 21.9 34.0 37.6 252 26.3 | 159 31.6 353 20.3 -234
fo - 418 505 446 437 294 | - - - - - . -
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Supplementary Information

Table S14

SIO statistics for TC outer radius from 1945 to 2019: including the mean (u), median, standard deviation (¢),
coefficient of variation (CV), 25th percentile (Pys), 75th percentile (Pys), 95th percentile (Py;) and the 95%
confidence interval (Cl). N represents the total data analysed and the outer radii are given in km.

Class ~ Wind profile N U Median o cv P, Py Pys cl

H80 9693 601.55 568.50 184.1 0.3062 472.00 768.00 869.50 597.88, 605.21
D87 9693 399.91 358.00 102.2 0.2556 320.00 506.50 576.00 397.88, 401.95
TD W06 9693 633.26 647.50 82.89 0.1308 595.50 688.50 742.00 631.61, 634.91
Ell 9693 213.77 209.00 54.00 0.2526 181.00 242.00 311.50 212.70, 214.85
F13 9693 227.33 220.00 52.93 0.2328 194.50 255.00 324.70 226.27, 228.38

H80 8383 903.94 921.50 168.6 0.1865 767.50 1019.0 1187.0 900.33, 907.55
D87 8383 418.84 403.50 64.56 0.1541 361.50 477.00 506.00 417.46, 420.22

TS W06 8383 764.73 763.00 49.07 0.0641 730.50 795.00 853.00 763.68, 765.78
Ell 8383 271.15 264.00 44.81 0.1652 240.00 295.00 356.00 270.19, 272.11
F13 8383 278.87 271.00 43.57 0.1562 248.00 301.00 363.00 277.93, 279.80
H80 3230 1189.8 1178.0 149.1 0.1253 1071.6 1307.5 1430.0 1184.6, 1194.9
D87 3230 377.86 372.00 45.79 0.1211 340.00 414.00 447.00 376.28, 379.44
H W06 3230 799.73 797.00 34.45 0.0430 776.50 820.50 861.50 798.54, 800.91
Ell 3230 318.08 311.50 34.05 0.1070 294.50 336.50 382.27 316.91, 319.26

F13 3230 321.90 315.00 33.64 0.1045 298.12 340.37 385.77 320.74, 323.06

H80 1452  1337.7 1369.2 161.8 0.1210 1191.0 1472.0 1598.5 1329.4, 1346.1
D87 1452 32498 324.00 43.45 0.1336 289.00 361.00 388.50 322.74, 327.22

MH W06 1452 74433 748.00 41.06 0.0551 717.50 774.00 805.50 742.21, 746.44
Ell 1452  348.89 34150 35.58 0.1019 322.50 368.00 414.00 347.06, 350.73
F13 1452  350.96 343.25 35.52 0.1012 324.00 370.50 416.72 349.13, 352.79

H80 22427 841.32 825.00 298.3 0.3546 604.50 1050.0 1379.5 837.42, 845.23
D87 22427 397.69 373.50 83.27 0.2093 335.50 471.50 544.50 396.60, 398.782

Trop W06 22427 710.47 726.00 93.38 0.1314 658.00 778.00 831.50 709.25, 711.70
Ell 22427 259.29 25750 64.34 0.2481 213.50 304.00 365.50 258.45, 260.13
F13 22427 268.46 266.50 61.04 0.2273 22450 310.00 370.85 267.66, 269.26

H80 4659 12349 1225.0 167.7 0.1358 1105.0 1366.5 1535.0 1230.1, 1239.7
D87 4659 361.02 357.00 51.00 0.1412 325.75 398.50 447.00 359.56, 362.49
HTrop W06 4659 781.90 785.50 43.82 0.0560 756.50 809.50 851.50 780.64, 783.16
Ell 4659 32798 322.00 37.12 0.1132 302.00 350.00 395.50 326.91, 329.05
F13 4659 331.24 325.00 36.58 0.1104 305.50 352.50 398.50 330.19, 332.29

H80 331 984.10 992.00 210.2 0.2136 853.75 1120.5 1334.0 961.33, 1006.8
D87 331 486.11 483.00 34.56 0.0711 467.50 505.25 54450 482.36, 489.85
ExTrop W06 331 842.96 858.00 68.76 0.0815 806.00 887.50 930.25 835.51, 850.40
Ell 331 193.32 197.50 38.05 0.1968 168.50 220.25 251.00 189.20, 197.44
F13 331 210.98 213.00 30.65 0.1453 188.75 232.25 259.25 207.66, 214.30
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Supplementary Information

Table S15

SIO statistics for TC outer radius from 1980 to 2019: including the mean (u), median, standard deviation
(0), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (P,s), 95th percentile (Pys), the 95%
confidence interval (Cl) and the mean absolute error (MAE) respect to TC size from ERA-5 reanalysis. N

represents the total data analysed and the outer radius is given in km. The lower MAE is marked in bold text.
WP: Wind Profile

Class WP N U Median ¢ cv Py Py Pys Cl MAE

H80 7789 631.45 6015 178.4 0.2825 494.0 768.0 869.5 627.48, 635.41 197.1
D87 7789 41489 3725 103.0 0.2484 325.0 514.0 576.0 412.60, 417.18 340.2
TD W06 7789 644.73 6545 T71.16 0.1103 609.0 6945 746.2 643.15, 646.32 1534
Ell 7789 223.40 2155 51.11 0.2288 190.5 251.0 317.5 222.27,22454 523.1
F13 7789 237.01 227.0 50.30 0.2122 203.5 265.0 330.1 235.89, 238.13 509.7
ERA-5 7789 74401 760.6 151.6 0.2038 668.4 858.4 935.0 740.64, 747.37 -

H80 7466 911.06 9215 168.2 0.1847 777.0 1040.5 1187.0 907.24, 914.87 189.4
D87 7466 421.89 4125 64.86 0.1537 363.0 489.0 506.0 420.42, 423.36 376.5
TS W06 7466 766.16 765.0 49.36 0.0644 732.0 796.0 856.5 765.04,767.28 115.3
Ell 7466 272.04 265.0 4534 0.1666 2405 296.0 358.0 271.01, 273.07 521.5
F13 7466 279.84 272.0 44.07 0.1574 2485 302.0 365.0 278.84, 280.84 513.8
ERA-5 7466 790.52 820.1 143.3 0.1813 7247 900.0 949.7 787.26, 793.77 -

H80 2918 11943 1188.2 150.7 0.1262 1073.1 1307.5 1430.0 1188.9, 1199.8 368.9
D87 2918 379.60 376.0 45.96 0.1210 342.0 421.37 447.0 377.93, 381.26 448.7
H W06 2918 800.73 798.0 34.78 0.0434 778.0 822.0 862.0 799.47,801.99 97.6
E1l 2918 318.22 311.0 34.70 0.1090 293.5 338.0 3825 316.96,319.48 509.4
F13 2918 322.07 314.7 34.28 0.1064 298.0 342.0 386.0 320.83, 323.32 505.5
ERA-5 2918 825.82 859.6 115.2 0.1395 766.2 900.0 957.25 821.64, 830.01 -

H80 1326 1341.8 1383.0 163.7 0.1219 1194.1 1472.0 1607.5 1333.0, 1350.6 502.1
D87 1326 326.52 324.25 43.62 0.1335 291.0 368.5 390.0 324.17, 328.87 513.8
MH W06 1326 745.64 750.0 4058 0.0544 718.6 775.0 805.5 743.45, 747.83 121.6
Ell 1326 34891 3415 35.77 0.1025 3225 367.3 417.7 346.98, 350.84 4915
F13 1326 351.00 343.0 35.73 0.1018 324.0 369.5 419.4 349.08, 352.93 489
ERA-5 1326 839.79 871.1 97.90 0.1165 781.1 900.0 965.2 834.52, 845.07 -

H80 19202 868.99 869.5 288.9 0.3324 655.5 1076.5 1391.5 864.90, 873.07 240.9
D87 19202 405.00 381.0 83.34 0.2057 339.5 489.0 5445 403.82, 406.18 382.9
Trop W06 19202 719.43 733.0 8450 0.1174 668.5 7815 8345 718.23, 720.62 128.7
E1l 19202 265.80 263.0 60.64 0.2281 220.5 307.5 368.0 264.94, 266.65 516.7
F13 19202 265.80 263.0 60.64 0.2281 220.5 307.5 368.0 264.94, 266.65 507.9
ERA-5 19202 780.06 804.39 144.2 0.1849 709.24 900.0 946.2 778.02, 782.10 -

H80 4223 1239.8 1225.0 169.3 0.1366 1108.5 1373.0 1548.5 1234.6, 1244.9 409.9
D87 4223 36258 360.0 51.22 0.1412 3265 3985 447.0 361.03, 364.12 469.3
HTrop W06 4223 78287 786.5 43.85 0.0560 757.5 810.5 8525 781.55, 784.20 105.3
E1l 4223 328.15 3225 3758 0.1145 3015 350.5 396.4 327.02, 329.29 503.3
F13 4223 331.44 325.0 37.03 0.1117 305.0 353.0 399.4 330.32, 33256 500.1
ERA-5 4223 830.09 861.8 110.2 0.1327 771.36 900.0 958.7 826.77, 833.42 -

H80 297 1005.0 992.0 193.7 0.1927 869.5 1122.0 1333.3 982.89, 1027.2 233.7
D87 297 488.80 486.0 32.63 0.0667 469.5 506.5 546.3 485.07,492.54 333.3
ExTrop W06 297 851.10 865.5 59.02 0.0693 817.5 889.0 930.5 844.35, 857.86 104.4
Ell 297 197.10 202.0 35.07 0.1779 172.0 2215 251.0 193.09, 201.11 616.8
F13 297 21422 2165 27.65 0.1290 193.0 2335 259.1 211.06, 217.39 599.7
ERA-5 297 851.16 900.0 158.6 0.1861 790.1 954.8 1042.3 833.36, 870.46 -

H80 19499 871.06 869.5 288.1 0.3308 658.5 1076.5 1391.5 867.01, 875.10 240.8
Full D87 19499 406.28 382.0 83.43 0.2053 340.5 489.0 5445 405.11, 407.45 382.1
basin W06 19499 721.44 7345 8570 0.1188 670.0 783.5 839.5 720.23, 722.64 128.3
E1l 19499 264.75 2615 6091 0.2300 219.0 306.5 368.0 263.89, 265.60 518.2
F13 19499 273.89 271.0 57.67 0.2105 230.5 3125 3725 273.08, 274.70 509.3

ERA-5 19499 780.57 805.3 144.2 0.1848 709.5 900.0 946.7 778.55, 782.60 -
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Table S16

Supplementary Information

SPO statistics for r,,, Fy, sy, Fes and ry (in km): including the mean, mean absolute error (MAE) and BIAS. Note
that was used the same r,, in all radial wind profiles. It is remarkable that the r, is operationally estimated by NHC,
but not quallity controlled after TC season and ry, is not recorded.

Class Mean MAE BIAS
JTWC H80 D87 W06 El11 F13 ‘ H80 D87 W06 E11 F13 ‘ H80 D87 W06 E11 F13
P 63.3 49.8 49.8 49.8 49.8 49.8 | 16.5 16,5 165 16,5 165 | -23 -23 -23 -23 -23
TS ry 1722 879 105.8 1135 87.1 68.2 | 73.8 68.9 71.2 72.2 106.3 | -59.3 -35.4 -32.7 -61.8 -109.6
rs, 695 66.1 79.9 723 58.2 51.3 | 33.8 42.1 345 27.1 29.2 7.8 23.7 11.7 -45 -16.3
Fin 344 372 372 372 372 37.2 |13.2 13.2 13.2 13.2 13.2 82 82 82 82 82
H ry  216.6 131.3 144.9 215.7 128.1 67.5 | 76.5 70.9 59.4 81.5 163.4 | -65.1 -50.4 11.8 -72.1 -167.2
rsg 99.6 84.2 102.6 119.5 85.9 55.3 | 33.1 389 43.9 343 586 | -3.1 17.8 30.1 -2.3 -55.3
reg 545 581 695 66.5 628 36.1 | 24.0 34.6 31.2 25.0 20.2 | 155 30.9 25.7 17.7 -13.2
Fin 282 278 27.8 278 278 278 | 9.2 92 92 92 92 21 21 21 21 21
MH ry 246.6 148.1 139.4 241.6 147.9 58.4 | 87.7 97.9 50.1 89.5 204.6 | -84.5 -95.2 2.22 -86.1 -211.3
ri, 116.2 98.4 108.9 158.2 105.7 47.6 | 27.0 28.3 52.4 28.1 85.7 | -79 285 49.0 -0.8 -81.4
res, 048 98.4 108.9 158.2 81.3 35.1 | 23.2 33.8 51.7 28.3 34.6 | 17.1 323 51.3 244 -342
fo - 418 507 457 441 301 | - - - - - . -
P 59.7 50.8 50.8 50.8 50.8 50.8 | 15.9 159 15.9 159 15.9 18 18 18 18 1.8
Trop ry  195.9 103.5 117.8 149.2 107.1 62.4 | 75.6 73.3 63.7 76.8 141.2 | -64.1 -48.5 -12.6 -68.4 -140.8
rsg 958 817 97.1 1134 829 57.3 | 31.4 36.6 43.9 31.0 552 | -1.5 154 314 -04 -513
reg 617 626 749 787 69.2 53.2 | 23.7 34.3 39.7 26.4 24.7 | 16.2 315 36.3 20.6 -21.1
foo - 418 507 457 441 301 | - - - - - - - - -
Fin 322 345 345 345 345 345 |11.8 11.8 11.8 11.8 11.8 61 6.1 61 6.1 6.1
HTrop ry 2275 135.9 143.3 111.8 133.7 64.8 | 80.4 80.7 55.9 84.2 181.2 | -72.1 -66.4 85 -77.2 -183.5
rs, 1054 88.2 104.3 130.3 91.5 54.6 | 30.8 35.0 46.9 319 58.6 | -46 126 37.1 -1.5 -615
re, 617 626 749 787 69.2 43.3 | 23.7 343 39.7 264 247 | 16.2 315 36.3 206 -21.1
fwo - 418 507 457 441 301 | - - - - - - - - -
Fn 50.8 51.2 51.2 51.2 51.2 51.2 | 16.0 16.0 16.0 16.0 16.0 1.7 17 17 17 17
Full ry 196.9 103.7 118.1 149.4 106.7 62.8 | 76.8 74.2 64.4 78.4 141.5 | -65.4 -49.7 -14.3 -69.2 -143.8
basin ry, 90.1 817 97.2 1133 82.8 56.7 | 31.6 36.7 44.0 31.1 59.4 | -19 151 31.0 -05 -552
reg 617 626 749 787 69.2 433 | 23.7 34.3 39.7 26.4 247 | 16.2 315 36.3 20.6 -21.1
ro - 418 507 457 441 301 | - - - - - . -
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Supplementary Information

Table S17

SPO statistics for TC outer radius from 1945 to 2019: including the mean (u), median, standard deviation
(c), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (Py5), 95th percentile (Pys) and the
95% confidence interval (Cl). N represents the total data analysed and the outer radii are given in km.

Class ~ Wind profile N J7; Median o cv P, Py Pys Cl

H80 5734 605.96 563.00 213.9 0.3530 461.00 778.25 952.00 600.42, 611.50
D87 5734 403.99 35250 121.9 0.3018 321.00 539.37 602.00 400.84, 407.15

TD W06 5734 635.89 651.50 92.65 0.1457 591.75 696.50 757.00 633.49, 638.29
Ell 5734 204.11 202.00 51.25 0.2511 17450 229.50 296.00 202.79, 205.44
F13 5734 218.93 21350 51.44 0.2349 188.50 242.50 314.00 217.60, 220.27

H80 5138 919.74 905.00 185.7 0.2019 763.50 1059.0 1249.5 914.66, 924.82
D87 5138 425,90 399.50 74.14 0.1740 364.50 49250 550.50 423.87, 427.93

TS W06 5138 77452 773.50 52.68 0.0680 737.00 807.50 864.00 773.08, 775.96
Ell 5138 262.88 256.00 42.29 0.1608 234.00 283.00 344.50 261.72, 264.04
F13 5138 271.30 263.50 41.31 0.1523 243.00 289.50 352.50 270.17, 272.43
H80 1806 1198.6 11745 157.0 0.1310 1076.0 1316.5 1445.0 1191.3, 1205.8
D87 1806 381.58 373.50 50.55 0.1324 340.50 424.00 464.37 379.24, 383.91
H W06 1806 803.33 799.75 36.70 0.0456 776.62 826.50 868.87 801.64, 805.03
Ell 1806 316.16 310.00 35.56 0.1124 291.50 333.87 388.37 314.52, 317.80
F13 1806 320.10 313.00 35.15 0.1098 295.50 337.37 391.75 318.48, 321.72

H80 702 1320.8 1297.2 148.8 0.1126 1183.7 1469.0 1522.5 1309.8, 1331.8
D87 702 319.48 31250 42.18 0.1320 289.50 356.50 383.50 316.35, 322.61

MH W06 702 741.62 747.00 46.11 0.0621 71450 773.50 811.45 738.20, 745.04
Ell 702 344.74 336.50 32.34 0.0938 321.50 362.87 414.00 342.34, 347.14
F13 702 346.76 338.25 32.22 0.0929 323.50 365.00 415.47 344.37, 349.15
H80 12985 840.17 847.50 305.7 0.3639 587.50 1071.0 1360.0 834.91, 845.43
D87 12985 402.11 371.50 97.44 0.2423 337.00 455.00 600.00 400.43, 403.79
Trop W06 12985 713.50 73250 98.98 0.1387 660.00 784.00 839.40 711.80, 715.20
Ell 12985 251.16 24750 63.29 0.2520 207.50 294.50 357.00 250.08, 252.25
F13 12985 261.08 258.00 60.41 0.2313 219.00 302.00 363.50 260.04, 262.12
H80 2494 12323 1211.0 164.4 0.1334 1107.0 1353.0 1504.0 1225.8, 1238.7
D87 2494  363.67 356.50 55.52 0.1526 323.62 403.75 456.50 361.49, 365.85
HTrop W06 2494 785.35 786.50 47.49 0.0604 759.00 817.00 860.00 783.49, 787.22
Ell 2494 32455 319.00 36.71 0.1131 300.00 343.00 396.17 323.11, 326.00
F13 2494  327.93 322.00 36.14 0.1102 303.62 34550 399.00 326.51, 329.35

H80 395 968.53 960.00 227.9 0.2353 796.75 1146.0 1352.8 945.95, 991.11
D87 395 498.09 491.00 48.07 0.0965 470.75 518.00 590.15 493.33, 502.85
ExTrop W06 395 841.38 853.50 79.90 0.0949 791.75 896.75 952.50 833.46, 849.29
Ell 395 184.02 187.50 40.19 0.2184 160.25 214.50 242.00 180.03, 188.00
F13 395 204.25 205.50 32.11 0.1572 185.00 228.00 251.50 201.07, 207.43
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Supplementary Information

Table S18

SPO statistics for TC outer radius from 1980 to 2019: including the mean (u), median, standard deviation
(o), coefficient of variation (CV), 25th percentile (P,5), 75th percentile (Pys), 95th percentile (Pys), the 95%
confidence interval (Cl) and the mean absolute error (MAE) respect to TC size from ERA-5 reanalysis. N

represents the total data analysed and the outer radius is given in km. The lower MAE is marked in bold text.
WP: Wind Profile

Class WP N U Median ¢ cv Py Py Pys Cl MAE

H80 4283 651.25 589.5 2144 0.3293 4935 8585 952.0 644.82, 657.68 211.7
D87 4283 428.24 364.0 127.6 0.2980 326.0 563.0 644.0 42442, 432.07 317.9
TD W06 4283 652.07 659.0 75.15 0.1152 6125 705.3 759.5 649.82, 654.32 143.2
E1l1 4283 216.14 2085 47.65 0.2204 1855 2385 3059 214.71, 21757 514.8
F13 4283 231.39 221.0 48.84 0.2110 198.0 257.0 325.0 229.93, 232.86 499.9
ERA-5 4283 728.17 749.2 158.4 0.2176 656.66 841.4 918.6 723.40, 732.94 -

H80 4339 941.04 939.0 186.9 0.1986 784.5 1071.0 1249.5 935.48, 946.61 208.1
D87 4339 43331 409.0 76.41 0.1763 366.5 507.0 550.5 431.04,435.59 370.4
TS W06 4339 777.82 776.5 52.02 0.0668 7415 810.0 866.5 776.27,779.37 109.3
E11 4339 266.41 259.5 43.25 0.1623 237.0 283.0 349.0 265.12, 267.70 528.8
F13 4339 27497 267.0 4237 0.1541 2455 2955 357.0 273.71, 276.23 520.5
ERA-5 4339 79154 820.7 1459 0.1843 731.2 900.0 943.8 787.18, 795.90 -

H80 1636 1211.3 1192.0 157.1 0.1297 1085.3 1345.8 14450 1203.7, 1218.9 375.5
D87 1636 384.64 379.0 51.35 0.1335 341.37 424.0 469.0 382.15, 387.14 4535
H W06 1636 804.66 801.5 36.71 0.0456 777.5 828.0 869.62 802.87, 806.44 98.6
Ell 1636 317.39 3115 36.24 0.1141 292.0 335.0 390.0 315.63, 319.15 5195
F13 1636 321.38 314.8 35.84 0.1115 296.37 338.5 3945 319.64, 323.11 515.5
ERA-5 1636 836.07 899.7 115.6 0.1382 786.28 900.0 958.1 830.46, 841.68 -

H80 680 1325.3 1308.5 148.7 0.1122 1187.2 1469.0 15225 1314.1, 1336.5 477.9
D87 680 320.17 313.5 4260 0.1330 289.0 3565 3835 316.96, 323.38 528.4
MH W06 680 74152 T747.25 46.66 0.0629 7135 774.12 811.5 738.00, 745.04 134.8
Ell 680 345.27 337.0 32.61 0.0944 3215 363.75 415.1 34281, 347.72 502.8
F13 680 347.29 339.0 3248 0.0935 3235 365.62 417.0 344.85, 349.74 500.8
ERA-5 680 847.40 900.0 104.2 0.1230 807.1 900.0 955.5 839.54, 855.26 -

H80 10646 888.01 9125 297.1 0.3345 6455 11115 1393.0 882.37, 893.66 250.8
D87 10646 41453 379.0 100.4 0.2422 3415 4925 602.0 412.63, 416.44 373.8
Trop W06 10646 726.67 7415 85.77 0.1180 676.0 789.0 8425 725.04,728.30 122.7
E1l 10646 261.02 256.5 59.65 0.2285 216.0 303.0 363.5 259.89, 262.15 517.8
F13 10646 270.88 267.0 56.97 0.2103 228.5 310.0 368.8 269.80, 271.96 508.2
ERA-5 10646 776.18 803.8 150.9 0.1944 705.43 900.0 941.4 773.30, 779.06 -

H80 2302 12443 12275 163.5 0.1314 1117.5 13755 1507.0 1237.6, 1250.9 405.1
D87 2302 365.15 356.5 56.79 0.1555 324.0 4055 456.5 362.83, 367.47 474.1
HTrop W06 2302 78535 786.5 4832 0.0615 759.0 817.37 861.5 783.38, 787.33 109.3
E1l 2302 326.01 3205 37.12 0.1138 301.0 345.0 398.5 324.49, 327.53 514.1
F13 2302 329.40 323.5 36.56 0.1110 304.5 3475 4015 327.90,330.89 510.8
ERA-5 2302 839.38 900.0 112.2 0.1337 790.9 900.0 957.2 834.79, 843.97 -

H80 292 1033.1 1019.2 197.3 0.1910 893.37 11725 1376.1 1010.3, 1055.9 244.9
D87 292 507.47 4945 46.01 0.0906 475.25 528.75 601.17 502.16, 512.78 359.4
ExTrop W06 292 863.86 870.75 60.88 0.0704 823.37 905.0 960.72 856.84, 870.89 122.2
Ell 292 194.84 198.25 33.83 0.1736 172.0 220.5 247.72 190.94, 198.75 658.2
F13 292 21341 21475 26.49 0.1241 196.62 233.62 255.95 210.36, 216.47 639.7
ERA-5 292 85216 900.0 158.6 0.1861 790.05 954.85 1042.3 833.86, 870.46 -

H80 10938 891.89 9125 2958 0.3316 6525 11145 1389.1 886.34, 897.43 251.3
Full D87 10938 417.02 3825 100.4 0.2409 3425 4945 602.0 415.13, 418.90 372.2
basin W06 10938 730.34 7445 88.03 0.1205 678.5 792.0 851.0 728.69, 731.99 122.5
E11 10938 259.25 2545 60.06 0.2316 214.0 301.5 362.5 258.13, 260.38 520.3
F13 10938 269.34 265.0 57.12 0.2120 226.5 309.0 368.07 268.27, 270.41 510.5

ERA-5 10938 776.98 805.3 150.9 0.1942 706.0 900.0 942.03 774.15, 779.82 -
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Table S19

Global statistics for TC outer radius: including the mean (u), median, standard deviation (o), coefficient of
variation (CV), 25th percentile (P,5), 75th percentile (Ps5), 95th percentile (P,5) and the 95% confidence
interval (Cl). N represents the total data analysed and the outer radii are given in km.

Class Wind profile N U Median ¢ cv P, Py Py Cl

H80 60884 594.14 576.5 163.6 0.2755 490.0 688.5 901.0 592.83, 595.44]
D87 60884 390.99 362.0 91.16 0.2331 328.5 444.0 563.0 390.27, 391.72
TD W06 60884 649.96 657.5 82.96 0.1276 609.5 700.5 773.5 649.30, 650.62
Ell 60884 220.22 213.5 46.16 0.2096 195.0 236.5 307.5 219.86, 220.59
F13 60884 214.07 207.5 47.18 0.2204 186.5 232.0 304.5 213.70, 214.45

H80 68011 923.72 904.0 186.1 0.2015 782.5 1040.5 1258.5 922.33, 925.12
D87 68011 420.58 401.0 68.12 0.1619 365.5 475.0 537.5 420.07, 421.10
TS W06 68011 789.88 779.0 68.74 0.0870 7415 829.0 921.0 789.36, 790.39
Ell 68011 266.85 259.5 38.01 0.1424 243.0 282.0 338.0 266.56, 267.13
F13 68011 261.71 2545 39.99 0.1528 2355 279.0 337.0 261.41, 262.01

H80 36099 1236.3 1211.0 183.2 0.1482 1090.5 1364.5 1560.0 1234.4, 1238.1
D87 36099 392.08 381.0 58.14 0.1482 346.5 4345 495.0 391.48, 392.68
H W06 36099 834.40 820.5 64.73 0.0775 786.5 8755 957.5 833.74, 835.07
Ell 36099 304.33 298.0 32.56 0.1070 281.5 318.5 364.5 304.00, 304.67
F13 36099 300.89 2955 34.14 0.1134 277.0 316.5 364.0 300.54, 301.24

H80 14530 1333.5 1289.5 181.3 0.1359 1193.5 1447.0 1693.0 1330.6, 1336.5
D87 14530 319.04 3125 49.93 0.1565 283.0 356.5 407.5 318.23, 319.85
MH W06 14530 756.91 755.0 63.50 0.0839 716.62 796.5 863.0 755.87, 757.94
Ell 14530 331.02 323.5 36.24 0.1094 306.0 3445 403.0 330.43, 331.61
F13 14530 329.47 322.0 36.82 0.1117 304.0 344.0 402.0 328.87, 330.07

H80 157782 871.39 853.5 302.3 0.3470 626.0 1097.5 1379.5 869.89, 872.88
D87 157782 383.43 369.0 72.52 0.1891 337.5 416.0 5325 383.07, 383.79
Trop W06 157782 729.78 744.0 91.24 0.1250 675.5 794.0 858.5 729.33, 730.23
Ell 157782 267.03 265.5 55.63 0.2083 227.5 3025 357.0 266.75, 267.30
F13 157782 263.27 262.0 56.74 0.2155 222.0 300.0 355.5 262.99, 263.55

H80 43615 1227.8 1204.5 170.1 0.1385 1104.5 1329.0 1557.0 1226.2, 1229.3
D87 43615 355.58 353.5 52.95 0.1489 321.5 390.0 447.0 355.08, 356.07
HTrop W06 43615 792.08 794.0 55.36 0.0699 760.0 830.0 880.0 791.56, 792.60
Ell 43615 318.00 311.0 34.84 0.1095 295.0 332.0 385.5 317.67, 318.32
F13 43615 315.77 309.0 35.69 0.1130 292.0 330.5 384.5 315.44, 316.11

H80 21742 1173.3 1198.5 306.8 0.2614 9425 1419.5 1620.0 1169.2, 1177.4
D87 21742 492.16 486.0 49.47 0.1005 463.5 517.0 580.5 491.50, 492.81
ExTrop W06 21742 886.08 902.5 81.65 0.0921 848.0 936.0 995.5 885.00, 887.17
Ell 21742 240.12 2455 33.44 0.1392 2185 267.5 2835 239.67, 240.56
F13 21742 227.32 233.0 38.56 0.1696 201.0 259.0 278.0 226.81, 227.84

H80 179524 907.93 888.5 318.5 0.3508 652.0 1143.0 1450.5 906.46, 909.40
D87 179524 396.60 378.5 78.59 0.1981 3425 446.5 5435 396.23, 396.96

All TC stages W06 179524 748.71 756.5 103.5 0.1383 686.0 813.0 913.0 748.23, 749.19
Ell 179524 263.77 262.0 54.15 0.2053 226.5 297.5 3525 263.52, 264.02
F13 179524 258.92 257.0 56.10 0.2166 219.0 2945 351.0 258.66, 259.18
C16 578 909.4 881.0 2485 0.27 740.7 1054.4 - -

Pérez-Alarcén et al.: Comparative climatology of outer tropical cyclone size using radial wind profiles.
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Table S20
Mean outer radius (km) estimated using each radial wind profile in each basin.
Class Wind profile NATL NEPAC WNP NIO SIO SPO Global
H80 631.57 558.64 580.07 628.36 601.55 605.96 594.14
D87 399.77 356.98 392.13 417.94 399.91 403.99 390.99
TD W06 701.35 655.38 632.28 632.55 633.26 635.89 649.96
Ell 208.87 216.98 230.97 258.33 213.77 204.11 220.22
F13 194.35 206.54 217.47 245.51 227.33 218.93 214.07
ROCI 266.28 273.96 207.94 309.12 306.66 305.72 296.42
ERA-5 761.06 751.31 771.29 668.97 744.01 728.17 751.35
H80 962.21 824.32 951.00 916.26 903.94 919.74 023.72
D87 434.00 377.46 429.91 429.01 418.84 425.90 420.58
TS W06 821.21 758.40 794.95 750.88 764.73 774.52 789.88
El1l 252.12 266.77 275.91 309.35 271.15 262.88 266.85
F13 242.66 260.36 267.37 301.98 278.87 271.30 261.71
ROCI 337.33 318.24 337.02 309.45 321.95 324.34 327.78
ERA-5 815.11 799.27 837.07 704.8 790.52 791.54 806.17
H80 1319.3 1104.3 1235.6 1168.6 1189.8 1198.6 1236.3
D87 418.07 352.17 390.83 375.61 377.86 381.58 392.08
H W06 876.80 794.93 827.00 384.50 799.73 803.33 834.40
Ell 287.06 309.71 311.44 343.75 318.08 316.16 304.33
F13 281.54 306.30 307.08 340.23 321.90 320.10 300.89
ROCI 409.17 355.55 366.80 337.32 345.63 343.09 363.20
ERA-5 855.81 833.34 864.62 719.48 825.82 836.07 850.59
H80 1368.2 1191.4 1359.2 1256.7 1337.7 1320.8 1333.5
D87 334.33 289.64 319.36 302.15 324.98 319.48 319.04
MH W06 800.93 731.81 748.51 736.31 744.33 741.62 756.91
Ell 305.28 331.96 337.20 337.36 348.89 344.74 331.02
F13 302.64 330.25 335.10 335.53 350.96 346.76 329.47
ROCI 385.23 389.54 386.91 348.81 345.10 340.28 373.85
ERA-5 861.34 849.84 904.32 727.53 839.79 847.40 870.67
H80 914.07 804.65 906.41 813.06 841.32 840.17 871.39
D87 383.38 357.99 383.64 414.35 397.69 402.11 383.43
Trop W06 768.11 725.45 724.10 696.62 710.47 713.50 729.78
Ell 258.28 261.98 279.66 288.98 259.29 251.16 267.03
F13 250.71 255.17 271.87 279.54 268.46 261.08 263.27
ROCI 323.24 322.06 335.27 314.69 322.70 322.73 326.92
ERA-5 796.90 785.45 822.82 688.75 780.06 776.18 793.48
H80 1234.9 1124.6 1254.6 1193.5 1234.9 1232.3 1227.8
D87 363.39 335.07 357.20 354.87 361.02 363.67 355.58
HTrop W06 818.42 777.55 787.93 770.90 781.90 785.35 792.08
El1l 209.21 315.78 324.81 341.95 327.97 324.55 318.00
F13 205.50 312.85 321.56 338.91 331.24 327.93 315.77
ROCI 379.29 367.11 375.37 341.77 345.29 342.01 363.71
ERA-5 850.04 838.45 890.50 722.05 830.09 839.38 856.08
H80 1200.4 - 1150.2 - 984.10 958.63 1173.3
D87 488.37 - 500.92 - 486.11 498.09 492.16
ExTrop W06 889.77 - 886.33 - 842.96 841.38 886.08
E1ll 243.77 - 239.16 - 193.32 184.02 240.12
F13 230.55 - 224.05 - 210.98 204.25 227.32
ROCI 384.69 - 346.79 - 379.38 359.23 366.55
ERA-5 833.22 - 841.69 - 813.87 806.09 833.78

Pérez-Alarcén et al.:

Comparative climatology of outer tropical cyclone size using radial wind profiles.
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Fig. S1 Moisture uptake (greenish color) for tropical cyclones during tropical storms (TS), Hurricanes
(H, category 1 and 2 on the Saffir-Simpson scale) and Major Hurricanes (MH, category 3+ on Saffir-
Simpson scale) over the NIO basin during the pre-monsoon, monsoon and post-monsoon seasons for
the (a) Indian Summer Monsoon (ISM) and (b) East Asian Summer Monsoon (EASM). Red points
indicate the TCs position in each stage. In the top right of each map appears the number of TCs during

each monsoon phase
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Fig. S2 Moisture uptake (greenish color) for tropical cyclones during tropical storms (TS), Hurricanes
(H, category 1 and 2 on the Saffir-Simpson scale) and Major Hurricanes (MH, category 3+ on Saffir-
Simpson scale) over the SIO basin during the pre-monsoon, monsoon and post-monsoon seasons for
the (a) Southeastern African Monsoon (SEAM) and (b) North Australia Monsoon (NAM). Red points

indicate the TCs position in each stage. In the top right of each map appears the number of TCs during

each monsoon phase
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Fig. S3 Average total specific humidity in the atmospheric column (blue) and the mid-troposphere
(700-500 hPa) (orange) enclosed by the outer radius of tropical cyclones (TCs), and the average total
specific humidity computed using the Lagrangian diagnostic method (red) over the TCs area for (a)
North Indian Ocean and (b) South Indian Ocean. The shaded areas denote the 95% confidence interval.
G: Genesis, LMI: Lifetime Maximum Intensity, D: Dissipation, TS: Tropical Storm, H: Hurricanes

(category 1 and 2 hurricanes on the Saffir-Simpson scale) and MH: Major Hurricanes (category 3+

hurricanes on Saffir-Simpson scale)
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Table S1. Average outer radius (km) of tropical cyclones over the Western North Pacific (WNP),
Central and East Pacific (NEPAC) and South Pacific Ocean (SPO) basins during the tropical storm
(TS), hurricane (H, category 1 and 2 on the Saffir — Simpson wind scale) and major hurricanes (MH,

Category 3+) intensity categories.

Intensity WNP NEPAC SPO
Category
TS 732 703 727
H 804 774 788

MH 750 727 741
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Fig. S1. Climatological moisture uptake (mm/d) patterns on June-July-August (JJA) and September-
October-November (SON) during the TC (a) genesis, (b) lifetime maximum intensity and (c)
dissipation stages over the Western North Pacific Ocean basin. The vertically integrated moisture flux
(VIMF, kg/ms) and the mean sea level pressure (hPa) are represented by arrows and contours,

respectively.
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Fig. S2. Climatological moisture uptake (mm/d) patterns on June-July-August (JJA) and September-
October-November (SON) during the TC (a) genesis, (b) lifetime maximum intensity and (c)
dissipation stages over the Central and East North Pacific Ocean basin. The vertically integrated
moisture flux (VIMF, kg/ms) and the mean sea level pressure (hPa) are represented by arrows and

contours, respectively.
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Fig. S3. Climatological moisture uptake (mm/d) patterns on December-January-February (DJF) and
March-April-May (MAM) during the TC (a) genesis, (b) lifetime maximum intensity and (c)
dissipation stages over the South Pacific Ocean basin. The vertically integrated moisture flux (VIMF,

kg/ms) and the mean sea level pressure (hPa) are represented by arrows and contours, respectively.
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Introduction

This Supporting Information briefly describes the synoptic history of the 2017
major hurricanes formed in the North Atlantic basin and provides a detailed
example of the procedure to compute the moisture source contribution for
the precipitation associated with the 2017 North Atlantic major hurricanes
along their trajectories.

Text S1. Brief synoptic history of 2017 North Atlantic major
hurricanes

Hurricane Harvey

According to Blake and Zelinsky (2018), Hurricane Harvey formed from a
tropical wave that moved off the coast of West Africa on 17 August at 0600
UTC. The increasing northerly wind shear led to Harvey degenerating into a
tropical wave after reaching the tropical storm category. This tropical wave
moved quickly over the Caribbean Sea in the westward and northwestward
directions. On 23 August at 1200 UTC, after crossing over the Yucatan
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Peninsula, Harvey reorganised over the warm waters of Campeche Bay,
becoming a tropical depression that rapidly intensified into a Category 4
hurricane on the Saffir-Simpson Wind Scale at its maximum intensity, with a
200 km/h sustained wind speed and a central pressure of 937 hPa, before
making landfall near Rockport, Texas, US, on 26 August 2017. After making
landfall, the steady northwestward motion of Harvey stopped because it
became embedded in light steering currents between a mid-tropospheric
high and another high over the northern Gulf of Mexico.

Hurricane Irma

Hurricane Irma originated on 30 August at 0000 UTC from a tropical wave
that travelled from the west coast of Africa (Cangialosi et al., 2021). During
its west-northwestward movement, Irma underwent multiple cycles of rapid
intensification, supported by favourable environmental conditions such as
low-level wind shear, high moisture in the lower troposphere, and warm sea
surface temperatures (SST). The high-pressure system in the north of Irma
led to a change in its trajectory west-southwestward from 1 to 4 September,
but this south-west movement over higher SSTs favoured its intensification.
Later, erosion of the western side of the mid-level ridge on 4 September
caused Irma to turn west-northwestward. When Irma moved east-southeast
of Barbuda on 5 September at 1800 UTC, this hurricane reached its maximum
intensity with a maximum wind of 290 km/h and a central pressure of 914
hPa. Irma continued its trajectory west-northwestward over the seas north of
the Greater Antilles Arc until it made landfall again at Cayo Romano Cuba on
9 September at 0300 UTC as a Category 5 hurricane. The interaction of Irma's
circulation with the Cuban keys caused it to weaken significantly to a
Category 2 hurricane. Finally, Irma reintensified moving over the Florida
Straits before landfall at the Florida Keys on 10 September.

Hurricane Jose

Hurricane Jose was formed on 4 September at 0600 UTC. Similar to
Harvey and Irma, it originated from a tropical wave that departed from Africa.
A mid-tropospheric ridge north of Jose controlled its movement westward to
west-northwestward across the tropical Atlantic Ocean. Environmentally
favourable conditions such as warm SSTs and low vertical wind shear caused
Jose to undergo a rapid intensification process from 6 September at 0600 UTC
to 8 September 1800 UTC (Berg, 2018). At this time, Jose reached its peak of
intensification, with a 250 km/h maximum sustained wind and a minimum
central pressure of 937 hPa. According to Berg (2018), the cyclonic
circulation related to Hurricane Irma and a mid-latitude closed low on 12
September trapped Jose for approximately five days. The slow movement of
Jose and the influence of northerly shear, drier mid-level air, and a self-
induced oceanic cold wake weakened Jose. Nevertheless, by 17 September,
Jose strengthened as a hurricane, but afterward, a strong wind shear and cold
waters caused Jose to weaken into a tropical storm.

Hurricane Maria

Pasch et al. (2019) showed that Hurricane Maria originated on 16
September at 1200 UTC from a tropical wave that moved from the west coast
of Africa. The hurricane strengthened into a tropical storm when it bordered
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the south branch of the mid-level high-pressure area over the North Atlantic
Ocean. Weak vertical shear and warm SST caused Maria to intensify rapidly,
but it weakened after the interaction with the mountains of Dominica and
then strengthened again, peaking in intensity with 280 km/h maximum
sustained winds and 908 hPa minimum central pressure. Maria also made
landfall in Puerto Rico on 20 September at 1050 UTC, this phenomenon
weakened it slightly, but it intensified again as it moved towards the
northwest. Nevertheless, by 22 September, a moderate southwesterly
vertical shear limited any additional intensification. Maria also underwent an
extratropical transition by 30 September at 1800 UTC.

Hurricane Lee

According to Blake (2018), Lee was a long-lived TC formed on 14
September at 1800 UTC from a strong tropical wave that moved off the coast
of West Africa. After the genesis, the intensification of Lee was limited by a
moderate northerly shear and the presence of dry air in the mid-levels of the
atmosphere. Nevertheless, on 19 September, the interaction of Lee with a
mid-tropospheric trough led to the favouring of deep convection. According to
Blake (2018) by 20 September, Lee moved rapidly northeastward because
Lee’s low-level centre opened up into a trough. The persistent deep
convection around the TC centre led to Lee rapidly intensifying into a
hurricane on 24 September. After several eyewall replacement processes,
Lee reached its maximum intensity on 27 September at 1200 UTC, with a
maximum sustained wind speed of 190 km/h and a minimum central pressure
of 962 hPa. Twelve hours after peak intensity, Lee started to weaken,
gradually turn, and move northeastward.

Hurricane Ophelia

Hurricane Ophelia is of non-tropical origin (Stewart, 2018). Ophelia
originated on 6 October from a vigorous mid-to upper-level trough amplified
over the central subtropical Atlantic Ocean. On 8 October, Ophelia acquired
subtropical characteristics, but the entrainment of dry mid-level air limited
the development of deep convection. By 11 October at 1800 UTC, favourable
environmental conditions, such as low vertical wind shear, led to Ophelia
reaching the hurricane category. Continuous cycles of intensification caused
Ophelia to achieve on 14 October at 1200 UTC its maximum intensity, a
sustained wind speed of 190 km/h, and a central pressure of 959 hPa.
Despite the relatively cold SSTs, the tropospheric colder-than-normal
conditions supported the deep convection (Stewart, 2018). Nevertheless, the
interaction with a strong upper-level trough and jet stream caused the
extratropical transition to be completed on 16 October.

Text S2. Detailed example of the moisture sources contributions
estimate

We now present a detailed example of how the moisture contributions
were computed by considering more than one parcel that precipitated over a
target region. Figure Sla shows a schematic of the trajectories of four
particles that precipitate over a target region (red circle) and the moisture
contribution (in percentage) at each time step (6h in this case) along the
entire individual trajectory to the final moisture content. Notably, the sum of
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all contributions along each parcel trajectory is 100 % at the final point
(orange dot).

To represent the total contribution from the four trajectories in a gridded
plot, we averaged all contributions higher than zero in each grid. We
considered in this example, and for simplicity, grid cells of 52x52 (blue boxes
in Figure Sla). Therefore, the moisture contribution to the final precipitation
over the target region by each grid is shown in Figure S1b.
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Figure S1. (a) Schematic of the trajectory of four particles that precipitated
over the target region (red circle). Orange dots indicate regions where
precipitation occurs; the remaining coloured dots indicate evaporation
locations. Numbers indicate the contribution (in percentage) of each
evaporation location to the final precipitation along each parcel trajectory. (b)
Moisture contributions as an average of all contributions higher than zero in
grid cells of 52x52 (blue boxes).

To overview the computation of these moisture contributions to
precipitation, we briefly analysed a real case. Figure S2a illustrates the
trajectories of the 1812 precipitant particles identified over the area enclosed
by the outer radius (788 km, black circle) of Hurricane Irma on 31 August at
0600 UTC. The outer radius was estimated by applying the methodology
proposed by Pérez-Alarcén et al. (2021). The parcels travelled east-westward,
crossing over Africa, and from the North and South Atlantic Ocean.
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Figure S2. Figure S2. (a) Trajectory of all precipitant particles over the area
enclosed by the outer radius (black circle) of Hurricane Irma on 31 August at
0600 UTC. (b) Moisture sources’ contributions (%). The outer radius was
estimated via the methodology proposed by Pérez-Alarcén et al. (2021)

The moisture contributions (Figure S2b) were computed by applying the
aforementioned procedure. Notably, despite the lengthening of some parcels’
trajectories, the moisture contributions occurred from sources relatively close
to the target region. Sodemann et al. (2008) proposed that far away
evaporative sources contribute less and less to the precipitation over the
target region due to the precipitation en route.

Similarly, the moisture contributions along the complete lifetime of
Hurricane Irma every 6 h were computed. As an example, Figure S3 shows
the moisture contributions for precipitation inside the outer radius along 1
day of the hurricane movement, from 31 August at 0600 UTC to 1 September
0000 UTC.

Therefore, to estimate the total moisture source contribution (MSC) for the
precipitation associated with a tropical cyclone (TC) during its entire lifetime,
we added the moisture contribution (MC) of all TC positions. Figure S4a shows
the sum of all moisture contributions along the Hurricane Irma trajectory

5



(dates from the HURDAT?2 database) from 30 August at 0000 UTC (genesis

time) to 13 September at 1200 UTC (dissipation time). The final values were
notably higher than 100%.
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potions of

Hurricane Irma. The black circle represents the target region. The outer radius
was estimated by applying the methodology proposed by Pérez-Alarcén et al.

(2021).
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Figure S4. (a) Sum of moisture contributions of each position every 6
hours of the Hurricane Irma trajectory. The black box denotes the location of
the maximum value of that sum. (b) Moisture sources’ contributions (%) after
applying equation S1.

Next, we relativised the values of all contributions concerning the
maximum of that sum, using equation (S1):

MSC=—"2"  _.100 (S1)

where N represents the number of time steps of the TC.
That is, the moisture contribution values at each grid point of the pattern
shown in Figure S4a were divided by the maximum value of all grid points



(black box in Figure S4a). The result represents the moisture source
contribution for the precipitation associated with Hurricane Irma during its
lifetime (Figure S4b).
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