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RESUMEN/ABSTRACT

El ciclo hidrolégico o ciclo del agua, constituye una sucesion de fases por las que pasa el
agua en su movimiento de la atmosfera a la Tierra'y en su retorno a la misma: evaporacion
del agua del suelo, del mar y de las aguas continentales, condensacion en forma de nubes,
precipitacion, acumulacion en el suelo 0 en masas de agua y reevaporacion (WMO, 2012).
El transporte de humedad en la atmdsfera constituye la rama atmosférica del ciclo
hidrologico y es considerado el puente entre la evaporacion oceénica y la precipitacion
sobre continentes. Sin embargo, estudios locales, regionales y globales demuestran la
importancia de la evaporacion terrestre para la precipitacion continental mediante
procesos de reciclaje de humedad. El estudio de la rama atmosférica del ciclo hidrolégico
permite identificar el origen de la humedad que contribuye a la precipitacion sobre una
determinada region. De esta forma, numerosos estudios han investigado el origen de la
precipitacion continental e identificado las regiones fuentes de humedad mas importantes.
La identificacion de regiones fuentes de humedad constituye un reto para las ciencias
atmosféricas y un paso inicial para comprender mejor la variabilidad de la precipitacion
y la ocurrencia de eventos extremos como sequias e inundaciones Gimeno et al., (2010).
El objetivo de este trabajo, consistio en investigar el rol de la rama atmosfeérica del ciclo
hidrolégico en la relacién fuente — sumidero de humedad en grandes cuencas de rios
tropicales como las cuencas de los rios Congo y Niger en Africa, los rios Negro y Madeira
en la region amazonica de América del Sur, e Indus, Ganges y Brahmaputra en el sudeste
de Asia. Localizadas a lo largo de la regidn ecuatorial-tropical, la circulacion atmosférica
que controla el clima en estas cuencas se caracteriza por una inversién estacional de la
direccion del viento debido al calentamiento asimétrico entre los continentes y los
océanos. Esto provoca un régimen de clima monzoénico que se identifica por intensas
lluvias durante la estacion lluviosa con respecto a las precipitaciones sobre otras cuencas
de rios localizadas a lo largo de las mismas latitudes durante esta estacion. De igual forma,
se propuso investigar el impacto de la variabilidad de la contribucion de humedad desde

regiones fuentes en la ocurrencia de condiciones hiumedas y/o secas en las cuencas.

La sequia meteoroldgica es consecuencia de la ausencia prolongada o escasez acusada de
precipitacion (WMO, 2012) que pueden afectar zonas de gran extension. Su ocurrencia,

que esta determinada por parametros como la duracion, severidad e intensidad, da origen



a restantes tipos de sequia como la sequia hidroldgica, agricola y socioecondmica, siendo
uno de los fendbmenos climéaticos mas complejos que afectan el planeta. Una preparacion
efectiva contra sus impactos requiere una capacidad adecuada para monitorear, entender
y predecir este complejo fendmeno. La magnitud de sus impactos en regiones como las
grandes cuencas de rios tropicales, constituye un peligro para millones de habitantes que

en ellas habitan y precisan de sus recursos.

En la metodologia utilizada se utilizaron salidas globales del modelo de transporte
lagrangiano FLEXPART v9.0 para rastrear hacia detras o delante en el tiempo las masas
de aire sobre las cuencas en estudio. FLEXPART utiliza datos del reanalisis ERA-Interim
del Centro Europeo de Previsiones Meteoroldgicas a Plazo Medio (ECMWEF, por sus
siglas en inglés). Para ello se considerd la atmosfera homogéneamente distribuida en
parcelas de 1° de longitud y latitud, aproximadamente 2 millones. Una ventaja de este
modelo es que permite calcular a lo largo de las trayectorias y cada estimados aqui
establecidos de 6 horas, los cambios en la humedad especifica en las parcelas a través del
balance de evaporacion (E) menos precipitacion (P): (E - P). En el analisis hacia detras
en el tiempo, la integracion de (E - P) en la vertical desde 1000 hPa hasta 0.1 hPa permitio
obtener el balance total de humedad, y con ello identificar las regiones donde la ganancia
de humedad de una masa de aire era superior a la pérdida ((E — P) > 0)). Estas regiones
se consideraron como fuentes de humedad para las cuencas. EI método estadistico de
percentiles se utilizé para determinar las regiones con valores de (E — P) > 0 mas intensos.
Las fuentes se dividieron en oceénicas y continentales teniendo en cuenta la definicién de
areas geograficas. Una vez definidas las principales fuentes de humedad para cada
cuenca, se rastred hacia delante en el tiempo las masas de aire sobre cada fuente para
finalmente calcular sobre cada cuenca respectiva el balance de humedad integrado en la
vertical. En este experimento, los valores de (E — P) < 0 estdn asociados a una
contribucion de humedad desde la region de origen para la precipitacion sobre las
cuencas. Los valores de (E — P) < 0 fueron correlacionados con valores de precipitacion
en busca de determinar las mejores asociaciones. FLEXPART ha sido utilizado con el

mismo objetivo para estudios en diversas regiones del planeta.

Las condiciones hiimedas y/o secas se determinaron mediante el indice Estandarizado de
Precipitacion — Evapotranspiracion (SPEI por sus siglas en inglés) (Vicente-Serrano et

al., 2012). Basado en la misma metodologia que el indice Estandarizado de Precipitacion



(SPI, por sus siglas en inglés) propuesto por McKee et al., (1993), el SPEI posibilita
obtener un balance hidroclimatico para varias escalas temporales. Esto permite
determinar la escala temporal que mejor se ajusta al sistema en estudio. En la seleccién
del SPEI, se tuvo en cuenta una gran ventaja sobre otros indices de sequia multiescalar
como el SPI, y es que considera la influencia en la evapotranspiracion potencial. Esta
caracteristica resultd crucial teniendo en cuenta la presencia de amplias extensiones de
bosques himedos tropicales en estas cuencas. La Amazonia, por ejemplo, es el bosque
tropical méas extenso del mundo seguido de la selva del Congo. En el conjunto de
ecosistemas de estas cuencas los altos balances de energia influyen a favor de una
interaccion decisiva en la regulaciéon del ciclo hidroldgico. Algunos de los rios mas
extensos de planeta: Los rios Negro y Madeira, ambos afluentes del rio Amazonas, y el
Congo, Niger, Indus, Ganges y Brahmaputra fluyen a través de las cuencas en estudio.
En este trabajo se ha utilizado un indice de sequia hidroldgico, el indice Estandarizado de
Corriente Fluvial (SSI por sus siglas en inglés) (Vicente-Serrano et al., 2011), que permite

monitorizar y cuantificar la intensidad de las sequias fluviales.

Una vez obtenidas las condiciones secas y/o himedas en las cuencas, se determinaron las
anomalias en la contribucion de humedad desde las fuentes con el fin de determinar la
region (o regiones) cuya disminucion en la contribucion de humedad estuvo asociada al
déficit de precipitaciones sobre la cuenca. Un enfoque similar ha sido implementado por
otros autores para objetivos similares. Para su implementacion se consider6 su utilidad
para comprender mejor el ciclo hidrolégico, pero fundamentalmente la novedad de que
brinda para diagnosticar las causas de la ocurrencia de sequias o precipitaciones intensas.

Los resultados indicaron que la ganancia de humedad por masas de aire rastreadas hacia
detras en el tiempo desde cada cuenca, se produce fundamentalmente en los dias 1 y 2
anteriores y especialmente sobre las propias cuencas. Este resultado esta en consonancia
con multiples estudios que describen la importancia de los procesos de reciclaje de
humedad en las regiones himedas tropicales. La identificacidn de las fuentes se realizo a
escala anual o estacional teniendo en cuenta el ciclo anual de la precipitacion en cada
cuenca. Para la cuenca del Congo se identificaron nueve regiones fuentes fundamentales,
cuatro oceanicas y cinco terrestres. Las fuentes continentales se ubican en el centro y
noreste de Africa, en la region continental al oeste de la cuenca dividida en dos por la

desembocadura del rio Congo, la region continental al este de la cuenca y que se extiende



desde el norte de Somalia y Etiopia hasta aproximadamente los 20°S, y la propia cuenca.
En los océanos las fuentes resultaron delimitadas en el este del oceano Atlantico Sur
Tropical, en el oeste del océano Indico Sur tropical y el Mar Arébico ademas del Mar
Rojo. Para las cuencas asiaticas, las fuentes de humedad mas importantes para la
precipitacion son: en el continente asiatico la region ubicada al oeste de las cuencas, la
region de la India y las propias cuencas. Desde el océano estas cuencas reciben humedad
desde el Océano Indico, particularmente desde el Mar Arabico y la Bahia de Bengala. La
contribucion de humedad desde el Mar Arabico y en su conjunto el Océano Indico

occidental esta asociada al incremento de la precipitacion en el periodo monzonico.

Para la cuenca del Niger, las fuentes fueron identificadas para las estaciones seca y
lluviosa. En el periodo seco (noviembre — abril) las fuentes oceanicas son: el océano
Atlantico Norte Tropical adyacente a las costas occidentales de Africa, el océano
Atlantico Sur al sur de la cuenca, el Mar Mediterraneo e incluso parte del Mar Rojo. En
tierra, fueron delimitadas las regiones fuentes al oeste de la cuenca, al sur, al este y la
propia cuenca se consideré como fuente de humedad para si misma. La posicion de las
fuentes cambia poco en la estacion lluviosa, aunque destaca el incremento en la extension
de la fuente oceénica del Atlantico Sur y la contribucion desde el centro-ecuatorial de

Africa y el océano Indico.

Las principales fuentes de la cuenca Negro en el norte de la cuenca Amazonas, recibe
humedad desde el océano Atlantico tropical al norte y sur del Ecuador. Desde el
continente recibe humedad desde la propia cuenca, el resto de la cuenta del Amazonas y
el noreste de la cuenca. La cuenca Madeira recibe humedad igualmente desde las mismas
regiones oceanicas y en el continente desde ella misma, el resto de la cuenca del

Amazonas, y la region continental al sudeste de la cuenca y la region de los Andes.

Las masas de aire sobre las fuentes antes mencionadas se rastrearon hacia delante en el
tiempo para calcular finalmente las pérdidas de humedad ((E - P) <0) sobre cada cuenca.
Los valores obtenidos mostraron elevados valores de correlacion con la precipitacién
sobre las cuencas. Una cuantificacion de la contribucion de humedad de las fuentes y las
propias cuencas reveld que generalmente esta esta vinculada a la distancia de transporte.
En el caso particular de la cuenca del Congo, méas del 50% del total de la contribucion de

humedad que recibe la cuenca proviene de si misma; destacando la importancia del
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reciclaje de humedad en esta zona del centro ecuatorial de Africa. La eficiencia de las
fuentes que proporcionan humedad a esta cuenca depende de la tasa de evaporacion
terrestre y oceanica e influye en la cantidad de vapor de agua que se transporta hacia la
cuenca, haciendo que las fuentes sean mas o menos efectivas en terminos de precipitacion
sobre la cuenca. De hecho, la variabilidad espacial en los patrones (E -P) < 0 sobre la
cuenca del Congo, obtenido en las masas de aire desde cada fuente independientemente,
confirmd el vinculo entre la ubicacién geogréfica de las fuentes y la localizacién de los
mayores sumideros de humedad sobre la cuenca, que estan asociados con la circulacion
atmosférica. Estos patrones espaciales mostraron una buena correlacién con la
distribucion de precipitacion sobre la cuenca, lo que demuestra la capacidad de
FLEXPART para reproducir la variabilidad temporal y espacial de la precipitacion. En el
resto de las cuencas y de acuerdo a las referencias consultadas se confirmo el importante
papel del reciclaje de humedad en las regiones ecuatoriales tropicales. Los resultados
también revelaron las escalas caracteristicas concluyentes del transporte de humedad
atmosférica asociadas a la circulacion de los monzones de verano en America del Sur, el

oeste de Africa y el sudeste asiatico.

En la cuenca del Niger la influencia del transporte de humedad por vientos de region sur
desde el Atlantico Sur durante el periodo monzénico (mayo-octubre) es determinante. Sin
embargo, durante el periodo seco, la region noroeste del Atlantico Norte, Africa y el
Mediterraneo juegan ademas un rol fundamental. Para las cuencas asiaticas el
experimento de masas de aire rastreadas hacia delante revel6 el importante papel de las
regiones continentales en la contribucién de humedad a la precipitacién sobre la cuenca
Indus y Ganges durante el periodo monzénico; durante el cual las fuentes oceanicas mas
importantes para la cuenca del rio Brahmaputra son, la region del Mar Arabico y la Bahia
de Bengala. Sin embargo, durante este periodo la principal fuente de humedad es el

océano Indico para todas estas cuencas.

Las condiciones secas y humedas en las cuencas identificadas mediante el SPEI fueron
categorizadas de acuerdo al criterio de Mckee et al., (1993). En la cuenca del Congo se
seleccionaron los afios afectados por condiciones severamente y extremadamente secas
para investigar la contribucion de humedad desde las fuentes. Las anomalias de
divergencia VIMF se calcularon como informacion complementaria para evaluar las

condiciones dindmicas en la atmdsfera. En el periodo 1980-2010, los afios 1995 y 1996
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fueron afectados por condiciones de sequia severa y extrema respectivamente, mientras
que 1982 se caracterizd por condiciones severamente humedas. El estado de la sequia
hidroldgica se evaluo en la estacion hidrolégica de Kinshasa y se determino la escala
temporal de mayor impacto de la sequia meteoroldgica en el régimen hidroldgico del rio
Congo en esta localidad. EI papel de las fuentes que proporcionaron humedad durante
afios con condiciones severa y extremamente secas y hiumedas confirmo el papel clave de
la cuenca del Congo en la modulacién del equilibrio hidrico en si misma. Los resultados
mostraron que durante los afios humedos (secos), la contribucidn de humedad de la propia
cuenca a la precipitacion sobre si misma aumentoé (disminuy6). En promedio, el balance
de agua en la atmdsfera sobre la cuenca no fue homogéneo durante estos afios. Este
resultado sugiere que la investigacion del ciclo hidrolégico no deberia realizarse para toda

la cuenca en su conjunto.

En la Cuenca del rio Niger, condiciones secas prevalecieron durante los periodos1982-
1988, 1998-2002, y 2009-2011. Las estaciones bajo condiciones severas Yy
extremadamente secas fueron afectadas al azar por la contribucion de la humedad del
Océano Atlantico Sur, que es la fuente oceanica méas importante. La posicion de la Zona
de Convergencia Intertropical y su influencia en el tiempo de residencia del vapor de agua
en la atmosfera pueden ser responsables de la respuesta desigual de la fuente del Atlantico
Sur en estos casos extremos. Las anomalias en el flujo vertical integrado de humedad
(VIMF, por sus siglas en inglés) y la radiacion de onda larga saliente (OLR, por sus siglas

en inglés) para cada caso apoyan los resultados previos.

El rol de las fuentes en la contribucion de humedad para la ocurrencia de precipitacion
durante condiciones severas y extremadamente secas y humedas en las cuencas del Indus,
Ganges y Brahmaputra (IRB, GRB y BRB respectivamente), se evaluaron para los
periodos (noviembre-abril) y (de mayo a octubre), este ultimo asociado a la ocurrencia
del monzén del sudeste asiatico. Se confirmé el papel crucial de las fuentes de humedad
mas importantes (por ejemplo, la region de la India, el Océano indico, la Bahia de Bengala
y las propias cuencas) en proporcionar menos (mas) humedad durante condiciones secas
(himedas) en los periodos (noviembre-abril) y (mayo a octubre). La contribucion de
humedad desde el Océano Indico es determinante para en el inicio del monzon, después

del cual la contribucion de humedad de las fuentes de humedad continentales se destaca.
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Las condiciones secas y humedas en la cuenca del rio Amazonas no ocurrieron
simultaneamente en toda su extension durante el periodo de estudio. Sin embargo, la
cuenca del rio Negro y del rio Madeira fueron simultdneamente afectadas por condiciones
secas intensas en el periodo 2015-2016. Aqui se analiz6 el impacto de la sequia
meteoroldgica en el nivel del agua de los rios Negro y Madeira. A lo largo de los cinco
episodios secos mas severos en la cuenca del rio Negro, las anomalias en la contribucion
del Océano Atlantico Norte Tropical principalmente, y el Océano Atlantico Sur Tropical,
parecieron estar asociadas con la evolucién temporal del SPEI. Esto también se observd
para la cuenca del rio Madeira, donde tanto las fuentes oceanicas como terrestres
desempefiaron un papel importante. En promedio, los episodios estuvieron asociados a
una reduccion en la contribucion de la humedad atmosférica desde las fuentes, y en
anomalias positivas de divergencia del VIMF sobre las cuencas. La contribucion de la
humedad de las fuentes oceanicas modula el inicio y fin de la estacién lluviosa. Sin
embargo, para la cuenca del rio Madeira, el transporte de humedad atmosférica desde el
resto de la cuenca del Amazonas es crucial para la duracion de la estacion Iluviosa.
Durante "El Nifio", generalmente ocurre una reduccion (aumento) de la contribucion de
humedad a la cuenca del rio Negro (cuenca del rio Madeira; principalmente de abril a
agosto) desde casi todas las fuentes, causando una disminucién en la precipitacion. En

general, ocurre lo contrario durante " La Nifia ".

Este estudio investigo el papel del transporte de humedad atmosférica, como puente entre
la evaporacién en los océanos y la tierra, y finalmente la precipitacion y etapas posteriores
en el ciclo hidroldgico en grandes cuencas fluviales tropicales afectadas por un régimen
de clima monzonico. El enfoque de lagrangiano permitio el establecimiento de la relacién
fuente-sumidero de humedad atmosférica. Resultados y explicaciones mas detalladas para
cada cuenca hidrografica se encuentran en los manuscritos. Este método resulto util para
comprender mejor el ciclo hidrol6gico y esencialmente, para diagnosticar las causas de

las sequias.

El conjunto de resultados obtenidos como parte del trabajo de investigacién desarrollado
durante la realizacion de esta Tesis Doctoral se estructura en este documento de la
siguiente forma. El Capitulo 1 describe una introduccion general sobre el estado del arte
de las investigaciones relativas al ciclo hidrologico y especificamente el transporte de

humedad en la atmosfera. En el Capitulo 2 se plantean los objetivos. En el capitulo 3 se

vii



describen los métodos y técnicas utilizados, pero ademas se citan, explican y comparan
diferentes técnicas y métodos utilizados con los mismos fines por otros autores a nivel
global. En el Capitulo 4 se incluye un compendio de cinco manuscritos redactados durante
el periodo de doctorando. Finalmente, en el Capitulo 5 se exponen las Conclusiones

seguido de los Apéndices y Referencias.
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ABSTRACT

The transport of moisture in the atmosphere is considered the bridge between the ocean
and land evaporation and later the precipitation. This work aimed to investigate the role
of the atmospheric branch of the hydrological cycle in the source-sink of moisture
relationships for major tropical river basins, namely, the Congo and Niger in Africa, the
Negro and Madeira in the Amazon region in South America, and the Indus, Ganges, and
Brahmaputra in Southeast Asia. Besides their location along the tropical region, the
atmospheric circulation controlling the climate in these basins is characterised by
seasonal wind reversals due to asymmetric heating between the land and oceans causing
a monsoonal regime that results in the heavy rainy season with respect to other tropical

river basins.

For modelling the air masses trajectories, the Lagrangian particle dispersion model
FLEXPART v9.0 was used with data from the reanalysis product ERA-Interim of the
European Centre for Medium-range Weather Forecast (ECMWF). FLEXPART allow us
to track backward in time atmospheric air masses over the basins while calculating
changes in the specific humidity through the budget of evaporation minus precipitation
(E — P). This permitted the identification of the regions where the air masses uptake
humidity before arriving at the basins. The spatial pattern of the (E — P) provides the
transport distance, but also the most important moisture sources according to the intensity
of the (E — P) > 0 values. The results indicated that moisture uptake principally occurs in
the basins themselves, surrounding continental regions, and the oceanic regions in the
Atlantic for the basins in the Amazon, in the Atlantic and the Indian Ocean for the African
basins, and in the Indian Ocean for Asian River Basins. The Vertically Integrated
Moisture Flux (VIMF)

supports these results.

Once the sources were identified, the air masses over them were tracked forward in time
to finally compute moisture loses ((E — P) < 0) over the target basin that were considered
to contribute to the precipitation. The moisture contribution from the sources and basins
themselves revealed that the contribution is generally linked to the transport distance and

supports documented information regarding the important role of moisture recycling in



tropical-equatorial regions. The results also revealed the conclusive characteristic scales
of the atmospheric moisture transport for the South American, West African, and Indian

Summer Monsoons.

Dry and wet conditions in the basins were identified through the Standardised
Precipitation-Evapotranspiration Index (SPEI). We selected a few years affected by
severe and extremely dry and/or wet conditions to investigate the moisture contribution
from the sources. The VIMF divergence anomalies were calculated as complementary
values to assess the dynamic conditions in the atmosphere. In the Congo River Basin
(CRB), the hydrological drought conditions were quantified at the Kinshasa gauging
station using the Standardised Streamflow Index (SSI) (Vicente-Serrano et al., 2012).
Here was analised the impact of meteorological drought on the hydrological regime. The
role of the sources that provided moisture during years with extreme and severe
conditions confirmed the key role of the Congo River Basin in modulating the water
balance within itself. The results showed that during wet (dry) years, the contribution of
moisture ((E-P)i10 < 0) from the CRB to precipitation over itself increased (decreased).
On average, the water balance in the atmosphere over the CRB was not homogenous
during these years, indicating a distinct role within itself. This result confirmed that
research on the hydrological cycle should not be conducted for the entire basin as a whole.

In the Niger River Basin (NRB), seasons under severe and extremely dry conditions were
randomly affected by the contribution of humidity from the South Atlantic Ocean, which
is the most important oceanic source. The position of the Intertropical Convergence Zone
and its influence on the residence time of the water vapour in the atmosphere may be
responsible for the unequal response of the eastern South Atlantic Ocean for these
extreme cases. Anomalies in the VIMF and the Outgoing Longwave Radiation (OLR) for
each case support the previous results.

The roles of the sources in the moisture contribution to precipitation during severe and
extremely dry and wet conditions in the Indus, Ganges, and Brahmaputra River Basins
were assessed through the Westerly Precipitation Regime (WPR) (November—April) and
Monsoonal Precipitation Regime (MPR) (May—October) composites. This confirmed the
crucial role of the most important moisture sources (e.g., Indian region (IR); Indian Ocean

(10); Bay of Bengal (BB), and the basins themselves) in providing less (more) humidity
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during dry (wet) conditions in both the WPR and MPR periods. The 10 plays a crucial
role on the Monsoon onset, after which the moisture contribution from continental

moisture sources commence to play a fundamental role.

Dry and wet conditions within the Amazon River Basin did not typically occur
simultaneously during the study period. However, the Negro River Basin (NeRB) and the
Madeira River Basin (MRB) were simultaneously affected by intense dry conditions in
2015-2016. Here was analysed the impact of meteorological drought on the water level
of Negro and Madeira rivers. Throughout the five most severe dry episodes in the NeRB,
the anomalies in the contribution from the Tropical North Atlantic Ocean (TNA)
principally, and the Tropical South Atlantic Ocean (TSA), seemed to be associated with
the SPEI temporal evolution. This was also observed in the MRB, but both oceanic and
terrestrial sources played an important role. On average, the episodes were associated
with a reduction in atmospheric moisture contribution from the sources, and subsidence
based on predominantly positive VIMF divergence anomalies over the basins. The
moisture contribution from the oceanic sources modulates the rainy season onset and
demise. However, for the MRB the atmospheric moisture transport from the rest of the

Amazon basin is crucial for the rainy season length.

This study investigated the role of atmospheric moisture transport, as a bridge between
evaporation in the oceans and the earth, and finally the precipitation and subsequent
stages in the hydrological cycle in large tropical river basins affected by a monsoon
climate regime. The Lagrangian approach allowed the establishment of the source-sink
relationship of atmospheric moisture. The results and more detailed explanations for each
river basin are found in the manuscripts. This method was useful to understand better the

hydrological cycle and, essentially, to diagnose the causes of droughts.
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Introduction

1.1 The Hydrological Cycle in the Climate System

Water plays a crucial role in all aspects of life on Earth. A component of the climate
system, the global hydrosphere consists of various reservoirs (subsystems) connected by
a succession of stages through which water passes from the atmosphere to the Earth and
returns to the atmosphere. This occurs through evaporation from the land, sea, or inland
water, condensation to form clouds, precipitation, interception, infiltration, percolation,
runoff, accumulation in the soil, or in bodies of water, and re-evaporation (World
Meteorological Organization (WMO), 2012)). This complex scheme is called the “water
cycle” or the “hydrological cycle” (Peixoto and Oort, 1992; WMO, 2012, Palazzi and
Provenzale, 2016). The essence of the hydrological cycle overall is that water evaporates
in one place(s) and precipitates in another. Generally, evaporation exceeds precipitation
over the oceans allowing moisture to be transported by atmospheric winds onto land
where the precipitation exceeds evapotranspiration and the runoff flows into rivers which
discharges into the ocean, completing the cycle (Figure 1) (Trenberth et al., 2011). The
importance of the oceans is unquestionable because they hold approximately 97% of the
world’s water reserves (Baumgartner and Reichel, 1975). According to global climate
dataset reanalyses, the majority of evaporation and also precipitation occurs over the
oceans (Figure 2). Thus, oceans play a key role in the precipitation moisture supply over
the continents (Gimeno et al., 2010). However, on average, 40% of the terrestrial
precipitation originates from land evaporation (van der Ent et al., 2010). According to
these authors, high regional recycling ratios occur over very wet areas such as the tropical

forests of South America, Africa, and Southeast Asia.
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Figure 1. The hydrological cycle. Estimates of the observed main water reservoirs (black
numbers, in 103 km®) and the flow of moisture through the system (red numbers, in 103 km?® yr -
1) for the period 2002-2008. Figure from Gimeno et al., (2012) adjusted from Trenberth et al.,
(2007, 2011).

Gimeno (2013) considered the identification of moisture sources a challenge for the
atmospheric sciences. The atmospheric branch of the hydrological cycle transports the
vapour, liquid, and solid water phases of the clouds by the general circulation of the
atmosphere, and the terrestrial branch of the hydrological cycle is responsible for the
surface and subterranean runoff (Peixoto and Oort, 1992). The atmospheric branch
contains just a minor fraction of the Earth’s total water reserves and presents a crucial
interface between the physical climate (such as large-scale rainfall patterns) and the
ecosystems upon which human societies ultimately depend (Alan and Liepert, 2010). The
interface is considered the bridge between the ocean evaporation and precipitation. Thus,
researchers usually attempt to investigate the atmospheric branch of the hydrological
cycle to establish the source-sink relationship of atmospheric moisture (e.g. Stohl and



James, 2004, 2005; Dirmeyer et al., 2009; Sodemann and Stohl, 2009; Gimeno et al.,
2010, 2012; van der Ent et al., 2010).

Estimates of the observed hydrological cycle for 8 reanalyses for 2002-2008  (*1990)
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Figure 2. Estimated values of the observed hydrological cycle using eight reanalyses for 2002—
2008, with the exception of ERA-40 that began from 1990 (colour coded as given at the bottom
of the figure). For the ocean-to-land water vapour transport, the three estimates given for each are
(1) the actual transport estimated from the moisture budget (based on analysed winds and
moisture), (2) E-P from the ocean, and (3) P-E from the land that should be identical. Units: 1000
km? yrt. Figure from Gimeno et al., (2012), adapted from Trenberth et al., (2011).

1.1.1 The Hydrological Cycle in humid tropics

The hydrological cycle in humid tropical regions differs from other regions by
having greater energy inputs and faster rates of change, including human-induced change
(Wohl et al., 2012). The hydrological characteristics of humid tropical climates are
determined by rainfall, runoff, soil water storage, and evapotranspiration (Lal, 1993). The
humid tropics lie between the Equator and 25° in both the Northern and Southern
Hemispheres and include areas where the precipitation exceeds evaporation for at least
270 days per year (Wohl et al., 2012). However, the tropical zone encompasses some of
the wettest locations on Earth, as well as some of the world’s driest deserts (Trewin,

2014). Figure 3a shows three types of climates in the tropical region, according to the



Koppen-Geiger climate classification (Koppen, 1936) and river basin boundaries. A river
basin (or 'catchment’) is the entire area having a common outlet for its surface runoff
(WMO, 2012). The tropical rainforest zones mainly cover the northwest of the Amazon
River Basin, Central Equatorial Africa, and Oceania. The major areas are characterised
by tropical monsoon and savannah climates. Tropical river systems, wherein much of the
drainage basin experiences a tropical climate are strongly influenced by the annual and
inter-annual variations of the Intertropical Convergence Zone (ITCZ) and its derivative
monsoonal winds (Syvitski et al., 2014). The regional monsoon precipitation location
domains according to Wang et al., (2012) are shown in Figure 3b. Some of the major
tropical river basins in the world, such as the Amazon, Congo, and Ganges are positioned

within these monsoon climate regions.
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Figure 3. a): Tropical regions of the world (from Peel et al., 2007) superimposed on the drainage
basins (by Syvitski et al., 2014). b): The regional monsoon precipitation domains (green) defined
by the regions in which the annual range of precipitation rates exceed 2 mm/day (or 300 mm per
season), and the local summer precipitation exceeds 55 % of the total annual rainfall (adapted
from Wang et al., 2012). The annual range is defined as May through September (MJJAS)
precipitation minus the November through March (NDJFM) precipitation in the Northern
Hemisphere, and the NDJFM minus the MJJAS precipitation in the Southern Hemisphere.
Rectangular domains in black define the common areas for regional studies of monsoon areas and
their names: North American Monsoon (NAM), South American Monsoon (SAM), West African



Monsoon (WAM), and the Indian Summer Monsoon (ISM). The threshold value used in this map
to distinguish the monsoon climates from the adjacent dry regions where the local summer
precipitation was less than 1 mm/day (stippled, orange).

Forests play a key role in local, regional, and global climate regulation due to their
influence on the water cycle. Some of the densest forests are distributed in major humid
tropical river basins like the Amazon, Congo, and the Ganges and Brahmaputra in
Southeast Asia. Tropical forests cool the climate due to their very high transpiration rates
where the moisture transferred to the atmosphere forms large clouds that reflect the
incoming solar energy and induce further cooling (Betts, 2006). The primary results of
Brooks (1928) indicated that two-thirds of the rainfall over land is due to water vapour
evaporated from land and therefore, changes in vegetation cover may affect the total
rainfall, but not immensely. In contrast, recent studies suggest that forest cover plays a
higher role in determining rainfall than previously recognised (Sheil and Murdiyarso,
2009) particularly in monsoonal regions (Notaro et al., 2011) like West Africa (Zheng
and Eltahir, 1998; Douville et al., 2007; Marsham et al., 2013), the Indian Subcontinent
(Duttaetal., 2009; Pathak et al., 2014, Paul et al., 2016), and the Amazon region (Tavares,
J.P.N, 2012; Hilker et al., 2014; Wright et al., 2017). Pathak et al., (2014) described how
monsoons enhance the soil moisture and vegetation cover in the Indian region, increasing
evapotranspiration and recycled precipitation. According to Eltahir (1998), the soil
moisture conditions over any large region should be associated with relatively large moist
static energy in the boundary layer that favours the occurrence of additional rainfall. The
most intense monsoons use more local sources of water than the least intense monsoons,
but only after onset of the event (Bosilovich et al., 2003). Figure 4 presents a schematic

representation of the interactions discussed above.



Figure 4. Schematic representation of the precipitation (P), evaporation (E), transpiration (T),
runoff (R), groundwater flow (GF), and water level (WL) at the onset of the rainy season (time,
t) and after the demise (t =t + 1) in a humid river basin.

1.2 Problem overview

Variations in freshwater availability is one of the most limiting parameters for
sustaining life, agriculture, and other activities. Extremes events linked to the
hydrological cycle, such as droughts and floods, have been more frequent and intense
during the last decades, causing substantial damage throughout the world (Haines et al.,
2006; Sheffield et al., 2012; Intergovernmental Panel on Climate Change (IPCC), 2014;
Herrera-Estrada et al., 2017), particularly in humid tropical regions such as the Amazon
region (Marengo et al., 2012; Jiménez-Mufioz et al., 2016), Central Equatorial Africa
(Aguilar et al., 2009), the Sahel (Zeng, 2003, Tschakert et al., 2010), and the Indo
Gangetic region in Southeast Asia (Hartmann and Buchanan, 2014; Priya et al., 2017).
Such events are expected to increase in severity and frequency modifying the regional
distribution of freshwater, thereby causing serious impacts on natural ecosystems,
economies, and social development (Trenberth, 2005; Sohoulande-Djebou and Singh,



2016; IPCC, 2014). In general, experts agree that the best approach to conserving the
world's freshwater resources is through the sustainable management of river basins
(Sushant et al., 2015). Better management of water resources and adaptation to the
expected changes requires reliable hydrological cycle predictions. However, such
predictions must be grounded in the changes already observed in the data (Hegerl et al.,
2015). Usually, events like droughts and floods in humid tropical regions are associated
with Sea Surface Temperature (SST) variability (e.g. Erfanian et al., 2017; Lima and
AghaKouchak, 2017; Hua et al., 2016; Pervez and Henebry, 2015; Roxy et al., 2015, Bian
and Lu, 2013) and changes in atmospheric circulation (e.g. Chowdhury and Ward, 2004;
Dezfuli and Nicholson., 2013; Lu et al., 2014; Paeth et al., 2011; Marengo et al., 2013)
sometimes related to climate variability events such as the EIl Nifio-Southern Oscillation
(ENSO) (e.g. Marengo and Espinoza, 2016; Ndehedehe et al., 2017), the Atlantic
Multidecadal Oscillation (AMO) (e.g. Knight et al., 2006; Joshi and Rai, 2015), and the
Indian Ocean Dipole (10) (e.g. Pervez and Henebry, 2015). Nevertheless, the related
mechanisms and feedbacks on the hydrological cycle are still not well understood,
particularly those operating at multiple scales or during extremes events in humid tropical

river basins where forests play a key role in the hydrological cycle.



Objectives

As was stated in the introduction, precipitation in the humid tropics is determined
by moisture supplies from the oceans and continents through intense precipitation-
evapotranspiration recycling. Gimeno et al., (2010) considered the identification of
moisture sources as a challenge for the Atmospheric Sciences and a necessary initial step
to further understanding of precipitation variability and events such as floods and
droughts. Considering this, and the problem overview, a better understanding of the
atmospheric branch of the hydrological cycle could clarify the origin of precipitation and
the role of moisture inputs during extreme dry and/or wet conditions in the major tropical
humid river basins. To introduce the objectives and results of the study, the initial
objective was to describe the state-of-the-art hydrological cycle at the target river basins.

The main objective of the work was to:
Identify the moisture sources for seven major tropical river basins.

Once identified, the listed set of specific objectives were used to drive the study:

e Describe the annual cycle of the precipitation, potential evapotranspiration,
river discharge, and/or river water levels.

e Quantify separately the moisture contribution from the oceanic and
continental sources to each basin.

e Assess the role of the moisture contribution from the sources on the
onset/demise of the rainy season in the Negro and Madeira River Basins in
the Amazon, Indus, Ganges, and Brahmaputra River Basins in South East

Asia.



Identify the dry and wet conditions in the basins.

Identify the dry and wet hydrological conditions at the main rivers.
Assess the time responses from meteorological to hydrological droughts.
Assess the moisture contribution anomalies from the sources to the basins
during the seasons, and/or years affected by severely dry, extremely dry,

and/or wet conditions or dry episodes.



Methodology

3.1 The model FLEXPART

Build on the code base of the FLEXible TRAjectory model (FLEXTRA) (Stohl et
al., 1995, 1998), the FLEXible PARTIcle dispersion model (FLEXPART) is an open
source Lagrangian model originally designed in 1998 for calculating long-range and
mesoscale dispersion of air pollutants from point sources (Stohl et al., 2005). Since then,
numerous versions of the model have been released implementing a number of technical
changes and bugfixes as well as improved representation of physical processes. The
model has even been adapted for meteorological input data produced by limited area
meteorological models such as the Weather Research Forecast (WRF), the Consortium
for Small-scale Modelling (COSMO), and the Fifth-Generation Penn State/NCAR
Mesoscale Model (MMS). It has been used for modelling a large range of atmospheric
transport processes such as air pollutants at the micro (Cécé et al., 2016), meso (Brioude
et al., 2012; 2013), and synoptic scales (James et al. 2003; Stohl et al., 2003), the
stratosphere-troposphere exchange (Stohl et al., 2003b; James et al., 2003), and the global
water cycle (Stohl and James, 2004, 2005; Gimeno et al., 2010, 2012).

FLEXPART tracks a set of tracer particles (not necessarily representing real particles, but
infinitesimally small air parcels) either forward in time from a source region or backward
in time from a measurement location (receptor) (Stohl et al., 2005; Hegarty et al., 2013)
allowing the identification of linear source-receptor relationships. Each particle is
assumed to be transported by advective wind fields. Thus, FLEXPART requires the three-
dimensional fields such as the horizontal and vertical wind components, and additionally

temperature and specific humidity data. Reanalysis datasets from the European Centre for
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Medium-Range Weather Forecast (ECMWF) and the National Centre for Environmental
Prediction (NCEP), along with outputs from models like the Global Forecast System
(GFS), WRF, and MMS5, can be used if they are defined by a hybrid coordinate system.
FLEXPART also requires the two-dimensional fields such as those for the surface
pressure, total cloud cover, 10 m horizontal wind components, 2 m temperature and dew
point temperature, large-scale and convective precipitation, sensible heat flux, east/west
and north/south surface stress, topography, Landsea-mask and the sub-grid standard

deviation of topography.

The parametrisations of turbulence and convection are implemented in FLEXPART are
particularly important to simulate the effects of moisture (i.e., clouds). A Gaussian
turbulence is used in FLEXPART that is strictly valid only for stable and neutral
conditions. Under convective conditions, the turbulence in the vertical direction is highly
inhomogeneous and skewed, that is, the downdrafts occupy larger areas than the updrafts.
In the boundary layer, such turbulent convective motions can be parameterised by a
Lagrangian technique by solving the Langevin equations (Forster et al., 2007). The
parameterisation scheme for convective transports by Emanuel and Zivkovic-Rothman
(1999) relies on the grid-scale temperature and humidity fields and calculates a
displacement matrix providing the necessary mass flux information for particle
redistribution was introduced into the FLEXPART model by Seibert et al., (2001, 2002).
The transition probabilities are given in a discrete form in a so-called redistribution matrix
that is calculated from the temperature and humidity profiles. Because convection
manifests as concentrated updrafts with a high vertical velocity and weak compensating
subsidence occupying a larger area, the redistribution matrix is not symmetric. In a
backward run, particles must be redistributed from the destination level back to the initial
level. Thus, the transposed redistribution matrix has to be used. This means that the
probability of a particle arriving at its present level from another level is considered
(Seibert and Frank, 2004). Stohl and James (2004, 2005) investigated the atmospheric
branch of the hydrological cycle using FLEXPART and argued that global datasets do
not resolve individual convective cells, although they can reproduce the large-scale
effects of convection, for example, the slantwise convection in extratropical cyclones.

These authors did not use the convection scheme developed by Emanuel and Zivkovic-
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Rothman (1999) because it redistributes particles only within a single column that
conserves the precipitable water and, thus, does not affect the evaporation minus

precipitation budget.

Further improvements in new versions of FLEXPART have been made (e.g.
improvements in the input/output handling). More details of the model are given by Stohl
et al., (2005) and several technical notes are currently unpublished but available at:
https://www.flexpart.eu/. In this forum, the model community creates and shares tickets
with the development team inclusive of bug reports, proposals for enhancements, and

other information.

3.1.1 Identification of moisture sources and sinks with FLEXPART

FLEXPART has multiple options for how particles are generated and what they
represent (air, or a certain trace gas that might be emitted during the simulation). During
the study period, the atmosphere was considered homogeneously “filled” with particles,
each representing a fraction of the total atmospheric mass. This representation was used
as an extensive global air mass transport climatology scenario obtained from a backward
time experiment. The experiment was provided by the Environmental Physics Laboratory
(EPhysLab), at the University of Vigo, Spain. In this Lagrangian approach it is assumed
that the specific humidity changes along trajectories are due to physical processes, i.e.

evaporation and precipitation (Figure 5).
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Figure 5. Schematic illustration of an air parcel that gains and loses moisture during its spatial
and temporal journey (black dots) along with its trajectory (black line). The specific humidity
content of the air parcel is given in blue for each time step. An identified evaporation event is
illustrated in green and two precipitation events in red. Based on the time between the evaporation
event and the final precipitation event (weighted by the effective contribution of the evaporated
moisture to the final precipitation), the residence time can be calculated. From Léaderach and
Sodemann (2016).

Along the trajectories obtained with FLEXPART it is possible to compute the
budget of the evaporation minus the precipitation (e — p). The backward time analysis
allows for the determination of the potential source contributions for given receptors
(Stohl et al., 1995). The backward mode is computationally advantageous if the number
of receptors is less than the number of sources considered (Seibert and Frank, 2004). The
advection of air parcels mainly consists of a “zero acceleration” scheme that solves the

trajectory equation (1),

dx/dt = v[x(t)] (1)

where dx is the position of the parcel and v[x(t)] is the spatial and temporally interpolated
wind speed. The gain (through evaporation from the environment, e) or loss (through
convection and precipitation, p) of the specific humidity (q) by each parcel is calculated

following the equation (2). Thus,
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dq

(e—p)=m(5) 0

where m is the mass of a parcel, and dt the interval of time set in these experiments as
every 6 h. Integrating (e — p) in the entire atmospheric vertical column for all the resident
particles obtains a diagnosis of the surface freshwater flux, represented by (E — P) (Stohl
and James, 2004) in equation (3), where K is the number of particles in residence over a

specific area A:

k —
(E - P) ~ W 3)
Along the individual trajectories, q fluctuations can occur for nonphysical reasons (e.g.
because of q interpolation or trajectory errors), a limitation that is partially compensated
for by the presence of significant quantities of particles in the atmospheric column over

the target area.

In some regions, atmospheric moisture is not precipitated but merely flows
through. In other regions, the moisture convergence ensures that precipitation occurs
(Pokam et al., 2012). FLEXPART can track parcels backward and/or forward in time. An
analysis performed backward in time distinguishes the origin of the atmospheric moisture
in the air masses over the basins, enabling us to identify the main oceanic and continental
sources of moisture. In the backward experiment, a region is then considered as a
moisture source when (E — P) > 0, and the net moisture budget of the tracked particles
favours evaporation from the environment to the particles. The opposite occurs in
moisture sink regions, where (E - P) < 0, i.e. the associated moisture budget favours
moisture loss from the tracked particles to the environment. In the forward experiment,
the approach is the same and thus, the moisture loses computed in air masses from a
source over a basin is considered to contribute to the precipitation. Both (E - P) >0 and
(E — P) < 0 were computed by integrating the values during 10-day cycles in back and
forward mode, respectively. This 10-day length is considered as the mean residence time
of water vapour in the atmosphere (Eltahir and Bras, 1996; Numaguti, 1999), but the

results could vary if the integration is performed over a different number of days. This
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topic is currently controversial as the studies from Laderach and Sodemann (2016) and
van der Ent and Tuinenburg (2017) demonstrate. The first study used estimates of about
4-5 days for the global mean residence time, while the second derived a global average
residence time of 8.9 £ 0.4 days (that is nearest the assumption in this thesis and the
commonly assumed value). Regardless, in this study, for the backward and forward
trajectories, the sum of the daily (E - P) values of the four daily outputs (00, 06, 12, and
18 h) were calculated daily from the first day of the trajectory to the last along the n' day
(n=1, 2, ..., 10), and the (E — P) value for each day was entitled as (E - P)n-day. For further
clarity, the spatial pattern (E - P)3 indicates where the air masses uptake or lose moisture
in the third day of the trajectory. The (E - P) integrated for the 10-day period is named
throughout as: (E - P)i10.

3.1.2 Methods for diagnosing the atmospheric branch of the hydrological cycle:
FLEXPART advantages

The three principal methods available for the identification of source and sink
regions of atmospheric moisture are analytical or box models, physical water vapour
tracers (isotopes), and numerical water vapour tracers (see Gimeno et al., 2012).
Diagnoses of the atmospheric water budget through analytical or box models in a
defined region were initially conducted by bulk methods, based on wind and station data
utilising the vertically integrated balance of water vapour equation in one or two
dimensions (Eqg. 4) (e.g. Budyko 1974; Brubaker et al., 1993; Savenije, 1995a,b; Eltahir
and Bras, 1996; Trenberth 1997). This method has been extensively applied to compute
the local recycling ratio.

aw) , d(wu) , d(wv) -
o0 Tom Tog ~E-P) (4)

Stable water isotopes can be used as a tracer to detect water vapour sources and
support the understanding of atmospheric moisture transport mechanisms on the scale
from months to years. The isotopic composition of water vapour and precipitation (50

and 6D, respectively) measurements are based on in-Situ locations and implementation
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dates (Dansgaard, 1964). The isotopic compositions of precipitation (and hence in the
climate archive) are a result of fractionation processes along the air mass trajectory. This
integrated signal is correlated with local parameters (e.g. local temperature) only as long
as the trajectories are roughly similar throughout the study period (Sturm et al., 2010).
This is usually accompanied by the analysis of the atmospheric circulation and dynamic
conditions. On shorter time scales, however, the isotopic composition of precipitation can
be influenced by a multitude of factors, and it is often difficult to interpret the data
unequivocally (Gedzelman et al., 1989, 2003). Although some limitations remain in terms
of spatial and temporal coverage, resolution, precision, and accuracy, the resulting maps
have improved the general understanding of the distribution of isotopes and the physical
processes that trigger the isotopic distributions (Gimeno et al., 2012).

Eulerian and Lagrangian atmospheric numerical transport models are widely
utilised for several purposes. The two approaches principally differ with respect to the
perspective of atmospheric motion. Eulerian models define specific reference points in a
gridded system that monitors atmospheric properties including temperature, pressure, and
the chemical concentration of tracers over time. Unlike Eulerian models, Lagrangian
models take the perspective of a finite element or so-called ‘air parcel’. Over time, both
the position and properties of this air parcel are calculated according to the mean wind
field data. The path along which the air parcel travels is called its trajectory.

Eulerian treatments are generally plagued with instabilities, unrealistic negative
constituent values, diffusion, and dispersion errors. A higher-order Eulerian model
improves one error at significant cost but results in the magnification of another error.
The cost of semi-Lagrangian models is often too high for many applications. Furthermore,
traditional trajectory “Lagrangian” models do not solve both the dynamic and tracer
equations simultaneously in the Lagrangian frame (Alam and Lin, 2008). Nevertheless,
Alam and Lin, (2008) pointed out the strong value of constructing an atmospheric model
based on a fully Lagrangian approach. Advanced equations for the trajectory contain two
components; mean winds and random turbulence. The main advantage of such a
Lagrangian moisture diagnostic is that it can parallel the information gained from
Eulerian tagging methods, and hence be comparable to the results from these other
approaches. However, they are limited with respect to the definite demarcation of the
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moisture sources (Sodemann, 2006). Table 1 summarises the main strengths and

weaknesses of the Numerical Eulerian and Lagrangian Water Vapour Tracer methods.

Table 1. Summary of the main strengths and weaknesses of the Numerical Eulerian and
Lagrangian Water Vapour Tracer methods. Adapted from Gimeno et al., (2012).

Numerical
Water
Vapour
Tracers

Strength

Weakness

References (Non-
exhaustive)

Eulerian

Detailed
atmospheric
processes; realistic
moisture
circulation.

Dependent on the model
bias;

global forcing is required;
poor representation of

short-timescale
hydrological

cycle parameters; does not
include the remote sources
of water for a region.

Benton and

(1954)

Estoque

Starr and Peixoto (1958)
Peixoto and Oort (1982)
Joussaume et al., (1984)
Koster et al., (1986)

Bosilovich and Schubert
(2002)

Lagrangian

High spatial
resolution moisture
source diagnostics;
guantitative
interpretation of the
moisture origin
allowed:; not
limited by a
specific RCM
domain and spin-
up; establishment
of source-receptor
relationship can be
easily assessed as
budgets can be
traced along
suitably  defined
trajectory
ensembles; net
freshwater flux can
be tracked from a
region both forward
and backward in
time; realistic

Sensitivity of moisture flux
computations  leads to
increases in data noise for
shorter time periods or
smaller regions; simple
method does not provide a
diagnostic of the surface
moisture fluxes; surface
fluxes under (over)
estimation if dry (cold) air
masses tracking as the
budget is not closed,;
evaporation rates are based
on calculations rather than
observations in  some
methods; evaporation and
precipitation are not clearly
separable (in some
methods); movement and
extraction of water does not
depend on the physical
tendencies included in the
reanalysis data.

D’Abreton and Tyson
(1995)

Wernli (1997)
Massacand et al., (1998)

Dirmeyer and Brubaker
(1999)

Brubaker et al., (2001)

Dirmeyer and Brubaker
(2006)

Stohl and James (2004,
2005)
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tracking of air
parcels;
computationally
efficient compared
to performing
multi-year GCM
simulations or
reanalyses;  more
information
provided than a
purely Eulerian
description of the
velocity fields;
parallel use of
information  from
Eulerian  tagging
methods allowed.

3.2 Identification of the onset and demise of the rainy season

The onset and end of the rainy season in monsoonal basins can be considered as
the beginning and end of the longest period during which the rainfall exceeds its annual
climatology (Liebmann et al., 2007). To determine the dates associated with the
onset/demise, an objective was applied that was previously implemented for the Amazon
River Basin by Liebmann and Marengo (2001), for South America by Liebmann et al.,
(2007), and for the Indian Summer Monsoon region by Noska and Misra (2016). This
method is based on the daily cumulative precipitation anomalies (C’m) from each basin

throughout the year calculated as:
C'm(i) = Ep=a[Dm(n) — C] (5)
€ =5y Zhoi ZNo DOm ) (6)

where D(m, n) is the daily average precipitation over each basin for day n of year m, and
C is the climatology of the annual mean precipitation over N (365 or 366) days for M

years. Therefore, starting in January, the onset date is defined as the day after C 'm reaches
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its absolute minimum value. After this date, a positive slope indicates the rainy season
until C’'m reaches its absolute maximum value, considered as the demise because it is the

point when the precipitation starts to decrease.

3.3 Identification of dry and wet conditions

Many indices have been developed and used by meteorologists and climatologists
around the world ranging from simple indices such as the percentage of normal
precipitation and precipitation percentiles to more complicated examples (WMO, 2012).
Normal drought Indices are quantitative measurements that characterise drought levels
by assimilating data from one or several variables (indicators) such as precipitation and/or
evapotranspiration into a single numerical value (Zargar et al., 2011). However, these
indices are also capable of diagnosing wet conditions. A numerical standard is needed for
comparing drought measurements from one region to another, as well as for comparing
past drought events. However, the considerable disagreement that exists regarding the
definition of a drought makes it impossible to devise a universal drought index (Heim,
2002). Thus, no single indicator or index can be used to determine appropriate actions for
all types of droughts given the number and variety of sectors affected. The preferred
approach is to use different thresholds with different combinations of inputs. Ideally, this
would involve prior studies to determine which indicators/indices are best suited to the
timing, area, and type of climate and drought [WMO & Global Water Partnership (GWP),
2016]. Here, it is important clarify that ‘Indicators’ are variables or parameters used to
describe the drought conditions (e.g. precipitation, temperature, streamflow) while
‘Indices’ are typically computed numerical representations of the drought severity,
assessed using climatic or hydrometeorological inputs including the indicators listed

above. Regardless, indices are technically also indicators.

3.3.1 Meteorological drought Indices

The use of meteorological drought indices varies according to drought type, ranging
from those used for meteorological droughts, agricultural droughts, hydrological
droughts, and socio-economical droughts. The latter three types of drought result as a

consequence of a prolonged meteorological drought and they are defined according to
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their impacts on society (Lake, 2011). Table 2 presents three of the most common drought

indices along with their strengths and weakness.

Table 2. Strengths and weaknesses of the three most popular meteorological drought indices.
Adapted from Zargar et al., (2011) and from WMO & GWP (2016).

Index Strengths Weaknesses

e Simplicity; SPI relies only on Uses only precipitation data,
precipitation data loosely connected to ground

e As SPI is adaptable for the conditions. PET is a valuable
analysis at variable time scales it additional indicator (Hu and Will
can be used for monitoring Willson  2000; Tsakiris and

SPI agricultural and hydrological Vangelis 2005; Vicente-Serrano
events. et al., 2010).

(McKee et o possibility  to compare Limitations of the precipitation

al., 1993) precipitation changes from data including accuracy of the
nominal conditions for various measurements,  number  of
regions with highly different gauging stations, and length of
climates. the record.

e Equally represents both wet and Lacks the ability to identify
dry climates and hence can be regions with greater droughts
used for monitoring wet tendencies; requires knowledge
periods. of the local climatology.

e Combines multi-timescale
aspects of the Standardized
Precipitation Index (SPI) with More data requirements than the

SPEI information about precipitation SPI.

(Vicente- evapotranspiration, making it Sensitive to the method that
Serrano et more useful for climate change calculates the potential
al., 2010) studies. evapotranspiration (PET).

e Statistically based index that As with other drought indices, a
requires only climatological long base period (30-50+ years)
information without that samples the natural
assumptions about the variability should be used.
characteristics of the underlying
system.

e More comprehensive than Arbitrary selection of start and
precipitation  only indices; end intensity values and less

PDSI evapotranspiration and  soil algorithm transparency because
moisture are also considered. of the more sophisticated

(Palmer e Can use Dbasic data for computation.
1965 All calculation: precipitation and air Calibrated for US Great Plains’
» AlleY, temperature with records that conditions; limited applicability
W.M., 1984) exist further in the past. in locations with  climatic

Most effective where impacts
are sensitive to soil moisture.
Factors in antecedent
conditions.

extremes, mountainous terrain, or
snow-pack unless calibrated.
Variable performance across
regions and time periods.
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o Applicability to regions with
extreme climate (e.g., highly
variable rainfall, runoff, and
mountainous areas).

Handling of snow and soil freeze.

o Neglects the lag between rainfall
and runoff.

3.3.1.1 The Standardized Precipitation-Evapotranspiration Index (SPEI)

Among the indices previously explained, the Standardized Precipitation-
Evapotranspiration Index (SPEI) was chosen to identify dry and/or wet conditions in the
basins analysed in this study. Proposed by Vicente-Serrano et al., (2010), the SPEI is
based on precipitation and potential evapotranspiration (PET) data, and has the advantage
of combining multi-scalar character data with the capacity to include the effects of
temperature variability on drought assessments. The PET is considered to be a reliable
approximation of the atmospheric evaporative demand (AED) information. Positive SPEI
values indicate above-average moisture conditions (wet), while negative values reveal
below-normal (dry) conditions (Table 3). Dry episodes begin when the SPEI falls below
zero, reaching a value of -1 or less, and end when the SPEI returns to positive values. To
identify the dry episodes, the criterion of Mckee et al., (1993) was applied to each basin.
They identified seasons and/or years affected by severe and extremely dry and/or wet
conditions according to the SPEI threshold of +1.5, and the onset and demise of the dry
episodes. Several indicators were calculated for such episodes, including the duration
(number of months between the start and the end month that were included in the selected
period), and the severity computed as the absolute value of the sum of all the SPEI values
during the episode (Spinoni et al., 2014, 2018; Tan et al., 2015).

3.3.1.2 Computation of the SPEI

The SPEI computation was based on the original SP1 (Mckee et al., 1993)
calculation procedure. Here was utilised the monthly precipitation and potential
evapotranspiration input data. The SPEI is primarily obtained by the difference between
the P and the PET. PET values can be obtained through several methods, namely, the

Thornthwaite equation, the Penman-Monteith equation, the Hargreaves equation, and
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others. The PET values in this study were obtained from the Climate Research Unit
(CRU). To obtain PET values, Harris et al., (2014) utilised a variant of the Penman—
Monteith method using data reference crop evapotranspiration [mm d™'], net radiation at
crop surface [MJm™2 d™'], soil heat flux [MJm™ d~!], average temperature at 2 m height
['C], windspeed measured (or estimated from Uio) at 2 m height [ms™']; U0, windspeed
measured at 10 m height [m s™'], vapour pressure deficit for measurement at 2 m height
[kPa], slope of the vapour pressure curve [kPa °C™!], psychrometric constant [kPa °C™'],
coefficient for the reference crop [kJ™' kgK d!], Allen et al., (1994); 0.34: wind

coefficient for the reference crop [sm™'] (Allen et al., 1994).

P minus PET represents a simple climatic water balance that can be calculated at

different time scales, according to equation 6:
Di = Pi — PETi 7)

The calculated Di values were aggregated at different time scales (i), following
the same procedure as the SPI. According to Vicente-Serrano et al., (2010), the selection
of the most suitable statistical distribution to model the D series is difficult given the
similarity among the four distributions (Pearson I11, lognormal, log-logistic, and General
Extreme Value (GEV)). These authors argued that the log-logistic distribution showed a
gradual decrease in the curve for low values, and coherent probabilities were obtained for

very low values of D, corresponding to 1 occurrence in 200-500 years.

The log-logistic distribution provided better results than other distributions for
obtaining the SPEI series in standardized z units (mean=0, SD=1) (Vicente-Serrano et al.,
2010). The probability distribution function of a variable D according to a log-logistic

distribution is given by:

-1

F(D) = [1 + (Di_y)ﬁ] @)
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where a, £, and y represent the scale, shape, and location parameters that are estimated
from the sample D. The SPEI can easily be obtained as the standardized values of F(D).

For example, following the classical approximation of Abramowitz and Stegun (1965):

2
SPEl = W — Co+C1wW+C2wW (9)

1+d1W+d2W?2+d3w3

where W=-2In(P) and Co=2.515517, C;=0.802853, C.=0.010328, d1=1.432788,
d>=0.189269, and d3=0.001308 are constants. For calculating the SPEI, the R package
SPEI v1.7 of 7 June 2017 was implemented and is available at: http://cran.r-
project.org/web/packages/SPEI (Begueria et al., 2014).

Table 3. Drought classification based on the SPEI according to the initial definition of Mckee et
al., (1993) for the SPI.

Conditions Category
Extremely wet SPEI > 2.0
Severely wet 1.5<SPEI<2.0
Moderate wet 1.0<SPEI<1.5
Mild wet 0<SPEI<1.0
Mild drought -1.0<SPEI<0
Moderate drought —1.5 <SPEI<-1.0
Severe drought —2.0 <SPEI<-1.5
Extreme drought SPEI<-2.0

3.3.2 Hydrological Drought Indices

Standardised indices for the characterisation of hydrological drought use different
hydrological variables (from observed or simulated data) as inputs. Most common is a
focus on streamflow, because streamflow is frequently measured, easily simulated, and
of significant interest to water resources management (Van Loon, 2015). Other variables
used in hydrological drought indices include groundwater levels and lake levels. In Table
4, some of the hydrological drought indices usually utilised are presented. However, in
the absence of hydrological records, the meteorological drought indices, like the SPI and
SPEI calculated at different time scales are useful for identifying and assessing
hydrological droughts (Zhu et al., 2016).
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Table 4. Strengths and weaknesses of popular hydrological drought indices. Adapted from WMO

& GWP (2016).
Index Strengths Weaknesses

Frequencies will vary by

Palmer region and time of year, where

Hydrological e Based on the original PDSI and extreme drought may not be a

Drought modified to take into account rare event during some months

Index longer-term dryness that can of the year.

(PHDI) affect water storage, streamflow, The impact of human

(Palmer, and groundwater; allows the total influences, such as

1965) water system to be considered. management decisions and

irrigation, are not considered
in the calculations.

Standardized

Possibility to utilise two different
approaches: distribution of the

Streamflow ; A single input (streamflow
Index (SSI) best monthly fit (BMF) and the does got taIIJ<e i$1to accoungt
(Vicente- minimum  orthogonal distance management decisions, and
(MD), ensuring a robust index that . '
Serrano et ) periods of no flow can skew
guarantees the spatial and the results
al., 2012) temporal comparability of drought '
conditions.
Streamflow o« The program is widely available
Drought and easy to use. Missing data are A single input (streamflow)
Index (SDI) allowed, and the longer the does not take into account
(Nalbantis streamflow record, the more management decisions, and
and Tsakiris, accurate the results. As with SPI, periods of no flow can skew
2009) various  timescales can be the results.
examined.
Standardized
Reservoir
Supply e Easy to compute, as it mimics SPI Does not take into account
Index calculations using a standard changes due to the
(SRSI) gamma distribution of the management of the reservoir
(Gusyev et probability distribution function. and losses due to evaporation.
al., 2015)

3.3.2.1 The Standardised Streamflow Index (SSI)

In this study, the Standardised Streamflow Index (SSI) (Vicente-Serrano et al.,
2012) was used to diagnose the hydrological conditions of major tropical river streams.
The SSI is measured in the same units that are currently used for other climate drought
indexes, particularly the SPI and SPEI. Thus, considering both the SPEI and SSI it is
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possible to assess when precipitation deficits propagate through the hydrological cycle

through different accumulation periods.

3.3.2.2 Computation of the Standardised Streamflow Index (SSI)

The SSI uses the same principle as the SPI. To compute the SSI, six parameter
distributions (lognormal, Pearson Type |Ill, log-logistic, general extreme value,
generalized Pareto, and Weibull) can be used and along with two different approaches to
select the most suitable distribution, the best monthly fit (BMF), and the minimum
orthogonal distance (MD). In previous studies some authors (e.g. Zaidman et al., 2002;
Lopez-Moreno et al., 2009; Nalbanltis and Tsakiris, 2009; Lorenzo-Lacruz et al., 2010)
implemented the SSI using a unique probability distribution and did not obtain a reliable
index because of the large variability in the statistical properties of the monthly series
(Vicente-Serrano et al., 2012). The standardised anomalies of monthly river discharge
datasets were calculated to obtain accurate SSI values. Of the six probability distributions,
the log-logistic seemed the most appropriate to obtain the SSI on the basis of the BMF
and the MD approaches.

3.4 Tropical River Basins analysed in this Study

Localized between the latitudinal band of 30° N-30° S, seven tropical river basins
were chosen for this study. The basins include the Congo and Niger River Basins in
Africa, the Indus, Ganges and Brahmaputra River Basins in Southeast Asia, and the Negro
and Madeira River Basins in the Amazon region in South America. The catchment areas
of each river studied are plotted in Figure 6. The Congo, Niger, Negro and Madeira River
Basins were defined using geo-referenced watershed boundaries on a 30 arcsec resolution
map (a HydroBASIN product of HydroSHEDS, or Hydrological data and maps based on
SHuttle Elevation Derivatives at multiple Scales; Lehner and Grill, 2013). The
geographic location and boundaries of the Indus, Ganges, and Brahmaputra River Basins
were freely provided by Hasson et al., (2013).
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Figure 6. Geographical location and extension of the Negro (red), Madeira (blue) within the
Amazon (in grey), Congo (light green), Niger (orange), Indus (purple), Ganges (yellow), and
Brahmaputra (pink) River Basins.

3.5 Datasets

3.5.1 FLEXPART inputs

The data used in this study was collected for a 37-year period from 1980-2016. The
Lagrangian data used in this work were obtained from a FLEXPART v9.0 experiment
that was executed on a global domain, in which the atmosphere was divided into
approximately 2 million uniformly distributed particles. FLEXPART uses ERA-Interim
global data (Dee et al., 2011) at 6 h intervals (00:00, 06:00, 12:00, and 18:00 UTC) with
a longitude and latitude resolution of 1° at 61 vertical levels from 0.1-1000 hPa. The
model requires five three-dimensional fields including the horizontal and vertical wind
components, temperature, and specific humidity in the ECMWF vertical hybrid
coordinate system. The model also requires the two-dimensional fields for surface
pressure, total cloud cover, 10 m horizontal wind components, 2 m temperature and dew
point temperature, large-scale and convective precipitation, sensible heat flux, east/west
and north/south surface stress, topography, land-sea-mask, and sub-grid standard
topography deviation. It also considers approximately 14 model levels below 1500 m and

23 below 5000 m. This configuration is important because the transport of water vapour
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mainly occurs in the lower troposphere that is clearly affected by the Earth’s topography
(Peixoto and Oort, 1992).

3.5.2 SPEI inputs

Drought usually affects large areas, but hydrological analyses are often interested
in resolving the smaller-scale diversity of the headwater contributions, for example, the
contributions to large river basins during droughts. For this task, it is often impossible to
obtain high-resolution meteorological data sets that are consistently produced and it may
be more convenient to use global data sets (Hellwig et al., 2018). As such, the following

was used:

e Monthly data of precipitation (P) and potential evapotranspiration (PET) from the
Climate Research Unit (CRU) CRU 3.23, 3.2401, and 3.4. Freely available from

http://www.cru.uea.ac.uk/data.

For the calculation of the SPEI, the R package SPEI v1.7 of 7 June 2017 was implemented
(http://cran.r-project.org/web/packages/SPEI) (Begueria et al., 2014).

3.5.3 Other datasets

A complementary set of datasets were used in each area according to the specific

objective requirements.

e The vertical integral of the eastward and northward water vapour flux from ERA-
Interim available at: https://www.ecmwf.int/en/forecasts/datasets/archive-
datasets/reanalysis-datasets/era-interim was utilised to calculate the Vertical
Integrated Moisture Flux (VIMF) and its divergence.

e Daily precipitation from the Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS) (Chris et al., 2015) that has the advantage of incorporating
0.05° resolution satellite imagery with in-situ station data. Determination of the
onset/demise dates and the length of the rainy season in the Amazon region and

South America were obtained from http://chg.geog.ucsb.edu/data/chirps/.
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e Monthly ocean evaporation data were obtained from the Objectively Analyzed
air-sea Fluxes (OAFIlux) for the Global Oceans project (Yu et al., 2008). Available
at: http://oaflux.whoi.edu/.

e Monthly land evaporation was assessed from the Global Land Evaporation
Amsterdam Model (GLEAM) v2 data (Miralles et al., 2011), available from a
previous request at https://www.gleam.eu/.

e Monthly runoff data in the Congo River Basin were obtained from the ERA-
Interim available at https://www.ecmwf.int/en/forecasts/datasets/archive-
datasets/reanalysis-datasets/era-interim.

e To calculate the SSI, the corrected monthly mean discharge of the Congo River
as recorded at the gauging station of Kinshasa (4.0° S, 15.3° E) was freely provided
by the Global Runoff Data Centre (GRDC) and accessible at
https://www.bafg.de/GRDC/EN/Home/homepage_node.html.

e Datato calculate the water level (WL) anomalies of the Negro and Madeira Rivers
were downloaded from the Observatory of Research for the Environment: The
Observation Service (formerly Environmental Research Observatory). Available
online at http://www.ore-hybam.org/.

e Daily data of the Interpolated Outgoing Longwave Radiation (OLR) (Liebmann
and Smith, 1996) available at
https://www.esrl.noaa.gov/psd/data/gridded/data.interp_ OLR.html, was used to
investigate the response of the convection associated with the |(E - P)il0 < 0]

anomalies over the basins.

Table 5. Collection of datasets, sources, period and spatial resolution.

Spatial resolution
Datasets Source Period (longitude x latitude)
s CRU 3.23; i 0.5°x 0.5°
Precipitation 3.2401, 3.4 1980-2016
. _ CRU 3.23; i 0.5°x 0.5°
Potential Evapotranspiration 3.2401, 3.4 1980-2016
Vertical integral of eastward 6w 10
and northward water vapour ERA-Interim 1980 — 2016 Px1
flux
Precipitation CHIRPS 1981 — 2016 0.25%x0.25°
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0.5°x 0.5°

Ocean evaporation OAFIlux 1980-2010
Land evaporation GLEAM 1980-2010 0.5°x0.5°
Monthly dlscha_rge of the GRDC 1980-2010
Congo River
1°x 1°
OLR NOAA 1980-2016
Water Level HYBAM 1980-2016
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Set of publications

Seven large tropical river basins characterised by humid climatic conditions were
investigated individually. Five publications have been used to construct this final
document. Table 5 shows the title, authors, year of publication, and the journal where the
articles have been published. In the table, the articles are not listed in order of publication.
As discussed in the objectives, the identification of the moisture sources of each basin was
addressed individually for each basin as well as the dry and/or wet conditions and the role
of the sources providing humidity during the extremes events. The periods of analysis for
each study varied according to the beginning of each study and the availability and
progressively updated datasets utilised. In Table 6, a description of each journal and certain
characteristics such as the Quartile, the Scientific Impact Factor, and the ISSN are listed

for the publications.

The first article in Table 6 is entitled: ““A Lagrangian perspective of the
hydrological cycle in the Congo River basin’’. In this article, the main continental and
oceanic regions were identified that provide moisture to the Congo River Basin along
with an assessment of their temporal and spatial contribution to precipitation over the
basin and their effectivity across the year. Additionally, the role of the sources during
years affected by severe and extremely dry and wet conditions was assessed. In this
article, the possible temporal impact of water balance conditions on hydrological

conditions was also assessed.

The second article documented in Table 6 is: ‘‘The atmospheric branch of the

hydrological cycle over the Indus, Ganges, and Brahmaputra river basins’’. In this
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article, the principal continental and oceanic sources of moisture for the Indus, Ganges,
and Brahmaputra River Basins are identified. The study focused on the westerly
precipitation regime (WPR) (November—April) and the monsoonal precipitation regime
(MPR) (May-October). The roles of the sources in the moisture contribution to
precipitation during severe and extremely dry and wet conditions in the basins were

assessed through WPR and MPR composites.

The third article: ““The Atmospheric Branch of the Hydrological Cycle over the
Negro and Madeira River Basins in the Amazon Region’’, was performed for the Negro
and Madeira River Basins, located within the Amazon River Basin, in the north and
southwest respectively. The source-sink relationships of atmospheric moisture were
investigated to reveal the most important sources of moisture of both sub-basins and their
role on the rainy season onset/demise. Dry and wet conditions affecting each basin were
computed and for the driest episodes, the role of the sources was assessed. In this article,
a section was dedicated to determining the average role of the moisture contribution from
the sources during the warm (EI Nifio) and cold (La Nifia) events of the EI Nifio Southern

Oscillation (ENSQO) phenomenon.

For the Niger River Basin, two articles were published separately with different
aims. The first one: “‘The Niger River Basin Moisture Sources: A Lagrangian Analysis’’,
had as its fundamental objective the identification of the main sources of humidity in the
basin. In the second article: “‘Dry conditions in the Niger River Basin and the link with
atmospheric moisture transport from the South Atlantic Ocean ’’, dry and wet conditions
were identified during the last years and the role of the oceanic source located in the South
Atlantic Ocean was evaluated during the dry and rainy seasons affected by severe and

extremely dry conditions.
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Table 6. List of articles

Title Authors Year Journal
‘A Lagrangian perspective of Rogert Sori, Raquel Nieto, 2017 Earth System
the hydrological cycle in the Sergio M. Vicente-Serrano, Dynamic
Congo River basin’’ Anita Drumond, and Luis (ESD)
Gimeno
““The atmospheric branch of the Rogert Sori, Raquel Nieto, 2017 Hydrology
hydrological cycle over the Anita Drumond, Sergio M. and Earth
Indus, Ganges, and Brahmaputra | Vicente-Serrano, and Luis System
river basins”’ Gimeno Sciences
(HESS)
““The Atmospheric Branch of Rogert Sori, José A. 2018 Water
the Hydrological Cycle over the Marengo, Raquel Nieto,
Negro and Madeira River Basins Anita Drumond, and Luis
in the Amazon Region’’ Gimeno
““The Niger River Basin Rogert Sori, Raquel Nieto, 2017 Atmosphere
Moisture Sources: A Lagrangian Anita Drumond, and Luis
Analysis”’ Gimeno
““Dry conditions in the Niger Rogert Sori, Raquel Nieto, | Expected Water
River Basin and the link with Anita Drumond, and Luis in 2018
atmospheric moisture transport Gimeno
from the South Atlantic Ocean”’

Table 7. Summary of the impact and quality of the Journals

Journal

Description

Journal characteristics

Earth System
Dynamic (ESD)

Earth System Dynamics (ESD) is
an international scientific journal
dedicated to the publication and
public discussion of studies that
take an interdisciplinary
perspective of the functioning of
the whole Earth system and global
change.

- Current Impact Factor: 3.769

- 5-year Impact Factor: 4.522

- JCR category rank: 25/188
(Q1) in ““Geosciences,
Multidisciplinary’’

- ISSN: 2190-4979
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Hydrology and Earth
System Sciences

Hydrology and Earth System
Sciences (HESS) is an
international  two-stage  open-
access journal for the publication

- Current Impact Factor: 4.256

- 5-year Impact Factor: 4.819

- JCR category rank: 3/88
(Q1) in ““Water Resources’’

(HESS) > )
of original research in hydrology. - ISSN: 1027-5606
Atmosphere is an international | - Current Impact Factor: 1.704
peer-reviewed open access journal | - 5-year Impact Factor: 1.775
of scientific studies related to the | - JCR category rank: 57/86
Atmosphere atmosphere  published monthly | (Q3) in ““Meteorology &
online by MDPI. Atmospheric Sciences’’
- ISSN: 2073-4433
Water is a peer-reviewed open | - Current Impact Factor: 2.069
access journal on water science and | - 5-year Impact Factor: 2.250
Water technology, including the ecology | - JCR category rank: 34/90
and management of water | (Q2)in ‘“‘Water Resources’’
resources, and is published | - ISSN: 2073-4441

monthly online by MDPI.
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Abstract. The Lagrangian model FLEXPART is used to identify the moisture sources of the Congo River basin
(CRB) and investigate their role in the hydrological cycle. This model allows us to track atmospheric parcels
while calculating changes in the specific humidity through the budget of evaporation minus precipitation. This
method permits the annual-scale identification of five continental and four oceanic principal regions that provide
moisture to the CRB from both hemispheres over the course of the year. The most important is the CRB, which
provides more than 50 % of the total atmospheric moisture contribution to precipitation over itself. Additionally,
both the land that extends to the east of the CRB and the eastern equatorial South Atlantic Ocean are very
important sources, while the Red Sea source is merely important in the (E — P) budget over the CRB despite
its high evaporation rate. The moisture-sink patterns over the CRB in air masses that were tracked forward
in time from all the sources follow the latitudinal rainfall migration and are mostly highly correlated with the
pattern of the precipitation rate, ensuring a link between them. In wet (dry) years, the contribution of moisture to
precipitation from the CRB over itself increases (decreases). Despite the enhanced evaporative conditions over
the basin during dry years, the vertically integrated moisture flux (VIMF) divergence inhibits precipitation and

suggests the transport of moisture from the CRB to remote regions.

1 Introduction

The water that falls on a given area as precipitation may be
supplied by local evaporation and/or transpiration. Alterna-
tively, this water may have been advected from a remote ter-
restrial source or originated as evaporation from the oceans
(Dirmeyer and Brubaker, 1999). In recent years, a great num-
ber of studies have focused on deepening our understanding
of these issues, particularly the mechanisms of water vapour
transport in the atmosphere and the identification of moisture
sources. These issues are considered to be some of the ma-
jor challenges in the atmospheric sciences (Gimeno, 2013).
Several techniques and methods have been implemented to
address these matters; a summary of the main strengths and

weaknesses of each method was provided by Gimeno et
al. (2012).

Some authors have investigated the sources of moisture
for the entire continent of Africa (van der Ent et al., 2010;
Gimeno et al., 2010, 2012) and specific regions such as the
Sahel (Nieto et al., 2006; Salih et al., 2015; Keys et al., 2012,
2014), Ethiopia (Viste and Sorteberg, 2013), and the wider
region of West Africa (Savenije, 1995; Eltahir and Gong,
1996; Druyan and Koster, 1989). Nevertheless, the Congo
River basin (CRB) in the highly convective region of Cen-
tral Equatorial Africa (CEA) is one of the least studied of
the major global river basins (Alsdotf et al., 2016). Stohl and
James (2005), who focused on several world river catchments
such as the Congo, used the Lagrangian model FLEXPART
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over a period of 4 years (December 1999-November 2003) to
diagnose the net (E — P) budget, in which (E) denotes evapo-
ration and (P) precipitation. However, the short timescale in
this study was not sufficient to properly investigate the vari-
ability and other aspects of the hydrological cycle over the
CRB. Gimeno et al. (2010) argued that the evaporation rate
in tropical South Africa during the austral winter is so high
that this region provides moisture for most of the precipita-
tion over the Congo. According to van der Ent et al. (2010),
the moisture that evaporates in East Africa is the main source
of rainfall in the CRB.

More accurate results on the evaporative moisture sources
for the CRB, together with their seasonal variations and
mean contributions over a period of 25 years, are available
online from the Center for Ocean—Land—Atmosphere Stud-
ies (COLA, 2017). These data were calculated by using a
quasi-isentropic method, a Eulerian approach that was im-
plemented in Dirmeyer et al. (2009), and the results high-
lighted that the main evaporative sources for precipitation lie
within the basin itself, in addition to the land to the east of
the basin along the Oriental African coasts, and the Atlantic
and Indian oceans. However, the role of the CRB’s moisture
sources in other stages of the hydrological cycle and dur-
ing extreme events in the basin remains unclear. Most stud-
ies that were based on instrumental records in Africa indi-
cated that droughts have become more frequent, intense, and
widespread over the last 50 years (Dai, 2013; Masih et al.,
2014). The occurrence of drought is especially important in
regions where economic activities greatly depend on water
resources (such as the CRB) and particularly African nations
that heavily rely on agriculture (Lobell et al., 2011a, b).

The objectives of this study are (i) to identify the main
continental and oceanic moisture sources for the CRB from
a Lagrangian perspective and determine their role, including
that of the basin itself, in the total moisture contribution to
precipitation over itself and (ii) to investigate drought and
wet conditions in the CRB and their relationship to the atmo-
spheric moisture supply.

Study region

The CRB is located in central-equatorial Africa, an important
region of the continent that contains major rivers and dense
forest (Fig. 1). With an approximate area of 3 687 000 km?
(Alsdorf et al., 2016), the basin includes several African
countries: the Democratic Republic of the Congo (DRC), the
People’s Republic of the Congo, the Central African Repub-
lic, and portions of Zambia, Angola, Cameroon, and Tanza-
nia (Chishugi, 2008). The Congo River (previously known
as the Zaire) is over 4375km long and is considered to be
the fifth longest river in the world and the second longest
in Africa after the Nile River (IBP, 2015). Its discharge
shows a composite variability because of the sum of its trib-
utaries (Laraque et al., 2001). With an annual discharge of
5000m3 s~ at its mouth, the Oubangui River is the sec-
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Figure 1. Geographic location of the Congo River basin, which
shows the Kinshasa gauging station, the fluvial system, and the land
use based on 10 years (2001-2010) (source: Broxton et al., 2014).
The boundaries of the Cuvette Centrale are contoured in yellow
(adapted from Betbeder et al., 2014).

ond most important tributary to the Congo River (mean flow
41000 m> s~ 1) after the Kasai River (8000 m3 s~ 1) (Briquet,
1995).

The CRB comprises the second largest continuous rainfor-
est in the world, covering an area of approximately 1.8 mil-
lionkm?. The high evaporation rate is comparable to that of
the oceans and is one of the main features of the forests,
which are extremely important for storing carbon, affecting
the continental and global climate system, mainly through
the water cycle (Haensler et al., 2013; Marquant et al., 2015;
Wasseige et al., 2015). The basin basically consists of a
central area that contains an immense forest swamp that is
known as Cuvette Centrale, an immense depression at the
centre of the basin where sediment accumulation has oc-
curred since the Quaternary; alluvial deposits rest on thick
sediments of continental origin, which principally consist of
sands and sandstones (Kadima et al., 2011; Gana and Her-
bert, 2014) (Fig. 1). Here, the spatial distribution of forested
wetland is controlled by the topography and the time and in-
tensity of submersion, making this area the most extensive
peatland complex in the tropics (Dargie et al., 2017). From a
rainfall perspective, the Congolese central basin largely func-
tions as a closed system of precipitation, on-site evaporation,
and precipitation because of the topographic barrier around
the Cuvette Centrale (Robert, 1946; Sorre, 1948). An im-
mense elliptical body of water (3 m deep with a surface of
23 km? and maximum water storage of 55 x 10® m?) called
Lake Telé is located in the heart of the dense Congolese equa-
torial forest, where hydrological exchanges are almost exclu-
sively vertical with very little lateral contribution from the
surrounding swamp (Laraque et al., 1998). Furthermore, the
basin contains several large, permanent open-water lakes, in-
cluding Lake Tanganyika, the largest of the African rift lakes
and the world’s second largest by volume and depth (Coulter,
1991; Cohen et al., 1993).
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The central basin contains a dense humid evergreen for-
est, while mosaics of mixed forest, woody savannas, and
savannas are present to the north and south (Marquant et
al., 2015). The current distribution of different forest types
strongly correlates with the annual rainfall and particularly
with the length and severity of dry seasons (CARPE, 2005).
The CRB’s moist forests are the continent’s main forest re-
source, containing extraordinary biodiversity (Ilumbe, 2006;
SCBD-CAFC, 2009) that brings important economic ben-
efits to approximately 60 million people in local commu-
nities (Nlom, 2011; Marquant et al., 2015). Unfortunately,
the deforestation rate in the CRB varies between countries.
Overall, the basin had a net deforestation rate of 0.09 % be-
tween 1990 and 2000 compared to 0.17 % between 2000 and
2005 (Tchatchou et al., 2015). In fact, satellite data showed a
widespread decline in greenness in the northern Congolese
forest over the past decade, which is generally consistent
with decreases in rainfall, terrestrial water storage, and other
related aspects (Potapov et al., 2012; Zhou et al., 2014; Hua
et al., 2016) such as hydrological regimes (Laraque et al.,
2001, 2013; Wesselink et al., 1996).

The air masses that originate from three permanent anti-
cyclones to the northwest (Azores), southwest (St. Helena),
and southeast (Mascarene) of the CRB converge along the
Intertropical Convergence Zone (ITCZ), which separates the
southerly low-level winds from the northerly winds, and the
Inter-Oceanic Confluence Zone (I0OCZ), which separates the
westerly from the easterly winds in southern Africa (Samba
and Nganga, 2012). Generally, two modes of circulation,
namely, the Hadley circulation and the Walker circulation,
control the movement of air masses and the climate in Cen-
tral Africa, leading to non-uniform moisture convergence in
the atmospheric column (Tsalefac et al., 2015; Pokam et al.,
2012). Areas that are positively correlated with Congo con-
vection are areas of the ascending arm of the Hadley cell
(Matari, 2002), while the east—west oscillation of the Walker
circulation cell modulates moisture advection from the At-
lantic Ocean and the upward motion over the CRB (Matari,
2002; Lau and Yang, 2002). The rainfall-generation mecha-
nisms are controlled by a zone of shallow depression systems
in the CRB (Samba and Nganga, 2012), north—south ITCZ
migration (Samba and Nganga, 2012; Alsdorf et al., 2016),
mesoscale convective systems (MCSs) (Jackson et al., 2009),
the African easterly jet, and the typical circulation of the
Hadley cell (Nicholson, 2009; Pokam et al., 2012; Haensler
etal., 2013).

2 Data and methodology

The drainage area of the CRB (Fig. 1) was defined by using
geo-referenced watershed boundaries on a 30 arcsec resolu-
tion map (a HydroBASIN product of HydroSHEDS, or Hy-
drological data and maps based on SHuttle Elevation Deriva-
tives at multiple Scales; Lehner and Grill, 2013). This map
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was used to obtain the spatial mask of the basin, which was
later implemented in the computations.

The methodology in this study was based on the La-
grangian model FLEXPART, which was developed by Stohl
and James (2004, 2005). This model enabled us to track air
parcels backward and forward; thus, the model outputs were
used to compute the gain and loss of humidity along trajec-
tories of air particles that leave from and arrive in the CRB.
The backward analysis was utilised to identify the moisture
sources for the CRB, and the forward analysis was performed
to obtain their climatological moisture supply and the rela-
tionship with the precipitation over the basin. This approach
has been widely and successfully applied to study the at-
mospheric branch of the hydrological cycle (e.g. Stohl and
James, 2004, 2005; Nieto et al., 2008; Gimeno et al., 2010,
2012; Chen et al., 2012; Viste and Sorteberg, 2013; Drumond
etal., 2014).

In this method, the atmosphere is divided into N evenly
distributed particles or parcels, whose advection is described
by Eq. (1):

dx/dr = v[x(2)], (D

in which x is the position of the parcel and v[x(#)] is the in-
terpolated wind speed in space and time. The gain (through
evaporation from the environment e) or loss (through precipi-
tation p) of specific humidity (¢) by each parcel is calculated
following Eq. (2). Along with individual trajectories, g fluc-
tuations can occur for nonphysical reasons (e.g. because of g
interpolation or trajectory errors), a limitation that is partially
compensated for by the presence of so many particles in an
atmospheric column over the target area. Thus,

(e — p) =m(dg/dr), 2)

in which m is the mass of a particle. Integrating over an area
of interest produces the net effect of the moisture changes in
all the particles in the atmospheric column and thus deter-
mines the surface freshwater flux, hereafter represented by
(E — P) (Stohl and James, 2004). In some regions, atmo-
spheric moisture is not precipitated but merely flows through;
in other regions, the convergence of moisture ensures that
precipitation occurs (Pokam et al., 2012). A region is then
considered a moisture source when (E — P) >0, and the net
moisture budget of the tracked particles favours evaporation
from the environment to the particles. The opposite occurs
in moisture sink regions, i.e. the associated moisture budget
favours moisture loss from the tracked particles to the en-
vironment. An analysis that is performed backward in time
distinguishes the origin of the atmospheric moisture in the
air masses over the CRB, enabling us to identify the main
oceanic and continental sources of moisture. This analysis
was applied for 10 days, which is the average residence
time of water vapour in the atmosphere (hereafter, we use
(E — P)i10; Eltahir and Bras, 1996; Numaguti, 1999).

The Lagrangian data that were used in this work were ob-
tained from a FLEXPART v9.0 experiment that was executed
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on a global domain, in which the atmosphere was divided
into approximately 2 million uniformly distributed particles.
FLEXPART uses ERA-Interim reanalysis data (Dee et al.,
2011), which are available at 6 =h intervals (00:00, 06:00,
12:00, and 18:00 UTC) at a resolution of 1° at 61 vertical lev-
els from 0.1 to 1000 hPa, with approximately 14 model lev-
els below 1500 m and 23 below 5000 m. This configuration is
important because the transport of water vapour mainly oc-
curs in the lower troposphere, which is clearly affected by the
Earth’s topography (Peixoto and Oort, 1992).

A threshold was used to ensure the selection of the most
important annual moisture source regions for the CRB,
which was defined by the value of the 90th percentile as cal-
culated from the annual (E — P) > 0 values after integration
over the 10 days of transport. This value acted as a boundary
to delimit regions where air masses gained more humidity
during their journey to the CRB, representing the 10 % of
grid points with the highest positive (E — P)i10 values on
the map. This criterion was applied for similar purposes by
Drumond et al. (2014, 2016a, b). The CRB itself is consid-
ered a source of moisture; thus, we could evaluate its role
in the local (E — P) budget. Tracking the air parcels for-
ward from each of the delimited moisture sources enabled
us to compare their moisture contributions to precipitation
((E — P)<0) over the CRB.

Precipitation data were obtained from the CRU TS v3.23
database (Harris et al., 2014) with a spatial resolution of 0.5°.
The runoff and the vertically integrated moisture flux (north-
ward and eastward) (VIMF) formed a portion of the ERA-
Interim reanalysis project (Dee et al., 2011), with a resolu-
tion of 1° x 1° in latitude and longitude. The role of general
circulation in the hydrological cycle can be clearly shown
through maps of vertically integrated atmospheric moisture
flow (Peixoto and Oort, 1992). The VIMF also enables read-
ers to compare moisture transport under a Eulerian perspec-
tive (Drumond et al., 2014); consequently, these maps should
support explanations of moisture budgets that are calculated
by using FLEXPART.

The corrected monthly mean discharge of the Congo
River as recorded at the gauging station of Kinshasa (4.0° S,
15.3°E) was provided by the Global Runoff Data Centre
(GRDC). We used two state-of-the-art base datasets, namely,
OAFlux and Global Land Evaporation Amsterdam Model
(GLEAM) (Miralles et al., 2011), to estimate the actual evap-
oration over the moisture sources. The monthly ocean evap-
oration data were obtained from the OAFlux project, which
uses surface meteorological fields from satellite remote sens-
ing and reanalysis outputs from the NCEP and ECMWF
models (Yu et al., 2008). The monthly evaporation from the
land was estimated from GLEAM v2 data, which consider
a set of algorithms, including transpiration, bare-soil evap-
oration, interception loss, open-water evaporation, and sub-
limation (Miralles et al., 2011), all of which are important
because of the dense forests in the CRB.
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Global datasets were selected because of documented gaps
in the hydrological information for the CRB (Tshimanga,
2012). However, observational data series are available on
the SIEREM website (Boyer et al., 2006), mainly to the north
of the basin. In this work, the analysis covered the period
1980-2010 because of the availability of ERA-Interim since
1980 and the available river discharge data from the Kinshasa
gauge station until 2010.

The methodology to quantify drought or wet conditions
in the CRB was based on the Standardised Precipitation
Evapotranspiration Index (SPEI), which is a multi-scalar
drought index that considers the effects of both precipita-
tion and atmospheric evaporative demand (AED) (Vicente-
Serrano et al., 2010). The SPEI for the CRB was calculated
on timescales from 1 to 24 months by using precipitation
and reference evapotranspiration (ETo) data from the CRU
TS v3.23 dataset. The criterion of McKee et al. (1993) was
used to identify years of severe and extreme drought and wet
conditions (according to the SPEI threshold of 41.5). The
hydrological drought conditions were quantified at the gaug-
ing station of Kinshasa by using the Standardised Streamflow
Index (SSI) (Vicente-Serrano et al., 2012).

3 Results and discussion
3.1 Climatology: rainfall and runoff over the basin and
the Congo River’s discharge

The annual cycle of precipitation over the CRB is depicted in
Fig. 2. The most notable feature of the monthly patterns is the
latitudinal migration of the maximum precipitation through-
out the year, which leads to different seasonal patterns over
the territory (Bultot, 1971; Chishugi, 2008). Based on previ-
ous results, Mahe (1993) defined four great climatic zones
over the Congo Basin: the North (Oubangui River basin),
where the influence of the North African continental air mass
is prominent; the South (Kasai River basin), which is influ-
enced by South African air masses; the eastern and south-
eastern areas of the basin (Lualaba River upper basin), which
are influenced by the humid Indian Ocean air masses; and the
Centre-West, where the climate is controlled by the Atlantic
Ocean. In fact, the effect of rainfall on various sectors and
its distribution throughout the annual cycle may be as impor-
tant as the total annual rainfall (Owiti and Zhu, 2012). Dur-
ing January, February, and March, the southern half receives
more precipitation, while April is a transitional month with
maximum rainfall in the western-central and northeastern ar-
eas of the basin. From May to August, the rainfall pattern ap-
pears homogeneous, and the majority of the average precip-
itation occurs in the northern area, which coincides with the
northward excursion of the ITCZ between February and Au-
gust (Nicholson and Grist, 2003; Suzuki, 2011). From May to
October, the northeastern CRB receives the highest rainfall,
which favours the Oubangui catchment, a right-bank tribu-
tary of the Congo River that drains an area of 488 500 km?
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Figure 2. Monthly mean precipitation over the CRB for 1980-2010. The data are from CRU TS v3.23.

at the Bangui gauge station (Runge and Nguimalet, 2005).
In September, the rainfall increases to the south and affects
the centre of the basin, with the greatest extension in Octo-
ber. In November, the central and southwestern areas of the
CRB receive more rainfall; December also exhibits an exten-
sion to the southeast (Fig. 2). The precipitation regime over
the CRB is clearly differentiated by a latitudinal oscillation
of maximum accumulated values, in accordance with several
studies as reviewed by Alsdorf et al. (2016), and an inter-
annual variability that is higher to the north and south than in
the central units of the basin (Mahe, 1993).

The monthly average precipitation for the entire basin
shows an annual cycle with two maximum peaks during
March-April and October—December, with values above
4.5mmday~! and each comprising 21 and 32.6 % of the
mean annual rainfall in the CRB, respectively (Fig. 3). Dur-
ing June and July, the average rainfall reaches its lowest
level of around 2mmday~!. This cycle is similar to what
was described by Washington et al. (2013), who compared
the Congo’s rainfall climatology through several datasets
from reanalysis and ensemble models. However, these au-
thors argued that the maximum rainfall in the basin occurs
from March to May and from September to November, while
the minimum occurs in June—August. These differences in
monthly average precipitation may be caused by the areas
that were used; these authors used a box region over equato-
rial West Africa, while we used the CRB’s boundaries.

The mean annual cycle of runoff in the CRB (Fig. 3) fol-
lows the same annual cycle as rainfall, although the for-
mer is always lower, varying between maximum values of
3.0 and 3.5mmday~! during November—March and mini-
mum values below 1.5mmday~! during July and August.
The long-term distribution of precipitation and runoff over
the African continent is almost the same (Siam et al., 2013),
but the highest runoff values are concentrated in the heart of
the equatorial forest along the middle Congo River branch
(Alemaw, 2012), with these wetlands receiving the major-
ity of their waters from upland runoff (Lee et al., 2011) and
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Figure 3. Annual cycle of precipitation, runoff, and (P — E) in the
CRB (left axis) and the Congo River’s discharge (right axis). The

data are from CRU, ERA-Interim, GLEAM, and the Global Runoff
Data Center, respectively.

several large rivers that drain into the Congo in this mid-
dle section; the largest of these rivers is the Oubangui to the
north of the Congo Basin (Harrison et al., 2016). The calcu-
lated inter-annual correlation between the two series (precip-
itation and runoff) over the CRB is high: » =0.73 (signifi-
cant at p<0.05) and » =0.72 with a 1-month lag. Figure 3
shows that the runoff from March onward exhibits a 1-month
lag compared to the precipitation. Generally, under steady-
state conditions, the precipitation exceeds the evaporation (or
evapotranspiration) over the land and the residual water runs
off, resulting in the continental freshwater discharge into the
oceans (Dai and Trenberth, 2002). This process also occurs
in the CRB, where the monthly precipitation minus the ac-
tual evaporation seems to follow the same annual cycle as
the precipitation (Fig. 3). June (P — E) has a negative value,
which means that the average evaporation exceeds the pre-
cipitation in the basin (as in Dai and Trenberth, 2002, and
Siam et al., 2013).

The mean annual discharge of the Congo River is
38617.4m’s~!, which was calculated from the GRDC
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monthly discharge values at the Kinshasa gauging station in
the period 1980-2010. According to the secular chronic of
the hydro-pluviometric data (1903-2010) that were recorded
at the Brazzaville gauge station close to Kinshasa, which was
analysed by Laraque et al. (2013), the average flow of the
Congo River from 1982 to 1994 was below the annual mean,
followed by a period of stability from 1995 to 2010. The
long-term results of Mahe et al. (2013) suggested that the
Congo River’s runoff time series (at the Brazzaville station)
followed no long-term trend (here, these authors referred to
the runoff as the discharge) and that the minimum showed
less inter-annual variability than the average or maximum.

The annual cycle of discharge (which is very similar to
the precipitation and runoff) shows climatological maxima
during November-December (Fig. 3), with values above
48000m> s~!, while the minimum in July and August is
less than 30 000 m3 s~1. However, one difference is seen dur-
ing March, when high precipitation and runoff occur but the
discharge is low. During the next few months, the precipita-
tion and runoff decrease while the discharge increases, reach-
ing a maximum in May. This lag should reflect both the re-
quired time for the surface runoff to reach the river mouth
and the groundwater contribution (Dai and Trenberth, 2002;
Dai et al., 2008; Marengo, 2005; Rwetabula et al., 2007,
Sear et al., 1999), as documented by Materia et al. (2012),
who used data that were recorded at the Brazzaville sta-
tion approximately 400 km upstream of the river mouth. The
direct relationship between the precipitation over the basin
and the discharge has a correlation of 0.52, which increases
to 0.66 for a 1-month lag (both statistically significant at
p <0.05), confirming the aforementioned lagged response.
Bricquet (1993) noted that a translation of the stability of
this hydrological regime is shown by a high (low) frequency
of floods on similar dates in each year. Future climate pro-
jections (21st century), although uncertain, show a basin-
wide average increase in both rainfall and evaporation, but
the total increase in rainfall tends to be higher than the in-
crease in evaporation; the result in most scenarios is increas-
ing runoff (Beyene et al., 2013). Nevertheless, Tshimanga
and Hughes (2012) downscaled scenarios for the northern
sub-basins of the Oubangui and Sangha rivers, in which more
than a 10 % decrease in the total runoff occurs because of the
relatively little increase in rainfall and a consistent increase
in potential evapotranspiration.

3.2 ldentification of the moisture sources

In December, January, and February over the CRB, areas
where (E — P)i10 > 0 (moisture sources) are represented by
reddish colours and are located over the northern half of
the basin and over the river mouth (Fig. 4). Negative val-
ues (E — P)i10 <0 (sinks), which are portrayed in blueish
colours, cover the southern CRB. Outside the boundaries of
the basin, (E — P)i10> 0 values can be seen spread over the
northeast of the continent, the Mediterranean Sea, the Red
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Sea, the Arabian Sea, and the tropical eastern South Atlantic
Ocean. Negative values are observed in the southeast of the
basin, the tropical western Indian Ocean, and the equatorial
Atlantic Ocean around the Equator. For these 3 months, the
moisture convergence over central-equatorial Africa is be-
tween 0 and 20° S, and a divergence belt of 0° occurs to the
north. The atmospheric divergence and convergence patterns
are associated with high-pressure systems and low pressures
at the Equator and in the ITCZ. The deep convection of the
ITCZ depends on the contribution of water vapour from the
surface moisture flux, which is supplied as surface latent heat
flux, and the horizontal moisture flux in the lower free at-
mosphere (Suzuki, 2011). The VIMF identifies moisture that
reaches the CRB from divergence zones over the Sahel and
the Arabian Sea. Assessing the VIMF is extremely impor-
tant because the seasonal variability in the spatial gradient of
precipitation recycling in equatorial Central Africa is regu-
lated by both the direction and strength of the moisture flux
(Pokam et al., 2012).

In March, the (E — P) pattern changes over the basin, with
the establishment of intense moisture sinks to the centre-
west. March seems to be a transitional month; in April, the
(E — P) pattern undergoes a more obvious change that is
characterised by moisture loss over the northern half of the
basin, a region that acts as a source in preceding months.
However, the VIMF flows from east to west over the basin
in both months, and the convergence and divergence fields
of moisture flux are not that different from those in previ-
ous months, instead highlighting a decrease in the divergence
over the Arabian Sea (Fig. 4).

Similar to in April, the (E — P) budget over the basin from
May to September is characterised by negative values in the
northern half, which match the maximum precipitation rates
for these months (see Fig. 2). From June to August (the driest
months), these values are confined to the northern area of the
basin, while an evaporative regime prevails over the rest of
the CRB, which demonstrates the ability of FLEXPART to
simulate moisture losses in the basin that are associated with
convective precipitation and rainfall migration. Beyond the
CRB, the source areas (E — P)i10 > 0 over the Arabian Sea
diminish and the VIMF changes from its previously south-
westward direction from May to September, which means
that moisture transport from this region to Africa is no longer
favoured. The (E — P)i 10 patterns are very similar to those of
previous months for the other regions. During these months,
the moisture sinks in the equatorial Indian Ocean are less in-
tense than in previous months. At the same time, a latitudinal
displacement of moisture convergence and divergence zones
occurs over central-equatorial Africa; a joint analysis of the
maximum precipitation and convergence of the VIMF pro-
vides a rough estimate of the position of the ITCZ (Zagar et
al., 2011).

Locations where values of (E — P)i10>0 are generally
accompanied by moisture flux divergence. However, the Ara-
bian Sea acts as moisture sink from May to October (blueish
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Figure 4. Monthly climatological (E — P) values integrated backward over 10 days (mm day_l) alongside the vertically integrated moisture
flux (kg m~! s_l) and divergence—convergence (reddish-blueish colours) (mm day_l). Period: 1980-2010.
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colour in the left-hand panels); specifically, the VIMF shows
an anticyclonic circulation over the Indian Ocean during
June-September, which induces intense northeastward flow
from the Arabian Sea to the Indian Peninsula and acts as
an important moisture source for Indian monsoon rainfall
(Levine and Turner, 2012).

The sink regions cover almost the entire CRB in October
and November, when the southeastern Atlantic Ocean, the
continental regions to the east and north of the basin, and
the southwestern Indian Ocean all act as moisture sources. A
transition in the scheme of the moisture source regions oc-
curs in November, when (E — P)i 10> 0 values appear once
again over the Arabian Sea (Fig. 4). This result coincides
with the beginning of the summer in the Southern Hemi-
sphere and the decay of the Indian monsoon. The VIMF il-
lustrates the moisture transport from the source regions to an
area to the south of 0° in central-equatorial Africa, which en-
hances the precipitation over the CRB in accordance with the
southward movement of the ITCZ over Africa.

The climatological annual backward average of 10-day
integrated (E — P) from the CRB is presented in Fig. 5.
This figure summarises the most important moisture sources
for the CRB throughout the year. As discussed earlier, the
boundaries of the moisture source regions were delimited by
imposing the 90th percentile (p90) threshold of the annual
(E — P)i10> 0 values. This result equates 0.43 mmday ",
which is denoted in Fig. 5 by the dashed lines. Five conti-
nental (C) and four oceanic (O) moisture sources were de-
fined (Fig. 6). The five continental regions are as follows:
central and northeastern Africa (C1), the equatorial-western
section of the continent on both sides of the Equator and at
the river mouth (C2 to the north and C3 to the south), the east-
ern CRB along the coast of Africa from the north of Somalia
and Ethiopia to approximately 20° S (C4), and the CRB it-
self. The four oceanic sources are in the Red Sea (O1), the
Arabian Sea (O2), the eastern tropical equatorial South At-
lantic Ocean along the coast of Africa (O3), and the tropical
western Indian Ocean (O4). Such moisture source regions
are not stationary, varying in intensity from year to year, and
are expected to change in the future (Gimeno et al., 2013).
In addition, their role may change given the high decadal-
and century-scale variability in the African climate (Masih et
al., 2014). Nevertheless, these source regions provide insight
into the mechanisms by which atmospheric moisture trans-
port occurs toward central equatorial Africa. A combination
of factors may influence the role of each source in the mois-
ture influx into the CRB, such as the amount of evaporated
water, the distance between each source and its target area,
the atmospheric circulation, and the residence time of water
vapour in the atmosphere.

A comparison with the evaporative moisture sources for
the CRB from the quasi-isentropic method and online data
(http://cola.gmu.edu/wer/river/basins.html) confirms the im-
portance of recycling in the CRB, which matches our re-
sults in terms of the CRB retaining humidity from itself
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Figure 5. Annual mean (E — P)i10 values backward-integrated
over 10 days for the period 1980-2010. The dashed lines repre-
sent the boundaries of the moisture sources, which are defined as
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Figure 6. Continental moisture sources for the CRB: C1, C2, C3,
C4, and the CRB itself; oceanic moisture sources: O1, 02, O3, and
04.

(Figs. 4, 5). Nevertheless, some differences exist on the an-
nual scale: sections of the northern half of the basin act
as moisture sinks (Fig. 5), while the aforementioned quasi-
isentropic climatology considers the entire basin to be an
evaporative source. Another clear difference is the Indian
Ocean: our results more clearly reflect the seasonal latitu-
dinal migration of the evaporative regions over the year.

3.3 Freshwater evaporation in the sources

An analysis of the evaporation rate over the moisture sources
may support our understanding of their role in the moisture
uptake for the CRB over the year. Although the mean evapo-
ration over a region that is considered to be a moisture source,
quantified here by using GLEAM and OAFlux, can be high,
its contribution to precipitation over the CRB might not be as
high because this source could also be providing moisture for
precipitation into other target regions. The geographical lo-
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Table 1. Mean annual evaporation rate over the sources. The data for the continent were obtained from GLEAM and those for the ocean

from OAFlux.

Evaporation rate (mm dayfl )

Sources— Cl1 C2 C3

C4

CRB 0O1 02 03 04

1.0 25 1.6

1.5

24 46 11 071 47

cation of the basin enables this area to receive moisture from
the Atlantic and Indian oceans and from land regions around
the basin, as Fig. 6 shows. Oceanic evaporation is very im-
portant if we consider that evaporation from the ocean sur-
face equates roughly 86 % of the total amount of water that is
evaporated from the planet (Schmitt, 1995) and that the role
of the oceans is decisive in continental precipitation (Gimeno
et al., 2010). The mean annual evaporation from the sources
is given in Table 1 by using data from OAFlux and GLEAM
for the ocean and continental regions, respectively. On aver-
age, O4 and O1 are the most evaporative sources while O3
is the least evaporative. Among the continental sources, the
most evaporative are C2, CRB, and C3.

These sources are located in two different hemispheres and
thus should have different annual evaporation cycles (Fig. 7).
According to the FLEXPART backward experiment from the
CRB, monthly positive (E — P)i10 values were calculated
over each source (hereafter E-FLEX) to compare them with
the yearly average evaporation at the sources. (E — P)>0
can be discounted after (E — P) has been integrated with-
out altering the general patterns of net precipitation by us-
ing a monthly or longer timescale (Castillo et al., 2014).
Figure 7 displays both series for comparison alongside E-
GLEAM (evaporation data over continental sources) or E-
OAF (for oceanic ones) and E-FLEX. On the African con-
tinent, E-GLEAM is higher than E-FLEX in C1 from May
to October (boreal summer), while the opposite occurs in the
other months, indicating when this source becomes more ef-
ficient in providing moisture to the CRB (grey shaded ar-
eas in Fig. 7, C1). The next continental source is C2, which
shows a higher land annual evaporative value (Table 1). In
this source, the annual cycles of E-GLEAM and E-FLEX
differ from those of C1. Over this region, the E-FLEX val-
ues are greater than the calculated local evaporation when
using the GLEAM dataset during February and from June to
October (grey shaded areas in Fig. 7, C2). Despite this local
evaporation, E-GLEAM does not show any great variations
over the year, varying from 2 to 3 mmday~!. E-FLEX shows
a bimodal cycle with a minimum in May (~ 0.3 mmday~!),
when major local evaporation occurs, and a maximum in Au-
gust (~4.2mmday~"), when local evaporation is at its low-
est. This behaviour illustrates that moisture can be available
in the atmosphere (higher E-GLEAM values) but less hu-
midity is taken up by air masses and then carried toward
our target region (lower E-FLEX values). In this mecha-
nism, the atmospheric circulation and the rainfall over the
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region must play a key role; E-FLEX could be lower than E-
GLEAM because of high P values over the region. The grey
shaded areas in Fig. 7 indicate months when the transport
of moisture is favoured from the source to the CRB. Over
the course of several days, an air parcel may undergo multi-
ple cycles of evaporation and precipitation (Sodemann et al.,
2008). After we integrated monthly data over 10 days, the
E-FLEX values could be greater than the local evaporation.
Nevertheless, C2 is a land region, where the recycling con-
cept is most useful because moisture for evaporation is lim-
ited by precipitation, whereas the surface of oceans is clearly
wet with or without rain (Trenberth, 1999). The C3 source,
which is separated from C2 by the Congo River mouth, fol-
lows a similar annual evaporation cycle to C2 but with lower
values (<1 mmday~') during June—October (Fig. 7, C3).
In addition, the E-FLEX values are higher than E-GLEAM
in February and July—September. In the months of March—
May and November, C3 becomes less efficient at provid-
ing moisture to the CRB. For the continental source C4, the
annual cycle of local evaporation (E-GLEAM) is similar to
those of C2 and C3, but the moisture uptake by air masses
that are tracked backward from the CRB (E-FLEX) over
C4 is always greater than E-GLEAM (unless in February);
thus, this source is very efficient in terms of moisture up-
take for the CRB, which matches the results of van der Ent
et al. (2014). For the CRB, the annual cycle of E-GLEAM
is characterised by maximum values during December and
March-May and minimum values in July—August (Fig. 7,
CRB). In January—February, April-October, and December,
E-FLEX is higher than E-GLEAM, which matches the de-
creasing precipitation over the basin (Fig. 3). This pattern is
understandable because the moisture uptake (E-FLEX) over
the basin itself must be favoured when the precipitation over
the area decreases. Comparing the annual precipitation cy-
cle in the CRB (Fig. 3) with E-GLEAM (Fig. 7) indicates
the same annual cycle, but both sets of results show opposite
behaviour from E-FLEX (Fig. 7, CRB). This relationship de-
scribes a scheme in which the precipitation and evaporation
are strongly lineally related; in fact, evaporation as a source
for precipitation over land depends on the availability of sur-
face moisture, which in turn depends on the disposition of
precipitation once it hits the ground (Trenberth, 1999). How-
ever, the moisture uptake is the opposite, determining when
the source is more effective in providing moisture for itself,
which is favoured when precipitation decreases. This rela-
tionship is not strictly interdependent because it could be
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Figure 7. Monthly mean evaporation (mm day— 1) in the continental (C) and oceanic (O) sources. The data are from GLEAM (red lines) and
OAFlux (blue lines). E-FLEX: evaporation values over the sources from FLEXPART (black lines). The areas that are shaded in grey mark

where E-FLEX > evaporation. Data period: 1980-2010.

modulated by moisture income from other sources or trans-
ported outside the boundaries of the target region (the basin).

In source O1, the mean annual E-OAF is 4.60 mm day’1
(Table 1). This source is located in the Red Sea, where the
oceanic evaporation rate is the highest in the world accord-
ing to Abdulaziz (2012). After reviewing many studies, Sofi-
anos et al. (2002) confirmed several differences in the mean
annual evaporation rate for the Red Sea, but this value was
estimated at around 2.06 myear~! (~5.6mmday~!). Fig-
ure 7 shows the annual evaporation cycle (E-OAF) in this
source, which is characterised by higher values during the
boreal winter months and minimum values in summer, which
matches Bower and Farrar (2015). The monthly E-FLEX
values over this source follow the same annual cycle as E-
OAF but with lower values. Despite being a high evapora-
tive source, the moisture uptake from O1 to the air masses in
transit to the CRB is less than what it must provide itself to
the atmosphere, converting this area into a region that is not
efficient in terms of the moisture supply to the CRB. In con-
trast, this area seems to be an important moisture source dur-
ing December—February over continental areas to its north-
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east and during June—August to the remote area of the In-
dian Peninsula (Gimeno et al., 2010). The O2 source in the
Arabian Sea shows two evaporation peaks during December—
January and June and two minima in April and September
(Fig. 7). This cycle was also noted by Pokhrel et al. (2012)
and Sadhuram and Kumar (1987), who showed that the max-
ima are related to strong winds and the minima are a result of
low wind speeds and weak vapour pressure across the Ara-
bian Sea. The moisture uptake over this source between April
and October is almost insignificant, but the evaporation from
OAFlux is greater; thus, this source is not efficient in deliv-
ering moisture to the CRB because this region contributes
to the Indian monsoon during these months (Levine and
Turner, 2012). The source in the Atlantic (O3) has the small-
est monthly average evaporation rate among all the oceanic
sources throughout the year (< 1 mm day_l) (Table 1), show-
ing a negligible annual cycle. Materia et al. (2012) deter-
mined that the evaporation rate from the ocean surface is
lower because a portion of this oceanic region is affected by
the huge freshwater discharge of the Congo River, decreas-
ing the sea surface salinity (SSS) and sea surface temperature
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(SST). However, E-FLEX is greater than E-OAF except dur-
ing April and May, when the moisture uptake over this source
is less than 1 mm day~!. The moisture uptake has two peaks:
one in February and the other in September—October. The
last oceanic source is O4, which is the most evaporative and
is characterised by a maximum average E-OAF in May-July
(>5.5mmday~") and a minimum at the beginning and end
of the year (Fig. 7, O4). This behaviour matches the results
of Yu (2007), who argued that evaporation in the Northern
(Southern) Hemisphere intensifies during the boreal (austral)
wintertime. The positive E-FLEX values over this source
(O4) are lower and quite different from the mean E-OAF dur-
ing all months. On average, this source is not very efficient
in supplying moisture to the CRB. The efficiency of a region
that provides moisture for precipitation to a target area de-
pends on the amount of evaporated water that reaches it and
not just the initial evaporation rate. In this mechanism, we
must highlight the importance of the atmospheric circulation
patterns in determining the water vapour transport, the water
vapour’s residence time in the atmosphere, and moisture up-
take from each source that is completely different from the
evaporation.

3.4 Moisture contribution from the sources: forward
analysis

Having identified the moisture source regions and their ef-
ficiency in providing moisture to air masses in transit to the
CRB, we determined the quantities and locations of the mois-
ture loss over the CRB from those particles that leave each
source by using forward tracking. For this purpose, a forward
experiment with FLEXPART was used to integrate particles
forward over 10 days. FLEXPART was used to compute the
changes in (E — P) by tracking air parcels with or without
rain; in this case, we only computed the result for those parti-
cles that arrive in the CRB that lost humidity (£ — P)i10 <0,
hereafter called the moisture contribution.

The annual cycle of the percentage moisture contribution
to precipitation from each source with respect to the total
moisture contribution to the basin appears in Fig. 8 alongside
the monthly mean precipitation over the CRB from CRU TS
v3.23 data (Harris et al., 2014). The basin itself is the most
important moisture source throughout the year, contributing
more than 50 % each month (green line) to the total moisture
supply from all the sources to the basin. The contribution
from each of the remaining continental and oceanic sources
does not exceed 20 % of the total. This result suggests the im-
portance of moisture recycling over the basin, which differs
from the result of van der Ent et al. (2010), who argued that
the main source of rainfall in the Congo is moisture that evap-
orates over East Africa, particularly over the Great Lakes re-
gion. This result is probably a consequence of the methods
that were used; their approach considered how much of the
evaporated water returns as precipitation to the same region
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Figure 8. Monthly percent of moisture loss, which is calculated as
|(E — P)i10 < 0| forward-integrated from each source over the CRB
over 10 days of transport, and the monthly mean precipitation from
the CRU datasets for the period 1980-2010.

(regional evaporation recycling) and how much of this water
is advected out of the region.

The percentage of the moisture contribution to precipita-
tion over the CRB is quite similar for the C1 and C3 sources,
less than 4 %. C2 and C4 are the most important continen-
tal sources (after the CRB itself) that supply moisture to the
CRB across the year; these sources are located to the east
and west of the basin, respectively, and play opposite roles
throughout the year. The moisture supply that was calculated
for C4 from FLEXPART, |[(E — P)i10 < 0|, follows the an-
nual precipitation cycle in the basin particularly well. The
moisture contributions to the basin from O1 and O2 with re-
spect to the total are less important than those from O3 and
O4. The contribution from O3 increases and is thus impor-
tant when the contribution decreases from the CRB itself,
confirming the importance of moisture transport from the At-
lantic Ocean. The contribution of moisture from O3 reaches
a maximum in January—February and July—August (> 14 %)
when the precipitation rate decreases over the CRB (Fig. 3).
The maximum monthly contribution from O4 in the Indian
Ocean occurs in April-May (~ 8 %).

We analysed the percentage of moisture that is supplied
from land-based and oceanic sources to the total moisture
inflow to the CRB for the period 1980-2010. The results
confirm that close to or more than 80 % of the total mois-
ture contribution to precipitation over the basin during the
year originates from land sources, with more than 50 % of
the total originating from the CRB itself (Fig. 9). Evapora-
tion as a source for precipitation over land depends on the
availability of surface moisture, which in turn depends on
the disposition of precipitation once it hits the ground (Tren-
berth, 1999). According to Eltahir (1998), the soil mois-
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ture conditions over any large region should be associated
with relatively large moist static energy in the boundary
layer, which favours the occurrence of more rainfall. This
hypothesis was also confirmed for West African monsoons
by Zheng and Eltahir (1998). In this vein, van der Ent and
Savenije (2011) quantified the spatial and temporal scale of
moisture recycling independent of the size and shape of the
region and found that approximately 70 % of the precipita-
tion in the centre of the South American continent is of ter-
restrial origin, as in many regions of Africa but specifically
in the CRB, where strong moisture feedback occurs. Pokam
et al. (2012) and Trenberth (1999) reported a higher recy-
cling ratio (the fraction of rainfall from evapotranspiration
and not from moisture that is advected to the target region)
for CEA than what was obtained for the Amazon in Eltahir
and Bras (1994) and Burde et al. (2006). As previously men-
tioned, the role of forests in the CRB is also fundamental be-
cause these areas sustain atmospheric moisture through evap-
otranspiration, which is of utmost importance for the region’s
water resources, particularly in the evergreen forest region
(Matsuyama et al., 1994; van der Ent and Savenije, 2011).
The key role of continental moisture sources has also been
documented for monsoonal regions such as western Mex-
ico (Bosilovich et al., 2003; Dominguez et al., 2008), South
America (Drumond et al., 2014; Keys et al., 2014), and the
Indian region (Misra et al., 2012; Pathak et al., 2015).

The annual role of the moisture sources that contribute
to precipitation in the CRB is shown in Table 2 as the per-
centage of the total annual |[(E — P)i10 <0| amounts over
the CRB. The CRB itself is responsible for 59.3 % and is
the most effective source, followed by C4 with 12 % and O3
with 11.5 %. These three sources comprise 82.8 % of the to-
tal moisture supply to the CRB throughout the climatological
year. The remaining sources contribute 17.2 % of the total
precipitable moisture. The O1 source in the Red Sea is re-
sponsible for only 0.2 %.

To analyse the linear relationship, Table 3 shows the sig-
nificant correlation values among the monthly series of evap-
oration, precipitation, runoff in the CRB, river discharge at
Kinshasa gauge station, |(E — P)i10 < 0| from each source
over the CRB, and the total |[(E — P)i10<0| from all the
sources (7"). All the correlation coefficients are positive and
statistically significant at 95 %, with the exception of those
among |(E — P)i10 < 0| over the CRB from C2, the evapora-
tion in the basin, and the Congo River discharge at the Kin-
shasa gauge station. As expected, the correlation is greater
with precipitation than evaporation because |[(E — P)i10 < 0|
may be associated with rainfall over the CRB. In most of the
cases, the initial correlation values with the evaporation and
those from the rest of the variables decreased because of the
lagged response of the hydrological system. This behaviour
is best exhibited by the correlation with |(E— P)i 10 < 0| over
the CRB in the air masses that were tracked forward in time
from the CRB itself and for the total contribution. According
to the correlation values in Table 3, |(E — P)i10 < 0] is bet-
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Figure 9. Monthly percentage moisture contributions to the CRB
from continental sources (orange bars), the CRB itself (green bars),
and oceanic sources (blue bars). The data are from FLEXPART for
the period 1980-2010.

ter correlated with the discharge than the evaporation in the
basin, except for the |[(E — P)i 10 < 0| values in the air masses
from O4.

Figure 10 shows the spatial relationship between the mois-
ture supply from the sources and the precipitation over the
CRB. The mean seasonal |(E — P)i10<0] values over the
CRB are plotted for December—February (DJF), March-
May (MAM), June—August (JJA), and September—November
(SON). Each map shows the correlation (bottom right) of
these patterns with the respective climatological precipitation
patterns over the basin (not shown).

The moisture sinks for the air masses from C1 to the CRB
during DJF are more intense (~ 1.5 mmday~!) along a belt
in the central-northern section of the basin that extends be-
yond this area to the south (Fig. 10). In MAM, the maxi-
mum moisture loss moves northward and almost disappears
altogether in JJA, while the moisture loss in SON covers
the entire CRB with major sinks in the northern half, which
matches the high observed rainfall during these months (see
Fig. 2). For SON, the best correlations were those between
the |(E — P)i10 <0] patterns from C1 and the precipitation
over the CRB (r =0.50). From C2, whose sources are lo-
cated to the west of the CRB, the greatest moisture contri-
bution occurs over the west of the basin. In MAM and JJA,
the |(E — P)i10 < 0] patterns are observed over the northern
half, and the best correlation was obtained for JJA (r =0.63).
Contrary to what occurs with moisture loss over the basin
from C2, the greatest moisture sinks over the CRB for air
masses that were tracked forward from C3 are mostly posi-
tioned to the southwest (best observed for SON and DJF). In
MAM and JJA, the sinks are mainly located in the north-
ern half of the basin. For C4 (located to the east of the
CRB), the sinks over the CRB decrease in intensity from
east to west (the eastern areas show the most intense sinks,
>6mmday~!). In southern equatorial Africa and specifically
in the CRB region, the precipitation pattern provides a mech-
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Table 2. Moisture contribution from the sources to the CRB (%).

665

(E—P)il10<0in %

Sources— C1 C2 C3

C4 CRB 01 02 03 04

23 68 20

12.0

593 02 1.8 115 41

Table 3. Significant monthly correlation (p < 0.05) between the precipitation from the CRU, runoff from ERA-Interim, river discharge from
the GRDC and evaporation from GLEAM or OAFlux, and forward-integrated |(E — P)i10 < 0| series with FLEXPART from the sources
over the CRB, with the total |[(E — P)i10 < 0| amount (7). Period used: 1980-2010.

C1 C2 C3 C4

CRB 01 02 03 04 T

Evaporation  0.35 035 0.36
Precipitation 0.60 0.53 0.65 0.77
Runoff 066 043 072 0.69
Discharge 0.49 0.59 0.53

037 035 043 014 035 036
0.80 036 058 0.60 058 0.83
075 059 073 059 043 0.75
054 047 055 033 012 053

anism of atmospheric communication between Africa’s east-
ern and western coasts; these two equatorial regions are gen-
erally treated as climatically separate units (Dezfuli et al.,
2015). As expected, the |(E — P)i10 <0 pattern is more in-
tense during SON and DIJF (the rainiest months). The corre-
lations vary between 0.36 and 0.43, all of which are signif-
icant at p <0.05. Throughout the year, the CRB is the most
important moisture source for itself (Fig. 9), which is con-
firmed by the intensity of the values in the |[(E — P)i10 < 0]
patterns (Fig. 10). In DJF and SON, the greatest moisture
sinks (> 12mmday~") cover the majority of the centre and
south of the basin. In MAM and JJA, these sinks are similar
to the other sources. The correlation of these patterns with
the spatial precipitation was the highest (» > 0.63).

We previously discussed how the oceanic source O1, de-
spite being an important evaporative region, is not an effec-
tive moisture source for precipitation over the CRB. This fact
can also be seen in the |(E — P)i 10 < 0| pattern over the CRB
in Fig. 10, in which the values are low and oscillate around 0
to 0.5mmday~!. The pattern also reflects the north—south
variability in the precipitation over the year. The greatest
moisture contribution from the O2 source in the Arabian Sea
occurs in the eastern and northeastern areas of the basin, ex-
cept in JJA, when the pattern is confined to the northwest
and the moisture loss is lower. The O3 source in the eastern
tropical Atlantic Ocean is the most important oceanic source
for the CRB, as shown in Table 2. In DJF, the major mois-
ture sinks are over the southwest of the basin. In MAM and
JJA, the moisture loss is mainly over the central and north
of the basin. In SON, this loss is to the east. These patterns
show a good correlation with the rainfall’s spatial distribution
(r > 0.43). The greatest moisture contribution from O4 in the
western Indian Ocean during DJF occurs over the south and
along a longitudinal belt in the centre of the basin in MAM,;
in JJA, the largest contribution can be detected over the north-
ern area of the basin. During SON, when the moisture loss
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from O4 covers practically the entire territory, with the high-
est loss over the east, the correlation with the precipitation
pattern is negative (r = —0.18). The highest precipitation for
these months shows maxima over the northern and western
areas (Fig. 2), which explains the negative correlation.

A common characteristic of the |(E — P)i10 < 0| patterns
is that the most intense values are generally located near the
moisture sources, as is clear for the contributions from C2,
C3, 03, 04, and the CRB itself. The geographic location of
the continental sources around the CRB and the dominant at-
mospheric circulation are the key factors that make this result
possible.

3.5 Role of moisture sources during severe dry and wet
periods in the CRB

We now consider the characteristics of the extreme hydrolog-
ical conditions in the CRB. CEA has experienced a long-term
drying trend over the past 2 decades (Diem et al., 2014; Zhou
et al., 2014). The rainfall trend from 1951 to 1989 toward
central Africa is initially much less clear near the Atlantic
Ocean and then becomes more intense toward the interior
of the continent (Olivry et al., 1993). This pattern was also
noted by Hua et al. (2016) for CEA, who obtained a trend of
0.21 mmday~! per decade (p <0.01) for the period 1979-
2014 by utilising precipitation data from the Global Precipi-
tation Climatology Project (GPCP).

The temporal evolution of the 1- and 12-month SPEI se-
ries for the CRB shows dry conditions during the periods
1980-1985, 1992-1998, and 2004-2006 (Fig. 11a, b). The
prevalence of wet conditions can be seen from 1985 to 1991
and from 2007 to 2010. Hua et al. (2016) have documented
consistently strong negative anomalies since the 1990s for
CEA from April to June, and these were primarily related to
SST variations over the Indo-Pacific seas from the enhanced
and westward-extending tropical Walker circulation. These
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Figure 10. Seasonal mean |(E — P)i10 < 0| (mm day_l) integrated forward from the moisture sources over the CRB for December—February
(DJF), March-May (MAM), June—-August (JJA), and September—November (SON). The number in the bottom-right corner of each plot
indicates the correlation with the mean precipitation pattern (asterisks indicate significant values at p <0.05). Period: 1980-2010.

anomalies are also consistent with the weakened ascent over
central Africa from the reduced low-level moisture transport.
The hydrological drought conditions for the Congo River ac-
cording to the Kinshasa gauge station records show tempo-
ral consistency with climate drought conditions in the basin
(Fig. 11¢).

We calculated the monthly correlations in the total mois-
ture contribution to the basin |(E — P)i 10 < 0] (summed from
all the sources), runoff, and SSI for the 1- to 24-month SPEI
timescales (Fig. 12) to investigate any possible temporal re-
lationships. The significance of the correlation threshold was
set at p <0.05. The correlations between the monthly val-
ues of |[(E — P)i10 < 0] and SPEI show significant and high
values for all months (Fig. 12a) for short SPEI timescales.
The relationship is positive and statistically significant from
January to March within the 24 SPEI timescales. During
low-rainfall climatological months in the basin, especially in
June, July, and August, the correlations are the lowest and
even negative after the SPEI4 and SPEIS timescales and gen-
erally remain so until the end. This result indicates negative
feedback that may reflect the increased evapotranspiration
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that modulates the SPEI. As the months advance and the pe-
riod of less rain ends, the correlations increase and become
positive and significant from October to December from the
first SPEI temporal scales until SPEI12. In these months, the
correlations are the lowest and become negative for the major
SPEI temporal scales, as shown in Fig. 12a. However, these
correlations change for January and February, which exhibit
positive correlations for all SPEI timescales and show a lag
of approximately 1 month for the SPEI to reflect the recovery
of wet conditions in the CRB.

In Fig. 12b, the surface runoff seems to strongly depend
on SPEI for both shorter and longer temporal scales from
January to April. Afterward (May—-July), negative correla-
tions appear after SPEI6 (Fig. 12b). The correlations also in-
crease when the rainfall increases over the basin from July
onward (Fig. 3). Here, we observe the same relationship be-
tween |[(E — P)i1l0<0| and SPEI but higher correlations
were obtained. Correlations between SSI from the Kinshasa
gauge station’s discharge and SPEI (1-24 months) show that
the evolution of the hydrological conditions is consistent
with the meteorological rainfall deficit (excess) state over the
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Figure 11. Time evolution of the SPEI in the Congo River basin
after 1 (a) and 12 months (b) and the Standardised Streamflow In-
dex (SSI) (c) that was computed for the Congo River’s discharge.
Period: 1980-2010.

basin (Fig. 12c¢). In particular, the strongest and most signifi-
cant correlations were found from SPEIS to SPEI7 from Jan-
uary to May, with a maximum in April; this result suggests
the most appropriate timescales when identifying hydrologi-
cal droughts (according to the Congo River’s discharge at the
Kinshasa gauge station) in terms of its relationship with the
computed SPEI values for the entire CRB. The correlations
from May to July, when the precipitation and discharge are
the smallest (Fig. 3), are negative for the initial SPEI tempo-
ral scales, which suggest a time response of 2 or 3 months to
reflect SPEI changes in river discharge.

We selected a few years affected by severe and extreme
conditions to investigate the role of the moisture sources dur-
ing drought and wet conditions in the CRB. For this purpose,
SPEI values at the 12-month timescale for December were
used to diagnose the status of the water balance throughout
each year. Moreover, long drought timescales are generally
used to assess streamflow droughts (Svoboda et al., 2012).
On this timescale, we should represent the water balance in
a region where the precipitation climatology is dictated by
latitudinal migration across the Equator over the year, such
as what occurs in the CRB.

During the period 1980-2010, the years 1995 and 1996
were characterised by severe (SPEI12_December = —1.69)
and extreme (SPEI12_December =—2.06) drought condi-
tions, respectively, while 1982 was characterised as severely
wet (SPEI12_December = 1.68). Figure 13 shows the mean
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annual contribution (average over the number of grid points
of the basin) from all sources and the |[(E — P)i10<0|
anomaly for each event. In 1982 (Fig. 13a), the most
important moisture contributions are from the basin it-
self (~12.0mmday~'), O3 (~2.8mmday~!), and C4
(~2.7mm day_l). The |(E — P)i10 < 0| anomalies from all
the sources are positive but are particularly high for the basin
itself (1.8 mm day‘l). In 1995 and 1996 (Fig. 13b and c), the
greatest moisture loss continues to be that from the air masses
from the CRB itself, the oceanic source O3, and the continen-
tal source C4. However, when the anomalies were analysed,
all the sources showed negative values; thus, the moisture
support was less than the average conditions for the entire
period. In 1995, the deficit in the contribution from the CRB
and O4 is highlighted. Hua et al. (2016) described how an
increase in subsidence across the western edge of the Indian
Ocean (O4) and a decrease in convection over the CRB led to
a reduction in moisture transport and rainfall across CEA. In
1996, a year that was characterised by extreme drought con-
ditions, the negative anomaly in the moisture contribution to
precipitation from all the sources remains, but the value that
was computed for the basin was higher than in 1995. These
results explain a mechanism in which the CRB is more (less)
efficient in providing moisture for precipitation over itself
during wet (dry) periods.

To clarify these results, we calculated the [(E — P)i10 < 0|
(moisture contribution) and (E — P)i10>0 (moisture up-
take) anomalies in air masses that were tracked forward
and backward in time, respectively, from the CRB for the
3 years under study. We utilised FLEXPART and obtained
the (E — P) budget but not the exact recycling, which com-
putes the amount of precipitation that evaporates and falls
again within the same region. Additionally, we calculated the
anomaly of the VIMF to check the dynamical conditions that
were favourable to the convergence—divergence of moisture
flux.

In 1982, which was a severely wet year, higher positive
|(E — P)i10 <0| anomalies were observed in the northern
half of the CRB, but mostly negative values were observed
in the southern half (Fig. 14a). This pattern is clearly oppo-
site to that for the same year in the (E — P)i10> 0 anoma-
lies for the backward experiment (Fig. 14d), which explains
the strengthening role of the southern half of the basin as
a moisture source and mainly favours moisture loss over
the northern CRB’s evergreen forests. The VIMF anoma-
lies support this result: negative values that identify conver-
gence are observed over the northern half of the CRB, while
positive anomalies that indicate divergence are observed in
the southern half (Fig. 15a). Recycling supposedly decreases
during wet periods, but Pathak et al. (2014) described how
monsoons enhance the soil moisture and vegetation cover in
the Indian region, increasing evapotranspiration and recycled
precipitation. Additionally, a positive feedback was previ-
ously described by Bosilovich et al. (2003) and Dominguez
et al. (2008) for the North American Monsoon region. Ad-

Earth Syst. Dynam., 8, 653—-675, 2017




668
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Figure 12. Monthly correlations among |(E — P)i10 < 0| (a), runoff (b), and SSI (c) from SPEI1 to SPEI24 in the Congo River basin. The
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Figure 13. Mean annual moisture contribution from the sources to the CRB (orange bars) in 1982 (severe wet conditions, (a) 1995 (severe
dry conditions, (b) and 1996 (extreme dry conditions, (c) alongside the corresponding anomaly (blue line).

ditionally, when the tropical rainbelt shifts northward dur-
ing boreal summer months, the evergreen forest in the CRB
rapidly becomes active because of the onset of the rainy
season, increasing the evapotranspiration (Matsuyama et al.,
1994). In 1982, both the evaporation and precipitation may
have increased in the northern half of the CRB, with the lat-
ter increasing to a much greater degree, thus affecting the
(E — P) budget.

The Oubangui Basin in the northeastern CRB should
have benefited in 1982 because of positive |(E — P)i10 < 0|
anomalies, which favour precipitation in the northern CRB.
A decrease in runoff throughout the Oubangui Basin coin-
cides with a decrease in rainfall with a time lag of 3 years,
which can be explained by the sponge-like functioning of
the drainage basin, where inter-annual variability is less im-
portant for runoff than for the rainfall series (Orange et al.,
1997). An important finding of these authors was that the
maxima and minima of the annual rainfall did not com-
pletely coincide with extreme flow events; the year 1982 was
a severely wet year with positive |[(E — P)i10 <0| anoma-
lies over the northern half of the basin, including the Ouban-
gui Basin. According to the results of Orange et al. (1997)
and Laraque et al. (2013), the Oubangui Basin remained in a
drought phase from 1982 to 2010 as the Congo returned to a
phase of stability.

In 1995, which was a severely dry year, negative |(E —
P)i10<0| anomalies covered the majority of the basin
(Fig. 14b) and were more intense over the western and north-
ern regions. In the backward analysis, these areas exhib-
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ited positive (E — P)i10>0 anomalies (Fig. 14e) and pos-
itive VIMF anomalies, indicating the prevalence of diver-
gence (Fig. 15b). In 1996, which was an extremely dry
year, the mechanism was the same as in 1995, but neg-
ative |(E — P)i10<0| anomalies occurred in almost the
entire basin alongside the positive (E — P)i10>0 anoma-
lies. Trenberth and Guillemot (1996) discussed the im-
portance of land-surface feedbacks in the 1988 drought
and 1993 flood in the United States, while Dirmeyer and
Brubaker (1999), Bosilovich and Schubert (2001), and
Dominguez et al. (2006) agreed that 1988 had a higher re-
cycling ratio than 1993. The CRB exhibited positive (E —
P)i10 > 0 anomalies during the dry years of 1995 and 1996,
indicating moisture uptake by the atmosphere, which surely
occurred because the evapotranspiration was enhanced and
precipitation decreased. However, the prevalent divergence
of the VIMF (Fig. 15b and c) did not favour moisture loss
over the basin, which must have been transported outside,
suggesting the role of the CRB itself as a moisture source
for remote regions. A more detailed analysis should be per-
formed in future works to determine the role of forests during
drought conditions in the CRB. Figure 11c indicates that the
lowest SSI values for the Kinshasa gauge station’s discharge
data occurred after 1995 and 1996 because of the lag pe-
riod for precipitation, runoff, and underground water to feed
rivers.

An important feature for 1982, 1995, and 1996 is that
anomalies of moisture uptake and moisture contribution in
air masses that were tracked backward and forward in time
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Figure 14. Anomaly of the |(E — P)i10 < 0| (mm day_l) integrated forward from the Congo River basin in 1982 (severe wet year, a), 1995
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River basin in 1982 (severe wet year, d), 1995 (severe dry year, e), and 1996 (extreme dry year, f).
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Figure 15. Anomaly of the vertically integrated moisture flux (VIMF) in 1982 (severe wet year, a), 1995 (severe dry year, b), and 1996

(extreme dry year, c).

from the CRB, respectively, are not homogenous over the
CRB itself. In fact, 1982 and 1995 exhibit a relocation of re-
gional sources and sinks of moisture in the basin. This result
confirms that research on the hydrological cycle should not
be developed for the entire basin, which matches Matsuyama
et al. (1994). These authors argued that seasonal changes in
the water budget throughout the CRB can be recognised as a
combination of those in the evergreen forest and southern de-
ciduous forest regions, but the regional characteristics of the
water budget in the basin cannot be explained by studying
the entire basin.
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4 Conclusions

The most important climatological moisture sources for the
Congo River basin were identified by using the Lagrangian
model FLEXPART for a 31-year dataset (1980-2010). The
precipitation, runoff, and river discharge at the Kinshasa
gauging station were assessed. The mean annual precipita-
tion pattern in the CRB confirmed a north—south dipole that
is associated with the annual migration of the ITCZ. On av-
erage, the maximum rainfall occurs between October and
April, while minima are observed in June and July, which
are always in good correlation with the runoff and Congo
River discharge; in particular, the monthly discharge values
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have the best correlation (r =0.66) with the precipitation,
exhibiting a lag of 1 month, which is the time required to
pass before the runoff can be considered freshwater in the
Congo River. The backward tracking of air masses revealed
that the CRB receives humidity from both hemispheres. Four
annual-scale oceanic moisture sources were identified in the
Atlantic Ocean, the Indian Ocean, and the Red Sea, while
the continent contains four sources that surround the CRB
alongside the basin itself, which acts as its own moisture
source. The importance of each source in the contribution
from moisture to precipitation over the CRB confirms the
main role of the CRB in the negative (E — P) budgets over
the basin itself, which represent more than 50 % of the total
moisture loss over the basin from all sources. Hence, local
recycling processes are very important, as noted by other au-
thors. Other important sources that provide moisture to the
CRB are the tropical Atlantic Ocean (O3) and the continen-
tal region to the east of the target area (C4). At the same
time, the source Ol in the Red Sea, despite its high evap-
oration rate, is considered the least efficient source for pro-
viding humidity to the basin. The efficiency of the sources
that provide moisture to the CRB depends on the evaporation
rate and influences the amount of water vapour that is trans-
ported to the basin, making the sources more or less effec-
tive in terms of precipitation over the CRB. Indeed, the spa-
tial variability in the (E — P)i10 <0 patterns over the CRB
after tracking the air masses forward from all the sources
confirmed the link between the geographical location of the
sources and the location of the greatest moisture sinks over
the basin, which are associated with atmospheric circulation.
These patterns showed a good spatial correlation with the
precipitation distribution over the basin and demonstrated the
ability of FLEXPART to reproduce the temporal and spatial
variability in the precipitation over the CRB.

The roles of the sources that provide moisture during
years with extreme and severe conditions confirmed the key
role of the CRB in modulating the water balance within it-
self. During wet (dry) years, the contribution of moisture
((E—P)i10<0) from the CRB to precipitation over itself in-
creased (decreased). On average, the water balance in the at-
mosphere over the CRB was not homogenous in these years,
indicating a distinct role within itself. This result confirmed
that research on the hydrological cycle should not be devel-
oped for the entire basin as a whole. The vertically integrated
moisture flux divergence inhibited the precipitation during
dry years, when moisture uptake ((E — P)i10>0) was en-
hanced, which suggests moisture contribution from the CRB
to remote regions, an issue to be investigated in future works.
The moisture source roles for the sub-basins of the CRB
should be determined to better understand the complex na-
ture of the hydrological feedback mechanisms in the Congo
River basin.

These results will support further studies to address the
role of the CRB’s moisture sources during climate extremes
such as flooding, droughts, and extreme river discharge in
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this basin. One important aspect for consideration in future
research is related to the possible influence of modes of cli-
mate variability (such as the El Nifio—Southern Oscillation or
the Madden—Julian Oscillation) on the modulation of mois-
ture transport from these sources to the CRB.

Data availability. The ERA-Interim datasets are freely available
at https://www.ecmwf.int/. The precipitation and potential evapo-
transpiration data from CRU TS v3.23 (Harris et al., 2014) can
be downloaded at http://www.cru.uea.ac.uk/data. The land evapo-
ration data from GLEAM model (Miralles et al., 2011) are avail-
able from http://www.gleam.eu upon request, while the ocean evap-
oration from OAFLUX (Yu et al., 2008) can be downloaded at
http://oaflux.whoi.edu. The river discharge datasets must be re-
quested from the Global Runoff Data Centre (http://www.bafg.
de/GRDC/EN/01_GRDC/grdc_node.html). The model FLEXPART
(Stohl and James, 2004, 2005) can be freely downloaded (https:
/Iwww flexpart.eu/) and utilized. For FLEXPART results, please
contact Raquel Nieto (rnieto@uvigo.es).
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Abstract. The atmospheric branch of the hydrological cycle
over the Indus, Ganges, and Brahmaputra river basins (IRB,
GRB, and BRB respectively) in the South Asian region was
investigated. The 3-dimensional model FLEXPART v9.0 was
utilized. An important advantage of this model is that it per-
mits the computation of the freshwater budget on air parcel
trajectories both backward and forward in time from 0.1 to
1000 hPa in the atmospheric vertical column. The analysis
was conducted for the westerly precipitation regime (WPR)
(November—April) and the monsoonal precipitation regime
(MPR) (May—October) in the period from 1981 to 2015. The
main terrestrial and oceanic climatological moisture sources
for the IRB, GRB, and BRB and their contribution to precipi-
tation over the basins were identified. For the three basins, the
most important moisture sources for precipitation are (i) in
the continental regions, the land masses to the west of the
basins (in this case called western Asia), the Indian region
(IR), and the basin itself, and (ii) from the ocean, the utmost
sources being the Indian Ocean (IO) and the Bay of Bengal
(BB), and it is remarkable that despite the amount of mois-
ture reaching the Indus and Ganges basins from land sources,
the moisture supply from the IO seems to be first associated
with the rapid increase or decrease in precipitation over the
sources in the MPR. The technique of the composites was
used to analyse how the moisture uptake values spatially vary
from the sources (the budget of evaporation minus precipita-
tion (E — P) was computed in a backward experiment from
the basins) but during the pre-onset and pre-demise dates of
the monsoonal rainfall over each basin; this confirmed that

over the last days of the monsoon at the basins, the moisture
uptake areas decrease in the 0. The Indian region, the Indian
Ocean, the Bay of Bengal, and the basins themselves are the
main sources of moisture responsible for negative (positive)
anomalies of moisture contribution to the basins during com-
posites of driest (wettest) WPR and MPR.

1 Introduction

Research on the hydrological cycle in the Asian region has
been extensive, which is mainly because of the strong influ-
ence of the Asian summer monsoon (ASM), which develops
a crucial role in moisture transport and the supply of pre-
cipitation in this region (Webster, 2006). The ASM system
has three different but inter-related components: South Asian
monsoon (SAM), South East Asian monsoon (SEAM), and
east Asian monsoon (EAM) (Janowiak and Xie, 2003). The
Indian summer monsoon (ISM) is one of the most studied
phenomena and is part of the SAM. It develops in response
to the large thermal gradients between the warm Asian conti-
nent to the north and the cooler Indian Ocean to the south
(Slingo, 1999). Solar heating is considered a fundamental
driver of all of the monsoon systems. Heating of the Tibetan
Plateau leads to increased ISM rainfall via enhancement of
the cross-equatorial circulation and a concurrent strength-
ening of both the Somali jet and westerly winds that bring
moisture to southern India (Rajagopalan and Molnar, 2013).
Surface heating over the plateau plays a role in producing cy-
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clonic vorticity in the shallow lower layer but negative vor-
ticity in the deep upper layers through atmospheric thermal
adaptation (Yanai and Wu, 2006; Song et al., 2010). The
satellite and conventional observations support an alterna-
tive hypothesis, which considers the monsoon as a manifes-
tation of seasonal migration of the inter-tropical convergence
zone (ITCZ) (Gadgil, 2003). Understanding and predicting
the variability of the Indian monsoon is extremely important
for the well-being of over 1 billion people and the diverse
flora and fauna inhabiting the region (Gadgil, 2003).

The monsoonal regimes in India, tropical Africa, and
North America are provided with moisture from a large num-
ber of regions (Gimeno et al., 2012). According to Misra
et al. (2012), instead of rainfall, evaporative sources (of the
ISM) may be a more appropriate metric to observe the re-
lationship between the seasonal monsoon strength and intra-
seasonal activity. It is worth mentioning that the precipitation
over any area of land comes from the moisture already avail-
able in the local atmosphere, the convergence of the mois-
ture advected into the region by the winds, and the supply by
evaporation from within the same region (Gong and Eltahir,
1996; Trenberth, 1999). The atmospheric branch of the hy-
drological cycle consists of the atmospheric transport of wa-
ter, which is mainly in the vapour phase (Peixoto and Oort,
1992), and plays a crucial role in understanding the bridge
between evaporation in the sources and precipitation over re-
mote regions. Indeed, the identification of moisture sources
for precipitation constitutes an important feature to under-
stand the further mechanisms associated with rainfall vari-
ability (Gimeno et al., 2012), and it has become a major re-
search tool in the analysis of extreme events (e.g. floods and
droughts) (Gimeno, 2014).

Numerous studies (e.g. Drumond et al., 2011; Misra and
DiNapoli, 2014; Ordofiez et al., 2012; Pathak et al., 2017)
have determined the origin of moisture that contributes to
precipitation in Asia. Ordofiez et al. (2012) confirmed the
key action of the Somali low-level jet bringing moisture
from the Arabian Sea and the Indian Ocean during the bo-
real summer and documented the importance of recycling
as the main water vapour source in the winter for this re-
gion. Chen et al. (2012) identified and quantified the ori-
gin (destination) of moisture and air mass transported to
(from) the Tibetan Plateau from June to August, and Pathak
et al. (2017) made an extensive study of the role of oceanic
and land moisture sources during the summer monsoon in
India to confirm the strong land—ocean—atmosphere interac-
tions. To determine the evaporative sources of the SEAM re-
gion, Misra and DiNapoli (2014) found that the largest evap-
orative source for the rainy season in the SEAM region came
from the local land-based evaporation and the seas in the im-
mediate vicinity. Tuinenberg et al. (2012) applied a water tra-
jectory model to investigate the moisture recycling rates over
the Ganges River basin (GRB) and confirmed that a large
influx of moisture from the Indian Ocean dominates precip-
itation. The recycling of precipitation helps in defining the
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role of land—atmosphere interactions in the regional climate
(Bisselink and Dolman, 2008). The Indus River basin (IRB)
is located in the north-west of India. Utilizing stable isotope
measurements, Karim and Veizer (2002) determined that the
predominant moisture sources for the IRB were located in a
closed basin such as the Mediterranean or other inland seas.
Together, the IRB, the Ganges River basin (GRB), and the
Brahmaputra River basin (BRB) are the largest Asian river
basins and occupy a large part of the Indo-Gangetic plain. In
these basins, the importance of the basin itself in providing
moisture has been previously proven (COLA, 2017).

Nevertheless, due to the complex hydrological cycle over
the Indo-Gangetic plain, this region is quite unique compared
to the rest of the world and the ASM plays a crucial role. In
this region, the moisture source identification and evaluating
their role in the moisture contribution for a target region are
fundamental for understanding the nature of the precipitation
in it. For these reasons, the aim of this work was to investigate
the atmospheric branch of the hydrological cycle over the In-
dus, Ganges, and Brahmaputra river basins. This was done
first by identifying the main seasonal oceanic and terrestrial
moisture sources for each basin and later quantifying their
contribution to precipitation over the basins. This analysis
will allow determination of the role of the sources during dif-
ferent precipitation regimes, specifically for the rainfall as-
sociated with the monsoon onset and demise and for dry and
wet conditions over the basins. Different criteria have been
used in the past to define the onset and retreat over different
monsoon regions and even over different parts of the same
monsoon (Zeng and Lu, 2004). Taniguchi and Koike (2006)
argue that the rapid enhancement of the wind speed related
well with the abrupt beginning of the rainy season, and it
represents a clear transition in atmospheric conditions or the
beginning of ISM.

1.1 Study area

The study was performed for the Indus, Ganges, and
Brahmaputra river basins, which are located in South and
South East Asia (Fig. 1). The Ganges is the largest river
basin in the Indian sub-continent followed by the IRB and
the BRB; all of these river basins are densely populated and
represent a complete range of landscapes and ecosystems
on which the major agricultural activities rely (Davis, 2003;
Hossen, 2015; Tare et al., 2015; Mahanta et al., 2014; Laghari
etal., 2012).

Two main climate systems drive the annual precipitation
over the basins, the ASM in summer and the western dis-
turbances (WDs) during the winter months (Hasson et al.,
2014). It provides some feature of a bimodal precipitation
regime: the monsoonal precipitation regime (MPR) for May—
October and the westerly precipitation regime (WPR) for
November—April (Hasson et al., 2016, 2014). In the MPR,
the summer monsoon has a key role in the hydro-climatology
of Asia. Even the sub-seasonal river discharge is found to be
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Figure 1. The geographic location and boundaries of the Indus,
Ganges, and Brahmaputra river basins from Hasson et al. (2013),
and the elevation from the Hydrosheds project (Lehner et al., 2008).

strongly tied to the monsoon intraseasonal cycle, which re-
sults in a near-in-phase timing of the Ganges and Brahma-
putra discharge (Jian et al., 2009), whereas the WDs during
the WPR are important synoptic weather systems responsi-
ble for almost one-third of the annual precipitation over the
northern Indian region and most of the cold season precip-
itation (Dimri el al., 2015). During the boreal winter, the
meltwater is extremely important in the Indus basin and is
also important for the Brahmaputra basin, but plays only a
modest role for the Ganges (Immerzeel et al., 2010). Indeed,
the IRB irrigation system (IBIS) is the largest irrigation sys-
tem in the world (Qureshi, 2011; Laghari et al., 2012). From
a geographic and climatologic perspective, the IRB is at a
transition between the monsoon system in the east and the
Mediterranean system in the west (Karin and Veizer, 2002).

2 Materials and methods
2.1 Study period

The study was conducted for the period from 1981 to 2015
and took into account the criterion of Hasson et al. (2016).
These authors considered two hydro-climatological periods
of the year: May—October, which was named as “monsoonal
precipitation regime” and hereafter MPR, and November—
April, the “westerly precipitation regime”, which is here-
after referred to as WPR, to study the seasonal cycle of
the water balance over the Indus, Ganges, and Brahmapu-
tra River basin. The annual cycle of the precipitation (P),
evaporation (E) and potential evapotranspiration (PET) over
the basins are assessed. Monthly data of P and E belong to
CRU 3.24.01 (Harris et al., 2014) and from monthly means
of daily forecast accumulations from ERA-Interim (ERA-I)
reanalysis (Dee et al., 2011).
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2.2 The Lagrangian approach

The 3-d Lagrangian model FLEXPART v9.0, which was
developed by Stohl and James (2004, 2005), was utilized
to identify the moisture sources for the IRB, GRB, and
BRB and investigate their role in the atmospheric water bal-
ance over the basins. The model was executed consider-
ing the atmosphere is homogeneously divided into approxi-
mately 2.0 million uniformly distributed parcels. The parcels
were advected backward and forward in time using the 3-
dimensional winds field from the ERA-I reanalysis (Dee et
al., 2011), which is a mechanism described by Eq. (1):

dx/dt = v[x (1)], (D

where x is the position of the parcel and v[x(¢)] is the wind
speed interpolated in space and time. For each parcel, a con-
stant mass (m) was considered. By interpolating g to x (),
the net rate of change of the water vapour content of a parti-
cle is computed by Eq. (2), where e represents the moisture
gain (through evaporation from the environment) and p the
moisture loss (e.g. through precipitation).

(e — p) =m(dq/dr) 2

Integrating (e — p) in all of the atmospheric vertical column,
we obtain a diagnosis of the surface freshwater flux, which is
represented by (E — P) (Stohl and James, 2004) in Eq. (3),
where K is the number of particles residing over an area A.

k
> (e—p)
k=1
A

To calculate the freshwater flux, the average time residence
of the water vapour in the atmosphere was considered, and it
was set to 10 days according to Eltahir and Bras (1996) and
Numaguti (1999). The calculus conducted in the air masses,
tracked backward in time from over each basin, permitted
identification of those regions where air masses gained and
lost humidity before arriving at the basins and thus enabled
the identification of the moisture sources of the regions. This
indicates that those regions where (E — P) > 0 are considered
moisture sources, whereas the opposite (E — P) <0 are mois-
ture sinks. FLEXPART needs the following 3-dimensional
fields: horizontal and vertical wind components, temperature,
and specific humidity in the ECMWF vertical hybrid coor-
dinate system. The model also needs the two-dimensional
fields: surface pressure, total cloud cover, 10 m horizontal
wind components, 2m temperature and dew point temper-
ature, large-scale and convective precipitation, sensible heat
flux, east—west and north—south surface stress, topography,
land—sea mask, and sub-grid standard deviation of the topog-
raphy. To run FLEXPART, it utilized the ERA-I reanalysis
dataset (Dee et al., 2011) at 6 h intervals (00:00, 06:00, 12:00,
and 18:00 UTC) and at a resolution of 1° in latitude and lon-
gitude considering 61 vertical levels from 0.1 to 1000 hPa.

~
~

E—P 3)
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The use in ERA-I of 4D-Var data assimilation contributed
to better time consistency than the 3D-Var used in ERA-40.
However, the agreement between the global tendencies of
mass and total column water vapour (TCWYV) and (E — P)
is not very good in ERA-I, but it is still much better than for
ERA-40 (Berrisford et al., 2011).

Sebastian et al. (2016) found a huge uncertainty in the es-
timates of (P — E) over South Asia, when computed from
different reanalyses, but recommend using atmospheric bud-
get for computation of water availability in terms of (P — E)
rather than based on individual values of P and E. We also
consider that in the state-of-the-science discussion on three
reanalyses (ERA-I, MERRA, and CFRS), Lorenz and Kun-
stmann (2012) found that the ERA-I shows both a compar-
atively reasonable closure of the terrestrial and atmospheric
water balance and a reasonable agreement with the obser-
vation datasets. These findings support the use of ERA-I
datasets for running FLEXPART in order to reduce the un-
certainty in this study. In the same way, the vertically inte-
grated northward and eastward moisture flux data to calcu-
late the vertically integrated moisture flux (VIMF) and its di-
vergence belong to the ERA-I reanalysis with a resolution of
1° x 1°. Computing the (P — E) directly from atmospheric
budget with divergence of moisture flux for different reanal-
yses improved correlation with observed values of (P — E)
according to Sebastian et al. (2016) results, and we will take
that into consideration for future studies.

Detailed information regarding FLEXPART functionali-
ties can be found in Stohl and James (2004, 2005). Con-
cerning the limitations of the method, Eq. (3) can diagnose
(E — P) but not E or P individually according to Stohl and
James (2004). These authors also argue that along with in-
dividual trajectories, g fluctuations can occur for nonphysi-
cal reasons (e.g. because of g interpolation or trajectory er-
rors), which is a limitation that is partly compensated for
among the many particles in an atmospheric column over
the target area. This approach has been used in numerous
studies with the main purpose of characterizing the atmo-
spheric branch of the hydrological cycle in different regions,
e.g. in western and southern India (Ordofiez et al., 2012),
the Sahel (Nieto et al., 2006), China (Drumond et al., 2011;
Huang and Cui, 2015), the Mississippi River basin (Stohl
and James, 2005), the Amazon River basin (Drumond et al.,
2014), and Central America (Duran-Quesada et al., 2010).
On a global scale, FLEXPART has been implemented to
identify the main oceanic and continental moisture sources
for precipitation (Gimeno et al., 2012) as well as a catalogue
of moisture sources for two sets of continental climatic re-
gions (Castillo et al., 2014). The main advantage of FLEX-
PART is that it permits the tracking of air masses backward
and forward in time and calculates along the trajectories the
water balance in the atmospheric column.

For delimiting the most evaporative regions in the moisture
sources, some authors (e.g. Drumond et al., 2014, 2016) have
used a threshold (a percentile value) to define the bound-
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aries. In this work, we apply the same technique; the value of
the 90th percentile in the (E — P) > 0 values integrated over
10 days of transport was considered to delimit the sources.
An exception in this work was that each river basin was con-
sidered a source region; which permitted the study of the role
of each one and the balance of (E — P) on them.

Once the moisture sources were delimited, a forward-
in-time analysis was implemented to determine the contri-
bution of each source to the precipitation over the basins
(when (E — P)i10<0). This analysis allowed us to later
perform a seasonal correlation analysis between the data of
(E — P)i10 <0 with P and PET to determine the best linear
relationships.

2.3 Selection of pre-onset and pre-demise monsoonal
dates over the basins

Here, we address the spatial variability of the moisture up-
take for the basins during composites of dates associated
with the pre-onset and demise of the Indian monsoon over
the basins. To determine the day on which the increase in
rainfall indicates the beginning of the monsoon involvement
for each basin, we utilized the method proposed by Noska
and Misra (2016). This method is based on daily cumulative
anomalies (C'm) of the average precipitation for each basin
along the year and according to Eqs. (4) and (5).

i

C'm(i) = Z[Dm (n)—CJ, “)
n=1
1 M N
C:M—Nmzl;D(m,n), &)

where D(m,n) is the daily basin rainfall for day n of year m,
and C is the climatology of the annual mean of the precipita-
tion at each basin over N (= 365 or 366) days for M years.
The onset is then defined as the day after C'm reaches its ab-
solute minimum value, but from May onward when the MPR
is defined. When applied, this criterion avoids the selection
of a false date that could arise and be associated with the
previous winter precipitation. Similarly, the demise is con-
sidered the day when C’m reaches the maximum value af-
ter the onset. For this analysis, it was necessary to use a se-
ries of precipitation on a daily basis over an extended pe-
riod of the study, 1981-2015. For our goal, we preferred to
utilize the observational precipitation datasets from the Cli-
mate Hazards Group InfraRed Precipitation with Station data
(CHIRPS; Chris et al., 2015) which has the advantage of be-
ing based on a combination of satellite and rain gauge data.
At least, an analysis on a monthly scale for June—August by
Ceglar et al. (2017) revealed that out of the four reanaly-
ses (ERA-I, ERA-I/Land, AgMERRA (an agricultural ver-
sion of MERRA), and JRA-55), all of them show more uni-
formly distributed monthly precipitations over monsoon Asia
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when compared to CHIRPS than APHRODITE (Yatagai et
al., 2009).

Different criteria have been used in the past to define on-
set and retreat over different monsoon regions and even over
different parts of the same monsoon (Zeng and Lu, 2004).
Taniguchi and Koike (2006) argue that the rapid enhance-
ment of the wind speed related well with the abrupt begin-
ning of the rainy season and it represents a clear transition
in atmospheric conditions or the beginning of ISM. To de-
termine the onset and demise dates, we applied an objective
index to the basins from Noska and Misra (2016), which was
previously adapted for the Asian monsoon region in Misra
and DiNapoli (2014) and builds upon the index proposed by
Liebmann et al. (2007). The analysis is based on the cumu-
lative anomalies of daily rainfall averaged (see Eqgs. 4 and 5)
over the basins and is permitted to identify the date associ-
ated with rainfall increase because of the monsoon onset (the
day after the minimum accumulated rainfall anomalies) and
demise (the day of the maximum accumulated rainfall). Ac-
cording to Noska and Misra (2016), this index is capable of
representing the annual rainfall variability across the region
and thus must be adequate for our target regions.

2.4 Identification of dry and wet conditions

To identify dry and wet conditions in the basins, the
Standardised Precipitation—Evapotranspiration Index (SPEI)
(Vicente-Serrano et al., 2010) was used. SPEI is based on a
standardization of the climatic water balance (Precipitation —
P — minus atmospheric evaporative demand — AED), which
is computed on different timescales. The data of P and AED
were obtained from CRU TS v.3.24.01 (Harris et al., 2014).
The concept of the PET has proven to be inappropriate be-
cause the evaporation climatic demand is not only linked to
the climate but also to the type of the evaporative surface, and
some authors have adopted a more suitable term: evaporative
atmospheric demand (Katerji and Rana, 2011; McVicar et
al., 2012). However, we will keep the term “PET” through-
out the text as the original data are named by the source.
We calculated the 6-month SPEI to assess drought severity
conditions on the three basins since this timescale adapts to
the time period of the two main hydro-climatological seasons
over the basins (WPR and MPR). Thus, the 6-month SPEI at
the end of April (October) characterized the water balance
for the WPR (MPR). According to the criterion of McKee et
al. (1993), we used an SPEI threshold of £1.5 to identify se-
vere and extreme dry (—1.99 to —1.5; < —2.0 respectively)
and wet (1.5 to 1.99; > 2.0 respectively) conditions.

It is important to emphasize that we have used precipita-
tion data from different sources, which is not consistent with
the FLEXPART input data from ERA-I reanalysis. Neverthe-
less, it makes it possible to avoid the any possible co-linearity
when analysing different hydro-meteorological process.
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3 Results and discussion
3.1 The precipitation and evaporation over the basins

The mean annual cycle of the P, E, and PET over the In-
dus, Ganges, and Brahmaputra basins appears in Fig. 2. For
the three basins, the maximum P occurs during the summer
months. It can be observed that monthly P values from ERA-
I tend to be slightly greater than those computed from CRU,
but the annual cycle is the same. These differences are best
appreciated in the annual cycle of P over the BRB. In the
IRB, the P annual cycle is characterized by two maximum
peaks in February—March and July—August (Fig. 2a). The E
approximately follows this cycle but with lower values. In
this basin, the PET remains higher than the P and E across
the year; in fact, Cheema (2012) argue that the major part
of this basin is dry and located in arid to semiarid climatic
zones. Laghari et al. (2012) also found for the climatology
from 1950 to 2000 that PET exceeds P at the IRB across the
year. PET is enhanced after maximum precipitation; maxi-
mum values occur in May—June. Over the GRB maximum
P occurs between May and October and is greater than over
the IRB. The PET and E annual cycles over this basin differ,
and as expected, PET > E. The PET annual cycle is mainly
like for the IRB. Indeed, both variables reflect close but dif-
ferent information. The E annual cycle agrees with that ob-
tained by Hasson et al. (2014) for the three river basins. Over
the BRB, the monthly average precipitation both from CRU
and ERA-I increases abruptly from March until a maximum
(>11.0mmday~") in July and later falls until a minimum
is reached in December (Fig. 2c). The PET and E are very
close and do not surpass 4 mmday~! in the annual climatol-
ogy. In particular, the PET annual cycle is notable for being
lower than what was obtained for the IRB and GRB. The an-
nual cycles of P (from CRU and ERA-I) and E for the IRB,
GRB, and BRB follow the same annual cycle as those ob-
tained by Hasson et al. (2014). These authors analysed the
seasonality of the hydrological cycle over the same basins
for the 20th century climate (1961-2000 period), utilizing
PCMDI/CMIP3 general circulation models (GCMs) and ob-
served precipitation data.

Tropical cyclones and weak disturbances contribute to
monsoon rainfall. Among these systems, the most efficient
rain-producing system (responsible for about half of the In-
dian summer monsoon rainfall) is known as the Indian mon-
soon depression (MD) which generally forms around Bay of
Bengal and propagates westward or north-westward with a
typical life span of 3 to 6 days (Ramage, 1971; Yoon and
Huang, 2012). The change in the large-scale circulation, es-
pecially the converging atmospheric water vapour flux, is re-
sponsible for the MD modulation by the 30-60-day monsoon
mode (Yoon and Huang, 2012). Over the Brahmaputra basin,
the rainiest, heavy rainstorms are due to the shifting of the
eastern end of the seasonal monsoon trough to the foothills
of Himalayas in the north and the “break” monsoon situa-
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Figure 2. The 1981-2015 annual cycle of precipitation (gray, black bars from CRU and ERA-I, mm dayfl) and potential evapotranspiration
(blue line from CRU, mm day_l) and evaporation (green line from ERA-I, mm day_l) over the Indus (a), Ganges (b), and Brahmapu-

tra (c) river basins from CRU 3.24.01.

tions during the monsoon season (Dhar and Nandargi, 2000).
Summarizing, the BRB is wetter than the western GRB and
IRB; this is because the monsoon rainfall dominates in the
summer months in the eastern region and gets weaker on the
western side with a time delay of a period of weeks (Hasson
et al., 2014).

3.2 Identification of moisture sources

The climatological budget of (E — P)il0 obtained in the
backward track experiment of air masses residing over the
three basins and the VIMF and its divergence appears in
Fig. 3. The analysis was conducted for the WPR and MPR
periods. In the first one, the most intense positive values (de-
limited by p90) in the pattern of (E — P)i10 obtained for
the IRB, are over the basin itself and they extend south-
west until the Indian Ocean (I0) and East Africa (EA). High
(E — P)i10> 0 values are also confined by the p90 (green
line) to the west of the basin (hereafter western Asia; WA),
the Persian Gulf (PG), the Red Sea (RS) and to the south-
east occupying a major part of the Indian region (IR) and
part of the Bay of Bengal (BB). In this season, the field of
(E — P)i10 obtained in the backward experiment from the
GRB is very similar to the one obtained for the IRB, but the
P90 is now extended to the east and even confines part of the
East China Sea and South China Sea (CHS). Over the GRG
itself, the highest values of (E — P)i 10 > 0 are observed. For
the BRB in the pattern of (E — P)i 10, the line of p90 is longi-
tudinally extended from East Africa until the CHS and seems
less intense than those previously obtained for the IRB and
GRB. In this season, the prevalence of the divergence of the
VIMF can be distinguished in almost all of the Indian regions
except the northern parts of the IRB and the GRB and the
western parts of the BRB, where they are overcome by the
convergence of the VIMF. In the northern part of the basins,
the VIMF is mainly to the east but over the Indian region is
mainly to the south-west and is more intense over the Ara-
bian Sea, which is a feature that is known to be linked to
excessive latent heat fluxes and is related to both the anoma-
lous meridional temperature gradient originated between the
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lands to the north of the Arabian Sea (and elsewhere) and the
sea surface temperature (SST) at the Arabian Sea (Levine and
Turner, 2012; Marathayil et al., 2013).

In the MPR, the pattern of (E — P)i10 is more extended
and intense than in the WPR (Fig. 3). In the backward ex-
periment for the three basins it is commonly distinguished
that the p90 line comprises a huge area in the western Indian
Ocean and to the west of each basin. The moisture transport
from the Indian Ocean crossing the Arabian Sea and pene-
trating into the continent is revealed by the VIMF; observa-
tional analysis shows strong monsoons depend on moisture
fluxes across the Arabian Sea (Levine and Turner, 2012). Ac-
cording to Qiao et al. (2013), the inter-annual variation of the
moisture source over the western-central south Indian Ocean
is determined by the variation of both local precipitation and
evaporation. Thus, the use of FLEXPART to assess the role
of this region in moisture supply to the target regions could
be an advantage. Previous regions that provided moisture for
the basins in the East Asian region and the CHS are moisture
sinks in this season in accordance with the VIMF conver-
gence. To the east of the IRB, over the east of the GRB and
over all of the BRB are moisture sinks. In these areas, the air
masses lose humidity before they arrive at each basin, which
is apparently because of the intense precipitation over this
region associated with the Indian Monsoon.

To determine the different roles within the continental and
oceanic moisture sources and taking into account the re-
gion where they are located, we made a separation for the
WPR and MPR. The selected sources are shown through a
schematic representation in Fig. 4. The regions shaded in
colour represent the location and spatial extension of the
most important moisture sources previously delimited us-
ing the p90 values and independently calculated for the
(E — P)i10 >0 values for every basin and period (Fig. 3).
The sources clearly divide the continental and oceanic zones
where the budget of (E — P)i10 was calculated earlier. The
criterion adopted here permits the investigation of the role of
continental and oceanic moisture sources according to their
location.
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Figure 3. November—April (top) and May—October (bottom) (£ — P)i10 (mm day_l) backward integrated from the Indus, Ganges, and
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For the IRB in the WPR, the continental moisture sources
were divided into East Africa (EA; also extending to the west
over the Sahel), the Arabian Peninsula (AP) mainly around
the coast, in Asia to the west of this basin (western Asia,
WA), and the Indian region (IR) (Fig. 4a). The oceanic mois-
ture sources are easily divided and cover a small part of the
western Mediterranean Sea (MS), the whole Red Sea (RS),
the Persian Gulf (PG), the Indian Ocean (IO; mostly in the
Arabian Sea region), the Bay of Bengal (BB), and finally part
of the Caspian Sea (CS). For the IRB in the WPR and MRP,
the moisture sources almost remain in the same regions but
change spatially because they are more extended in the MPR
period with the exception of the IR and the BB, which are
almost imperceptible (Fig. 4b). In the MPR the 10, which is
extended to the south and south-east, is highlighted. With re-
spect to the rest of the continental sources, the EA is confined
to the east of the African continent but the WA increased its
spatial extent to the east and north. Because of the relative
similar location of the sources for the GRB (Fig. 4c and d)
and BRB (Fig. 4e and f), we kept the names already uti-
lized for classification of the IRB moisture sources. However,
some new region may appear such as the CHS and central-
east Asia (CEA) during WPR, and a small moisture source
to the north of the GRB and BRB, named central Asia (CA),
in the MPR. In the same period, to the west of the BRB,
we approximately divided the areas as previously classified
for other basins as WA and IR. Ordoiiez et al. (2012) also
divided the evaporative regions obtained in a backward anal-
ysis from western and southern India, taking into account the
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well-known geographical regions. Pathak et al. (2017) also
calculated the moisture contribution from oceanic and terres-
trial sources for the ISM rainfall. However, in their method,
the terrestrial sources were approximately selected based on
the uniform climate sub-type of Koppen and the percentage
of forest cover in the year 2000, while the oceanic sources
were according to the VIMF. They considered divergent ar-
eas as the potential sources, whereas regions with high con-
vergence were considered potential sink regions. Neverthe-
less, in our approach, moisture sources are considered those
regions from where air masses uptake humidity before arrive
to the basins.

3.3 Role of continental and oceanic moisture sources
3.3.1 Budget of (E — P)

The budget of (E — P), over the 10-day cycles backward
in time from each basin for the WPR and MPR and over
the continental and oceanic regions and each basin sepa-
rately, was quantified (Fig. 5). In the WPR, the (E — P)i10
over the IRB itself is positive and greater than that obtained
over the remaining continental and oceanic moisture sources
(Fig. 5a). As seen in Fig. 2, the PET is greater than P over the
IRB in these periods, which indicates the prevalence of evap-
orative conditions in this basin. As the IRB is also a land-
based source, the budget of (E — P)i10 over the basin, to-
gether with the budget over the rest of the continental areas,
reveals the importance of the continental moisture sources
for the water supply to the IRB and is probably because of
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Figure 4. Schematic representation of the IRB (a and b), GRB (¢ and d), and BRB (e and f) moisture sources delimited by the p90 value
shown in Fig. 3 for the WPR (left column) and MPR (right column). The acronyms identifying the moisture sources are defined in the text.

the recycled moisture. Because the GRB and BRB occur in
both the continental and oceanic sources, the budget of the
(E — P)i10 remains positive (Fig. 5a). For the GRB, the pos-
itive (E — P)i 10 over the continental sources is greater than
previously obtained for the IRB and the BRB, but less than
that obtained over the oceanic moisture sources of the IRB.
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Finally, the (E — P)i 10 over the BRB and its continental and
oceanic sources are positive but less than previously com-
puted over the moisture source regions of IRB and GRB.
During the WPR in the GRB and the BRB, as occurred in
the IRB, the PET is greater than P and coincides with evap-
orative conditions in the atmospheric column over them.
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Figure 5. Total budget of (E — P) integrated over 10 days in air
masses tracked backward in time from the basins, over continen-
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1981-2015.

The budget of (E — P)il0 was also obtained from the
moisture sources delimited by p90 for the MPR (Fig. 5b). In
this period, as was previously discussed, the moisture sources
are mostly larger, like those that occur in the Indian Ocean
or western Asia (Fig. 3), and this could be reflected in the
budget of (E — P)i10. Like in the WPR, the atmospheric
moisture budget is positive but greater over continental than
oceanic sources and the IRB itself, which confirms the re-
sults of Fig. 2 which shows that PET is greater than P over
this basin in the entire year. These results indicate the in-
crease of freshwater inputs to the basins due to continental
evaporation (or recycling of moisture advected to the con-
tinents from remote regions). According to van der Ent et
al. (2010), the continental evaporation recycling ratio is over-
all very high in Eurasia, which confirms that almost all of the
continental evaporation returns to the continent, which can
be seen from 50 to 100 %, especially over China, which de-
pends on its water resources almost entirely from terrestrial
evaporation from the Eurasian continent. These findings con-
firm our results. The (E — P)i10 values in the air masses,
tracked backward in time from the GRB and BRB, reveal a
negative budget over GRB and BRB themselves (greatest for
the BRB), which reflects that they act as an average mois-
ture sink for humidity on air masses residing over them. In
our approach, the resulting positive (negative) values of the
moisture budget indicate moisture uptake, E> P (for sinks,
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E < P); however, as we do the interpretation of the water bal-
ance and not the single evaporation or precipitation values, it
could increase both E and P but one more than the other. In-
deed, in this season, the P exceeds the PET in both the GRB
and BRB (Fig. 2b and c). In contrast, over the other terrestrial
and oceanic sources of these basins, the budget is positive,
which highlights the major amount of moisture uptake over
the oceanic sources. Applying the water accounting model
described by van der Ent et al. (2010) and van der Ent and
Savenije (2011), Nikoli et al. (2012) also found that among
the nine global river basins studied on an annual scale, the
Indus River basin shows the highest increase in evaporation,
but due to the land-use change, the Ganges—Brahmaputra
shows the highest precipitation increase (of continental ori-
gin).

3.3.2 Moisture contribution to precipitation
(E-P)<0)

The moisture contribution ((E — P) <0) from the sources to
precipitation over the basins was obtained in a forward anal-
ysis over 10 days with FLEXPART. The percentage of mois-
ture contribution from the IRB moisture sources (defined in
Fig. 5) and the IRB itself appears in Fig. 6a. In both peri-
ods the WPR and the MPR, the IRB itself, the IO, and WA
are the most important sources of moisture. The IR is also
an important source for this basin in the WPR. In Fig. 6a
it can be seen that the percentage of moisture supplied from
continental sources represents a major percentage in both pe-
riods under study, although, in the MPR, the IO (38 %) is the
second most important source after the IRB itself (42 %). To
summarize these results, we calculated the seasonal average
of |(E — P)i10<0]| from all of the continental and oceanic
sources. To understand these averages it must be noted that
basin’s areas are not spatially of the same size; they were
calculated at 1° in longitude and latitude.

The results confirm that terrestrial sources and overall the
IRB itself can be responsible for the largest average moisture
input to this basin (Fig. 6b). This result may seem erroneous
because of the very well-known role of the Indian Ocean as
a source of moisture for the Indian monsoon. However, it
must be understood that the moisture transported from the In-
dian Ocean contributes to precipitation processes throughout
Asia, and once it precipitates, it can evaporate and precipitate
over the region and become the recycling that is fundamental
to understanding this process. Karim and Veizer (2002) re-
vealed that evapotranspiration is the major route for the loss
of water from the IRB. As well as this, as river discharges fall
short of reaching the sea during certain periods of the year, it
is considered a closed basin (Molle et al., 2010). Thus, this
increases the important role of evapotranspiration of natural
vegetation and crops across the basin.

The same analysis performed in the air masses tracked for-
ward in time from the GRB reveals that continental sources
are the most important during the WPR for this basin, and
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Figure 6. (Left panels) The percentage of moisture contributions (|(E — P)i10 <0|) from the moisture sources to the IRB (a), GRB (c), and
BRB (e) during November—April (WPR) (orange bars) and May—October (MPR) (blue bars) (right panels). The average moisture contribution
from continental sources (grey bars), the IRB (b), GRB (d), BRB (f) (green bars), and oceanic sources (dark blue bars).

among these, the most important are the IR, GRB, and the
WA (Fig. 6¢). Among the oceanic sources, the most impor-
tant in this season are the BB and IO. In the MPR, the 10
provides more than the 40 % of the total atmospheric mois-
ture influx to the GRB, which is followed by the GRB itself
(32 %). The average moisture loss (contributing to precipita-
tion) over the GRB in the WPR from continental sources is
greater than oceanic (Fig. 6d) sources and the MPR; however,
in both periods, the moisture contribution from the oceanic
sources is greater than those occurring over the GRB in air
masses residing over itself. Indeed, the GRB is responsible
for less than 1 mmday~' of moisture loss over itself in the
WPR. In the MPR, the average contribution from all of the
continental sources (including the GRB) is 12.8 mm day !,
whereas from the oceanic sources, the contributions are less
at approximately 11 mmday~'. As the monsoon progresses

Hydrol. Earth Syst. Sci., 21, 6379-6399, 2017

66

through India, enhanced soil moisture and vegetation cover
lead to increased evapotranspiration and recycled precipita-
tion, which makes it possible for north-eastern India to have
the highest recycling ratio (approximately 25 %) (Pathak et
al., 2014). Specifically, within the Ganges basin, the fraction
of evaporation that ends up as precipitation is approximately
50-60 % accordingly to Tuinenburg et al. (2012).

For the Brahmaputra basin, the most important moisture
sources in the WPR are the IR and the BRB itself, BB and IO.
In this period, the moisture supply from the IR to the BRB
represents the 48 % of the total moisture loss and this indi-
cates that local moisture recycling must be favoured in this
period (Fig. 6e). Indeed, it is shown in Fig. 6e that continental
sources are responsible for a major percentage of the mois-
ture loss over the BRB in the WPR. Overall, for the MPR, the
IO is the most important moisture source and is responsible
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for approximately 37 % of the total moisture loss over BRB.
The BB is the second most important oceanic source while
the rest of the oceanic sources are minimally important (even
the CHS, which only appears in this season). The IR, BRB,
and WA are among the continental moisture sources that are
the most important in this period. An average of the total
moisture loss over the BRB, calculated as the contribution
from oceanic and land-based moisture sources and including
the BRB, appears in Fig. 6f. In the WPR, the major role of the
continental regions as moisture sources for the BRB is clear,
but in May—October, the average |(E — P)i10 <0] is greater
in air masses arriving at the basin from the oceanic sources
(~22mmday~"). Nevertheless, there is not much difference
from that computed in air masses with the continental origin.

Gimeno et al. (2010) observed that the Red Sea source pro-
vides vast amounts of moisture that precipitate between the
Gulf of Guinea and the region of China and India in June—
August. As well as this, Pathack et al. (2017) noted that a sig-
nificant fraction of atmospheric moisture to the ISM rainfall
comes from five main moisture sources: the western Indian
Ocean, central Indian Ocean, upper Indian Ocean, Ganges
basin, and Red Sea and its neighbouring gulf. In agreement
with the previous findings, we obtained that the Red Sea and
the Persian Gulf act as sources of moisture for the Indus,
Ganges, and Brahmaputra river basins. Nevertheless, in our
analysis we considered them separated (unlike Pathack et al.,
2017), obtaining a negligible role from each one to the total
moisture contribution mainly for the GRB and BRB in both
the WPR and MPR.

It may be confusing that the total contribution to precip-
itation from continental sources is a little greater than from
ocean sources for the IRB and GRB in the MPR (Fig. 6b, d),
contrary to the results of Pathack et al. (2017) for the In-
dian region (which mostly comprises the GRB). Differences
may arise because the method is used to calculate the mois-
ture contribution, even when both are based on a Lagrangian
approach. In particular, Pathack et al. (2017) implemented
an extension of the Dynamic Recycling Model (DRM) de-
veloped by Dominguez et al. (2006) and modified by Mar-
tinez and Dominguez (2014). Their method permit quantifi-
cation of the relative contributions from different sources to
the atmospheric moisture over a given sink region, by cal-
culating the fraction of atmospheric moisture collected by
an air column along its trajectory between times consider-
ing the evaporation and the precipitable water, respectively,
along the two-dimensional trajectory. With the aim of clarify-
ing this, we calculated the climatological daily accumulated
anomalies of moisture contribution from the sources (from
FLEXPART) and the precipitation over them (from CHIRPS)
along with the MPR, which is of utmost importance because
of the monsoon influence. This analysis on a daily scale per-
mits an understanding of the temporal relationship variabil-
ity between the contribution of moisture from the sources to
the precipitation (rapid increase & decrease) over the basins
within the MPR.
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For the IRB, the minimum rainfall-accumulated anomalies
occur on 23 June (Fig. 7a), and from this date onwards the
rainfall-accumulated anomalies are increased until 9 Septem-
ber. At the beginning of June, the moisture supply to this
basin was enhanced first by 10 and later by WA and the
IRB itself. The accumulated anomalies on the contribution
by the rest of the continental and oceanic sources occur af-
ter the abrupt rainfall increase over the basin and do not
represent great changes to the amount of humidity accord-
ing to low anomalies (Fig. 7a and b). Before the maximum
accumulated anomaly of precipitation (on 9 September), it
is possible to observe a decay of accumulated anomalies of
|(E — P)i10 < 0] values from the basin itself after the second
half of August. A decrease of anomalies in the WA’s contri-
bution starts less abruptly and a few days before the decay
of the rainfall anomalies. From the beginning of the second
half of August, the accumulated anomalies of moisture sup-
ply from the IO to the IRB starts to decrease; however, an
abrupt decay is not clearly seen after it occurs for the precip-
itation.

Accumulated anomalies on the moisture contribution from
the 10 to the GRB during the first days of June reach the
minimum value and then immediately increase rapidly (be-
fore the contribution from the rest of the sources); later, on
June 15, the minimum value of rainfall-accumulated anoma-
lies occurs over the basin (Fig. 7c). In fact, from the rest of
oceanic sources, these values are mostly positive during all
of the MPR and do not surpass 50 mm day~!. At the begin-
ning of the second half of August, the accumulated anomalies
from the 10 reach almost 500 mm day_l, which confirms the
huge amount of moisture transported from this source to the
GRB. A day later, as previously commented, the precipita-
tion anomaly falls and reflects a time response between mois-
ture input to the basin from the IO and a rainfall decrease
over it. These results show that the most significant amount
of moisture to the GRB first comes from the 10, and the re-
sults of Fig. 6d must be explained by the moisture recycling
process over the continental sources of the GRB and/or a mi-
nor residence time of the water vapour over the continent,
which influences the budget of (E — P). Among the continen-
tal sources, the accumulated anomalies of the contribution
of moisture from the basin itself at the beginning showed a
similar cycle to the precipitation-accumulated anomalies, but
later reach maximum values in the middle of August, days
before 16 September, when the rainfall actually reaches this
point. From the rest of the continental sources, the annual cy-
cle of accumulated anomalies reflects less similarity than the
rainfall. These results confirm that although the total mois-
ture input to the GRB during the MPR is greater from con-
tinental sources than from oceanic (Fig. 6d), the 1O plays a
crucial primary role in the hydrological cycle for the mon-
soonal precipitation onset over this basin, in agreement with
Pathack et al. (2014, 2017), who highlight the key role of the
IO on the ISM and the role of land surface processes in the
generation of precipitation within the Indian sub-continent.
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Figure 7. Daily accumulated anomalies of |(E — P)i10 < 0| values computed over each basin on air masses forward in time and tracked from
the oceanic sources (left panels), continental sources (right panels) (the colour of the lines are in accordance with the name of the sources in

Fig. 5), and precipitation (red line) from CHIRPS.

Over the BRB, the seasonal accumulated anomaly of rain-
fall reaches a minimum on 7 June (Fig. 7e). However, before
this date and around mid-May minimum values also occur in
the accumulated anomalies of the moisture contribution from
the BB and later at the end of May from the 1O. After this, the
moisture supply starts to increase from these. Before the rain-
fall decay on 13 September (1 day after maximum rainfall-
accumulated anomalies), the moisture contribution decreases
first from the 10 and later from the BB towards the end of Au-
gust. Both sources (as was discussed) are the main oceanic
moisture sources for the BRB. From the continental sources
of accumulated anomalies, the majority follow the accumu-
lated anomaly of precipitation except for the moisture input
from WA, which is positive after the first days of May. Nev-
ertheless, this region is not the most important continental
source of moisture for the BRB.

Correlations were calculated between the total |(E —
P)i10 < 0] values computed from all of the sources and sepa-
rately for the P and PET in the basins for the WPR and MPR.
Significant r values only appear in Fig. 8. As expected, con-
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sidering the annual cycle of the P and PET at the basins,
we obtained positive correlations between |[(E — P)i10 < 0|
and P and negative correlations for [(E — P)i10<0| and
PET. For the IRB in the WPR, the best positive correlations
(r >0.60) are for the moisture input to the basin from the 10
with precipitation, followed by significant » values also ob-
tained with the contribution from the RS, PG, AP, and the
IRB itself. The moisture loss over the IRB is oppositely cor-
related with PET in this basin, and only the moisture sup-
ply from the BB is not significantly correlated with the PET.
In the MPR, the only positive significant correlations were
obtained for the precipitation and the moisture influx from
EA, IRB itself, IR, and IO. For the monsoon season, no cor-
relation was significant between PET and [(E — P)i10<0],
which indicates that there is not a statistically direct relation-
ship during the MPR.

The correlations for the WPR and MPR in the GRB were
expressed like that for the IRB and showed positive (neg-
ative) and statistically significant correlations for P and
[(E— P)il0<0| (PET and |(E — P)i10 <0]). In the WPR,
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|(E — P)i10 < 0] over each basin (from FLEXPART).

the positive feedback occurred for the series from the IO, BB,
and IR with P, while the greatest negative correlations are for
the 10, EA, and AP with PET. Some correlations are not sig-
nificant: for example, for the moisture contribution from the
CHS, WA, and CEA in WPR and from BB, IR, WA, and CA
in the MPR. For the BRB, the analysis showed a contrast
from the previous findings and few low and significant corre-
lations for the moisture contribution from the BB, IR, and the
basin itself with the precipitation over this basin in the WPR.
The PET and |(E — P)i10 < 0] correlations were negative for
most of the cases in this period. In the monsoonal period, as
seen in Fig. 8, the r values indicate the best correlation of
both P and PET with |(E — P)i10 < 0] from the basin itself
and from the BB and 10, which are the two most important
oceanic sources for the BRB.

A climatological analysis of the North American monsoon
system (NAMS) precipitation recycling reveals a positive
feedback mechanism between monsoon precipitation and a
subsequent increase in the precipitation of a recycled origin
(Dominguez et al., 2008). For the wettest NAMS monsoons,
Bosilovich et al. (2003) documented that the evaporation and
soil wetness time series tends to track similarly to the precipi-
tation. In the Gangetic Plain and north-eastern India, a signif-
icant amount of precipitation also comes from precipitation
recycling (Pathak et al., 2014). For example, for the GRB
and at the initial phase of the monsoon, the Indian Ocean is
a strong moisture source and the subsequent recharge of soil
moisture makes the evapotranspiration over the Ganges basin
become active after the onset of the monsoon (Pathak et al.,
2017). Despite these results, we found negative correlations
between the moisture contribution to the basins and the PET
on them, which suggests the need for a monthly analysis to
determine whether or not it occurs on a minor or major tem-
poral scale.
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3.4 Variability of (E — P) during the SAM onset and
the demise over the basins

We calculated the budget of (E — P)i10 in air masses tracked
backward in time from each basin at days —1, —4, —7, and
—10 before the rainfall increase (decrease) associated with
the SAM onset (demise) over the IRB, GRB, and BRB. To
determine the onset and demise dates, we applied an objec-
tive index from Noska and Misra (2016) for the basins, which
is based on the cumulative anomalies of averaged daily rain-
fall (see Egs. 4 and 5). To illustrate the method, Fig. 9 shows
the daily average precipitation from CHIRPS (Chris et al.,
2015) over the GRB in 2010 and the cumulative anomalies.
The cumulative anomalies reached the minimum value on
15 June and the maximum on 22 September. For this year,
the rainfall associated with the monsoon onset occurred on
16 June and ends on 22 September over the GRB. Observa-
tion indicates that the daily precipitation rate changes occur
abruptly for the onset and demise, which agrees with simi-
lar findings for different regions across the Indian region and
South East Asia (e.g. Ananthakrishnan and Soman, 1988; So-
man and Kumar, 1993; Cook and Buckley, 2009).

By applying Egs. (4) and (5), it was possible to obtain the
onset and demise dates of precipitation associated with the
monsoonal influence for every year. These dates are repre-
sented in Fig. 10 and it is possible to observe that rainfall
associated with the SAM onset starts first at the BRB (com-
monly in May), later the GRB (commonly in June), and fi-
nally at the IRB (commonly in June, and some cases in July)
(Fig. 10a). In contrast, the precipitation decline because of
the SAM demise occurs first over the IRB, followed by the
GRB and the BRB (Fig. 10b), which indicates that the length
of the monsoonal rainy season at the IRB is shorter than over
the GRB and both were shorter than over the BRB. This re-
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veals that from the east to the west the onset of monsoon
rainfall takes longer to occur. A climatology of the length of
the summer monsoon season (in days) obtained by Misra and
DiNapoli (2014) also reflects that over the region of the BRB
the number of days between the onset and demise is greater
than in regions to the west (where the GRB and IRB are lo-
cated) and where the length decreases longitudinally. Similar
onset and retreat dates were obtained by Hasson et al. (2016)
but utilizing a distinct method on a CMIP5 climate model’s
data for observational and future periods.

A composite of the days for the monsoonal rainfall onset
and demise over each basin was performed. Utilizing each
composite, the budget of (E — P) for days —1, —4, —7, and
—10 was calculated before the onset and demise; this way, it
was possible to determine the spatial changes of moisture up-
take by air masses in travel to the basins. One day backward
in time from the onset at the IRB, air masses uptake humidity
over the basin itself and the surrounding regions (Fig. 11).
At day —4, air masses arriving at the IRB uptake humidity
from the western Indian Ocean, the Arabian Sea, the Per-
sian Gulf, the continental regions to the west of the basin
and the basin itself. Over the north-eastern Arabian Sea, a re-
markable change from conditions of pre-monsoon onset days
was also described by Howland and Sikdar (1983) when the
specific humidity increased as much as 5gkg™' from pre-
monsoon to monsoon onset. At days —7 and —10, the pattern
of (E — P) is more extended with positive values (moisture
uptake) mainly to the west of the basin, part of the Arabian
Sea and the western Indian Ocean. Particles arrive at the IRB
losing humidity from over the south and South East Asia and
the Bay of Bengal.

Analysing the (E — P) pattern for the pre-demise, at day
—1 it is very similar to the same day before the onset;
however, in the centre and north-east of the basin appear
(E— P) <0 areas, which indicates the prevalence of moisture
loss. At day —4, areas with (E — P) >0 seem to occupy less
than on day —4 of the pre-onset, whereas more parcels arrive
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at the basin after losing humidity (according to the greater
spatial extension of areas of (E — P) <0). At days —7 and
—10 of the pre-demise, the main differences on the (E — P)
pattern (with respect to the same days for the pre-onset) are
over the basin, and greater (E — P) > 0 values are apparent
over the Arabian Sea at day —10 where moisture uptake is
major for the pre-demise. This is because days before the
demise there should be major precipitation and consequently
greater moisture uptake for the basin.

One day backward in time from the monsoonal rainfall
onset over the GRB, the air masses over this basin gain hu-
midity almost over the entire basin itself, but to the east is a
moisture sink, which in contrast covers practically the entire
basin at day —1 from the rainfall demise of this basin. At day
—4 from the onset and on the budget of (E — P), the posi-
tive values are very intense for mainly those over the basin
itself, to the west of the basin, over India, the Arabian Sea,
and part of the Bay of Bengal. For the days before the onset,
the positive values in the field of (E — P) are more restricted
in the northern part of the Arabian Sea, which suggests this
region plays a key role in the monsoonal rainfall onset but
also the demise over the GRB. The negative values (mois-
ture sink) are more intense to the east of the GRB before the
demise (as expected). For the pattern of (E — P) at days —7
and —10 from the onset, the WA and IO play as crucial role
in providing humidity to this basin, and their sources con-
tribute for the same dates before the demise; however, the
eastern part of the basin (on average) behaves as a moisture
sink and (E — P) > 0 values are more restricted to the north
of the budget pattern.

For the GRB, the results of the backward experiment high-
light that at day —1 from the onset this basin acts as a mois-
ture sink for the region as a whole. On this day, the (E — P)
reveals that air parcels arrive at the basin and gain humid-
ity just from a small region to the south-west of the basin.
The pattern is very similar at day —1 from the demise but
(E — P) >0 values are not located to the north-east of the
basin. These results are not surprising since, from the Fig. 2
results, we understand that for the MPR the water balance
over the BRB suggests that P exceeds E in the budget. At
day —4 of the onset, the basin uptake humidity from the west,
the Indian region, and the western part of the Bay of Bengal is
visually noticeable. However, the (E — P) pattern completely
changed for the day —4 from the demise, which shows that
air masses arrive at the BRB and gain and transport mois-
ture from the west and north of the basin and from the small
regions in the north-eastern Arabian Sea and the Bay of Ben-
gal. Furthermore, moisture loss prevails in air masses trav-
elling to the BRB from the south and when remaining over
itself. At days —7 and —10, the spatial pattern of (E — P) is
quite similar for the pre-onset and pre-demise with the most
remarkable difference over the south-east of Asia, the Bay of
Bengal, and the BRB itself due to the moisture loss preva-
lence.
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Figure 10. Onset and demise of the monsoonal rainfall for the Indus, Ganges, and Brahmaputra river basins.

3.5 Moisture contribution during the dry and wet
conditions in the basins

The SPEI was utilized to identify dry and wet conditions
at the IRB, GRB, and BRB. The temporal evolution of
this index on the temporal scale of 6 months is shown in
Fig. 12. We identify dry conditions at the IRB from 1998
to 2002 and increasing wet conditions from 2011 to 2015. A
drought-intensive period in Pakistan was identified by Xie et
al. (2013) for the late 1990s to early 2000s, in agreement with
our results. Pakistan is mostly located within the IRB, and
hence, the hydrological condition of the basin regulated those
of the country. In the GRB during the 2000-2010 decade,
dry conditions were very frequent, whereas in the BRB dry
conditions mainly occurred in 1981-1986, 2003-2010, and
2012-2015 (Fig. 12). Kumar et al. (2013) documented that
short-term drought (SPEI6) over the Indian region is char-
acterized by strong periodicity on quasi-biennial (2—4 years)
and decadal (1216 year) timescales.

We use the 6-month SPEI at the end of October (April) to
diagnose dry and wet conditions at the basins over the MPR
(WPR) season. We selected those seasons under severe and
extremely dry and wet conditions according to SPEI6 values
(Tables 1 and 2), and the anomalies on the moisture contri-
bution (|(E — P)i10 <0]) from each moisture source to the
basins were calculated by creating composites of the WPR
and MPR affected by severe and extremely dry and wet con-
ditions. The SPEI6 was also utilized for the same purposes by
Drumond et al. (2016) to investigate drought episodes in the
climatological sinks of the Mediterranean moisture source.

Common dry WPR occurred at the IRB and BRB in 2001
and at the GRB and the BRB in 1999. According to SPEI
> 1.5 values, severe and extreme wet WPR seasons occurred
at the IRB in 2015 and 1983 (Table 1). In 2015, it was also
severely wet in the GRB (as well as in 1982) and extremely
so in 1998, whereas at the BRB, just two seasons were clas-
sified as severely wet (2007 and 2010). In the period from
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Table 1. WPR under severe and extremely dry and wet conditions at
the Indus, Ganges, and Brahmaputra river basins during the period
from 1981 to 2015.

Dry IRB GRB BRB
Date SPEI-6  Date SPEI-6  Date SPEI-6
April 2001 —1.64  April 1999 —1.55  April 2001 —1.72
April 2009 —2.25 April 2014 —1.88
April 1999 —1.88
Wet
April 2015 1.51  April 1982 1.78  April 2007 1.69
April 1983 2.0  April 2015 1.89  April 2010 1.92
April 1998 2.0

1981 to 2015, there were three severely dry MPR periods at
the IRB and also three for the GRB, but one of them was
extremely dry (2014) (Table 2). For the BRB, despite being
the wettest basin, four MPR are characterized under severely
dry conditions and of these, the WPR of 2005 accounted for
both the GRB and the BRB. During the wettest MPR periods
(Table 2), the greatest number of cases occurred at the GRB
as well, and all were severely wet (like the two periods in the
BRB), whereas at the IRB, of the two wet periods only one
was extremely wet in 2010.

The moisture contribution negative anomalies for the
WPR dry composites at the IRB are evidence of the major
deficit in the moisture supply from the IR, the IRB itself,
and the 10 (Fig. 13a, orange bars); the same sources are re-
sponsible for greatest positive moisture loss anomalies for
the wettest WPR (Fig. 13a, green bars). For the MPR, the
anomalies in the moisture input to the IRB during dry peri-
ods occur mainly from two sources, the IO and the own IRB.
This indicates that during the monsoonal season under dry
conditions, as it rains less over the basin it will not favour the
precipitation over itself but could for remote regions. For the
wettest MPR, the opposite occurs.
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Figure 11. Composite of (E — P) in a backward experiment from the IRB for a composite of days —1, —4, —7, and —10 from the onset and
demise of the monsoon.

Hydrol. Earth Syst. Sci., 21, 6379-6399, 2017 www.hydrol-earth-syst-sci.net/21/6379/2017/
72



R. Sori et al.: The atmospheric branch of the hydrological cycle

SPEI IRB

SPEI GRB

SPEI BRB

6395

6 months

AT T T T T T T IO

6 months

6 months

Years

T T T
1983 1987 1991 1995 1999 2003 2007 2011 2015

T

I T
1983 1987 1991

T T T T 1T
1995 1999 2003 2

Years

I I
007 2011 2015

1983 1987 1991 1995 1999 2003 2007 2011 2015

Years
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Figure 13. Anomalies of the moisture contribution (|(E — P)i10 <0]|) from each source to the IRB, GRB, and BRB during severe and
extremely dry and wet condition at the basins (orange and green bars, respectively) from the period of 1981-2015.

In the GRB, the driest WPRs are associated with nega-
tive anomalies of moisture supply mainly from two conti-
nental moisture sources, IR and the basin itself, and two
oceanic sources, BB and IO (Fig. 13c, orange bars). The
same sources are responsible for positive anomalies during
the wettest WPRs (green bars). This means that during the
WPR months, severely and extremely dry and wet conditions
are regulated in the GRB by anomalies of the moisture sup-
ply from the surrounding land regions (mainly to the south
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over India), the Bay of Bengal and less from the 10 and the
GRB itself. For MPR, the greatest negative anomalies of the
|(E— P)i10 < 0] values over the GRB in the composite of the
dry conditions occur in air masses arriving at the basin from
itself, the 10, and WA, whereas for wettest periods the high-
est positive anomalies are on the moisture inputs to the GRB
from the same sources: the IO, followed by the GRB itself
and WA. These anomalies allow confirmation that the wettest
periods in the GRB are related to an increase of the moisture
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Table 2. MPR under severe and extremely dry and wet conditions at
the Indus, Ganges, and Brahmaputra river basins during the period
from 1981 to 2015.

Dry IRB GRB BRB
Date SPEI-6  Date SPEI-6  Date SPEI-6
October 1991 —1.51  October 2005 —1.56  October 1994 —1.58
October 1987 —1.62  October 1992 —1.68  October 2006 —1.60
October 2009 —1.74  October 2014 —2.35  October 2005 —1.60
October 1982 —1.61
Wet
October 2015 1.75  October 1999 1.62  October 1998 1.56
October 2010 2.08  October 2013 1.65  October 1988 1.72
October 2011 1.83
October 1990 1.92

supply from the IO, and the local contribution is surely en-
hanced because of moisture recycling, which is a mechanism
well explained for the GRB by Tuinenburg et al. (2012).

In the BRB during the WPR as well as for the GRB, the
IR, BB, IO, and the basin itself are the regions from where
a reduction of moisture supply to the BRB drastically occurs
during the driest November—April periods (Fig. 13e, orange
bars) and the moisture supply increases during the wettest
periods (green bars). In the MPR, the IO becomes the source
from which the atmospheric transport that contributes to pre-
cipitation over the BRB experiment shows the highest reduc-
tion during the driest periods (<3 mmday~!) (Fig. 13f, or-
ange bar) and the maximum increase for the wettest periods
(>6 mm day_l) (Fig. 13f, green bar). The BB is the second
most important oceanic source in terms of the anomalies,
whereas the IR is the most important among the terrestrial
sources. For almost all of the cases when dry (wet) condi-
tions occur at the basins, negative (positive) anomalies occur
for the moisture contribution to precipitation, which is gener-
ally from all of the sources over the basins. As precipitation
depends on the amount of water vapour in the atmosphere,
the most important anomalies in the contribution from these
sources highlight the main aspects responsible for drought
and intense precipitation over the basins.

4 Conclusions

The 3-dimensional model FLEXPART was used to track
backward in time the air masses residing over the IRB, GRB,
and BRB. The model permitted the calculation of the budget
of evaporation minus precipitation (E — P) along backward
and forward trajectories integrated over 10 days and allowed
the identification of the climatological moisture sources of
each basin for the westerly precipitation regime (November—
April) and monsoonal precipitation regime (May—October)
over 35 years (1981-2015). The results indicate that mois-
ture sources are positioned in continental and oceanic re-
gions as well as the basins themselves. Their spatial exten-
sion increases during the MPR (when the rainfall is highest
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over the basins) and principally in the Indian Ocean. Along
each trajectory, the budget of (E — P) over most evapora-
tive continental and oceanic sources was calculated, which
revealed the importance of moisture uptake for the basins
over continental regions during the WPR. A forward anal-
ysis performed from the sources revealed the important role
of continental regions on the average moisture contribution to
precipitation over the IRB and GRB during the MPR and dur-
ing which the oceanic sources are the most important for the
BRB. However, during the MPR, the greatest moisture con-
tribution to precipitation over the basins occurs from the 10,
except for the IRB, where local moisture losses in (E — P)
play a dominant role. Additionally, the IO seems to be re-
sponsible for first providing moisture to the basins in the
MPR period and is linked to the rapid rainfall increase or
decrease. Generally, the most important moisture sources for
the IRB, GRB, and BRB are the western Asia extension, the
Indian region, the Indian Ocean, the Bay of Bengal and the
basins themselves. A spatial analysis of the resulting (E — P)
pattern in the pre-onset and pre-demise of the monsoonal
precipitation over each basin exposed the spatial differences
mainly on the moisture uptake variability and confirmed the
spatial reduction mainly of the evaporative source in the 10
days before the demise.

As expected, the average moisture (summed (E — P) <0
from all the sources) loss over the basins’ values integrated
over 10 days is positively correlated with the precipitation
and negatively correlated with the potential evapotranspira-
tion even during the MPR, when some studies suggest that
both variables increase. The roles of the sources in the mois-
ture contribution to precipitation during severe and extremely
dry and wet conditions at the basins were assessed through
WPR and MPR composites, and confirmed the crucial role
of those most important moisture sources (eg. IR, 10, BB,
and the basins themselves) in providing less (more) humidity
during dry (wet) conditions in both periods WPR and MPR.
Even though the hydrological cycle over the Asian region
has been widely investigated, the results obtained here will
also support further climate research, but specifically over the
IRB, GRB, and BRB. Future research would be an important
contribution to investigating the influence of the modes of
climate variability, principally ENSO, on the modulation of
moisture transport from the sources of moisture to the basins.

Data availability. The ERA-Interim datasets are freely available at
https://www.ecmwf.int/ (Dee et al., 2011). The precipitation and
potential evapotranspiration data from CRU TS v3.24.01 (Harris
et al., 2014) can be downloaded at http://www.cru.uea.ac.uk/data.
The daily precipitation data from CHIRPS are available from http:
/Ichg.geog.ucsb.edu/data/chirps/ (Chris et al., 2015). The model
FLEXPART (Stohl and James, 2004, 2005) can be freely down-
loaded (https://www.flexpart.eu/) and utilized. For FLEXPART re-
sults, please contact Raquel Nieto (rnieto@uvigo.es).
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Abstract: The Amazon region, in South America, contains the largest rainforest and biodiversity
in the world, and plays an important role in the regional and global hydrological cycle. In the
present study, we identified the main sources of moisture of two subbasins of the Amazon River
Basin, the Negro and Madeira River Basins respectively. The source-sink relationships of atmospheric
moisture are investigated. The analysis is performed for the period from 1980-2016. The results
confirm two main oceanic moisture sources for both basins, i.e., oceanic regions in the Tropical North
and South Atlantic oceans. On the continents are, the Negro River Basin itself, and nearby regions
to the northeast. For the Madeira River Basin, the most important continental sources are itself,
and surrounding regions of the South American continent. Forward-trajectory analysis of air masses
over the source regions is used to compute the moisture contribution to precipitation over basins.
Oceanic (continental) sources play the most important role in the Negro River Basin (Madeira River
Basin). The moisture contribution from the Tropical North Atlantic region modulates the onset and
demise of the rainy season in the Negro River Basin; while the moisture contribution from the rest of
the Amazon River Basin, the Madeira Basin itself, and Tropical South America leads to the onset of
the rainy season in the Madeira River Basin. These regions also played the most important role in
decreasing the moisture supply during most severe dry episodes in both basins. During “El Nifio”,
generally occurs a reduction (increase) of the moisture contribution to the Negro River Basin (Madeira
River Basin; mainly from April to August) from almost all the sources, causing a decrease in the
precipitation. Generally, the contrary occurs during “La Nifia”.

Keywords: hydrological cycle; sources of moisture; moisture transport; precipitation; water level;
dry episodes; Negro River Basin; Madeira River Basin

1. Introduction

The Amazon River Basin (ARB) (Figure 1) hosts the world’s largest tropical rainforest and drainage
basin on the planet. It is an important source of natural resources for human economic development
and is characterised by large biodiversity. Its drainage area includes more than one-third of the South
American continent and the discharge of the Amazon River (AR) accounts for almost one-fifth of
the total discharge of all rivers of the world [1]. The ARB contains several subbasins. The most
important subbasins are the Negro and Madeira River basins (NRB, MRB; Figure 1) in the north
and southwest, respectively. The Negro and Madeira Rivers (NR and MR respectively) are the most
important Amazonas tributaries, contributing more than one-third of the total water discharge [1].
Consequently, the ARB plays an important role in the local and regional hydrological cycle [2—4].
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Figure 1. The black contour lines delimit the geographical locations of the Amazon River basin (ARB)
and two subbasins, that is, the Negro River Basin (NRB) and Madeira River Basin (MRB) in the north
and southwest of the ARB, respectively. Green and reddish colours indicate the ground elevation
(m), while the blue lines represent the rivers. The pink (dark blue) circle indicates the location of the
hydrological station of Manaus (Borba).

The basic principle of the hydrological cycle is that evaporation in one region contributes
to precipitation in that region or in another region through atmospheric moisture transport.
Several authors have investigated the origin of the Amazon’s rainfall using different methods to
finally highlight the important role of the Tropical North and South Atlantic regions (TNA and TSA,
respectively), as sources of moisture [3,5-10]. The role of the ARB providing humidity for itself
and surrounded regions has been also documented. The continental moisture recycling, the process
by which evapotranspiration from the continent returns as precipitation to the continent [11-14],
is particularly important for the South American hydrological cycle. Between 25% and 35% of the
moisture is regionally recycled in the ARB [15]. However, in northern Amazon regions, the continental
evaporation recycling efficiencies are higher than in the south [16,17]. The moisture from the ARB is
transported out of the basin via the South American low-level jet (SALL]) along the Andes during
the austral wet season, and contributes to precipitation over the La Plata Basin [3,4,14,18-23]. In fact,
the moisture transport in and out of the ARB has been studied since the 1990s using different
methods, that is, a variety of upper-air and global reanalysis datasets, observations, and climate
model simulations [2]. In the present climate, the ARB behaves as a moisture sink, which receives
moisture from sources, such as the tropical rainforest, by intense recycling from vegetation [2,15,24]
and by moisture advection over the tropical North and South Atlantic oceans [2,3,25-29]. Based on
van der Ent et al. [13], 70% of the water resources of the Rio de la Plata Basin depend on evaporation
over the Amazon forest. They also indicated that the decrease of evaporation in areas in which
continental evaporation recycling is high (e.g., by land use change for agriculture and urbanization)
would enhance droughts in downwind areas with overall low precipitation amounts. This might
result in the reduction of the regional moisture supply and have important consequences for the
stability of the Amazon rainforest [30-33]. Therefore, the acceleration of human-driven climate
change raises serious questions and poses challenges for conservation strategies in the Amazonian
forest of the ARB [34]. Deforestation and land use change within the ARB are major challenges [35].
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Business-as-usual deforestation (based on deforestation rates prior to 2004) would lead to an
8.1% =+ 1.4% reduction in the annual mean ARB rainfall by 2050, which is greater than the natural
variability [36]. Future scenarios of complete deforestation in the region indicate a restrained water
cycle [37,38]; the total deforestation of the Amazon would result in a 10%—20% decrease of the annual
rainfall in the entire ARB [37].

The annual cycle of the water balance within the ARB is characterised by differences between the
northern and southern sections [6,18,39]. The evaporation—precipitation budget (E — P) of the entire
region shows that the precipitation generally exceeds evaporation and the basin acts as a moisture
sink (P > E) [18,40]. However, the basin can act as a moisture source (P < E) under extreme conditions,
such as those related to deficient rainfall during the strong El Nifio of 1983 in northern Amazonia [18].
Usually, negative precipitation anomalies over Amazonia occur during intense El Nifio events and
anomalously cold (warm) sea surface temperatures (SST) in the tropical South Atlantic, coupled with
anomalously warm (cold) SST in the tropical North Atlantic [5,6,8,41-43]. The identification of moisture
sources has become a major research tool for the analysis of extreme events (e.g., floods and droughts)
and a basic tool used for regional and global climate assessment [44]. Recent studies confirmed the
occurrence of several extreme hydrological events in the ARB, such as droughts (e.g., 2005, 2010, 2016),
floods (2009, 2012, 2014), and notable terrestrial water storage variability [45-49].

The climate of Amazonia is principally affected by seasonal changes of the position of the
Intertropical Convergence Zone (ITCZ), which is the main rainfall-producing system in the eastern
ARB during the rainy season [50-52]. The South Atlantic Convergence Zone (SACZ), which enhances
the convection during the austral summer, is important for rainfall in the southern ARB [53,54].
The life cycle of the South American Monsoon System (SAMS) also plays an important role,
featuring strong seasonal variability in the distribution and duration of the rainy season, mainly over
southwestern Amazonia and the La Plata Basin [28,55]. The cross-equatorial flux plays an important
role for moisture flux changes that ultimately enhance the convection over central-eastern Brazil on
intraseasonal timescales, representing an increase in the contribution to the monsoon precipitation from
moisture transported from the northern Amazon toward eastern South America [56,57]. An important
climatological structure in the upper-tropospheric summertime circulation over South America is the
Bolivian High and the accompanying Nordeste trough over the east. The results of a study by Lenters
and Cook [58] indicate that these systems are generated in response to precipitation over the ARB,
central Andes, and the South Atlantic convergence zone.

A great number of studies have related the rainfall variability over the ARB with the SST changes
in the Tropical North and South Atlantic regions (e.g., Marengo [5,6], Marengo et al. [7], Yoon and
Zeng [8], Andreoli et al. [59], Espinoza et al. [60], Yoon [61]). Nevertheless, few studies have quantified
the moisture contribution from these regions (e.g., Drumond et al. [3], COLA [62]). Usually, the ARB is
studied as a whole. However, considering the reported differences of the hydrological cycle between
the northern and southern ARB, our aim is to identify the main continental and oceanic moisture
sources of the NRB and MRB. Furthermore, we attempt to obtain and assess the impact of their
moisture contribution on the onset and demise of the rainy season, during dry episodes, and under
warm (El Nifio) and cold events (La Nina) of El Nifio-Southern Oscillation (ENSO). ENSO is the
main driver of interannual climate extremes in Amazonia and other tropical regions [63]. Respect
previous studies, our point is to establish a source-sink of atmospheric moisture relationship to further
understand some steps of the hydrological cycle in both the NRB and MRB.

2. Materials and Methods

2.1. The Lagrangian Approach

The global atmosphere was homogeneously divided into finite elements of volume, that is,
approximately 2.0 million parcels. The Lagrangian particle dispersion model, FLEXPART (FLEXible
PARTicle dispersion model) v9.0 [25,64], was applied to track backward-in-time the air masses over
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the NRB and MRB, and to calculate the rate of moisture increase (through evaporation from the
environment, e) or decrease (through condensation or precipitation, p) along the trajectories of the
parcels. Based on Equation (1), this budget equals the specific humidity () changes over time (f),
assuming a constant parcel mass (). Based on Stohl and James [64], the equation contains a small
error because the mass of a particle (thus, the mass of the whole atmosphere) is assumed to be constant.
Nevertheless, the atmosphere mass slightly changes through the addition and removal of water.
The residence time of water vapour in the atmosphere varies in different regions of the planet. In this
work, we considered it to be ten days, as stated by Numaguti [65].

(e — p) = m(dq/dt) )

The total surface freshwater flux during ten days, hereafter represented by (E — P)il0,
was obtained from Equation (2) by integrating the (e — p) values of all parcels in a vertical column
from 0.1 to 1000 hPa over an area A. The area depends on the resolution of the input data and K is the
number of particles over A. The values of (E — P), summed over the period in which clouds formed and
evaporated, were not affected, but separating E and P led to the identification of extra precipitation and
surface evaporation upon cloud formation and evaporation of cloud droplets, respectively. These errors
were reasonably accurate only when one of the two terms was known to be much larger than the other,
for instance, when P > E during rain events [25]. Thus, for our purposes, the determination of the
freshwater budget was quite enough. The analysis was performed for the period from 1980-2016.

~ ZI}E:1 (e—p)

E-Px =i )

The historical backward-in-time analysis allowed the determination of the main moisture sources

for the given receptors. Those regions in which (E — P)i10 > 0, which indicates that air parcels gain
humidity rather than lose it during their movement to the target region, were considered moisture
sources. On the contrary, regions in which the (E — P)i10 budget was negative and moisture loss
prevailed were considered as moisture sinks. To determine the most important regions in which air
masses in transient to the basins uptake humidity, a threshold was defined. This threshold represented
the 90th percentile and was calculated from the annual budget, (E — P)i10 > 0. This criterion has
previously been utilised with a similar aim by Drumond et al. [66], Ciric et al. [67], and Sori et al. [68].
The NRB and MRB were considered moisture sources for themselves to evaluate their role. To assess the
moisture contribution of sources to the precipitation over the basins, air masses over each source region
were tracked forward-in-time to compute the moisture loss, (E — P)i10 < 0, over the respective basin.
The model FLEXPART has been widely used to investigate the atmospheric branch of the
hydrological cycle in several regions worldwide, for example, to investigate the origin of continental
precipitation [69], to identify the major moisture sources for East China [70] and the Sudan-Sahel [71],
or to understand the causes of extreme sea ice loss over the Arctic [72]. The main advantage of
using this model is the possibility of computing the atmospheric water budget along backward and
forward trajectories. To run FLEXPART, we utilised datasets from ERA-Interim reanalysis [73] at 6-h
intervals (00:00, 06:00, 12:00, and 18:00 UTC) and a resolution of 1° in longitude and latitude along
61 vertical levels from 0.1 to 1000 hPa. We also used the vertical monthly integral of northward and
eastward water vapour flux data from ERA-Interim reanalysis [73] at a resolution of 1° x 1° to calculate
vertically integrated moisture flux (VIMF) divergence anomalies. Several factors were considered
for the use of ERA-Interim reanalysis datasets. Significant improvements have been made between
ERA-Interim and ERA-40 [74] with respect to the global hydrological cycle, that is, in terms of water
vapour, clouds, and precipitation, especially over the oceans. The unrealistic interannual drift of
precipitation observed in ERA-40 over the ARB has been reduced in ERA-Interim and the annual
precipitation was largely unbiased, although the seasonal amplitude of precipitation remained too
small [75]. De-Almeida et al. [76] assessed the ability of three global reanalysis products (NCEP-2,
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ERA-Interim, and CFSR-1) to reproduce South American Monsoon (SAMS) precipitation. They found
that ERA-Interim provided more consistent results regarding the climatology of precipitation and
850 hPa moisture flux divergence monthly means, both averaged over the SAMS region.

2.2. Identification of the Onset and Demise of the Rainy Season

The onset and end of the rainy season in the NRB and MRB can be considered as the beginning and
end of the longest period during which the rainfall exceeds its annual climatology [77]. To determine
the dates associated with the onset/demise, we applied an objective previously implemented for
the ARB by Liebmann et al. [78], for South America by Liebmann et al. [77], and for the Indian
Summer Monsoon by Noska and Misra [79]. This method was based on daily cumulative precipitation
anomalies (C’'m) of each basin throughout the year:

i

C'm(i) =) [Dp(n) - C], ®)
n=1
;] M N
C=vN mZ::lngl Dp(m,n), (4)

where Dp(m,n) is the daily average precipitation over each basin for day n of year m and C is the
climatology of the annual mean precipitation over N (365/366) days for M years. Therefore, starting
in January, the onset date was defined as the day after C'm reached its absolute minimum value.
After this date, a positive slope indicated the rainy season until C’m reached its absolute maximum
value, which was considered to be the demise because it was the point at which the precipitation
started to decrease. In this analysis, we used the daily precipitation from the Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) [80], which has the advantage of incorporating
0.05° resolution satellite imagery with in situ station data. The determination of the onset/demise
dates and the length of the rainy season in the Amazon region and South America have already
been investigated by different methods [7,77,78,81-85]. However, the method used in our study was
sufficient for our purpose. Daily data of the Interpolated Outgoing Longwave Radiation (OLR) [86]
freely provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at
https:/ /www.esrl.noaa.gov/psd/ was used to investigate the response of the convection associated
with the | (E — P)i10 < 0| anomalies over the basins.

2.3. Identification of Dry and Wet Conditions

In this study, we used the Standardised Precipitation-Evapotranspiration Index (SPEI) [87] to
identify dry and wet conditions in the NRB and MRB. The SPEI is based on the same methodology
as the Standardised Precipitation Index (SPI) [88], but computed the probability distribution of the
difference between precipitation (P) and Atmospheric Evaporative Demand (AED), which were
computed on different time scales. Here, we considered the potential evapotranspiration (PET) to be
a reliable approximation of the AED. The P and PET data with a resolution of 0.5° x 0.5° belonged
to the Climatic Research Unit CRU3.25 [89]. The use of the SPEI is of advantage if we considered
the dense forest of the region and its effect on evapotranspiration. Positive SPEI values indicate
above-average moisture conditions (wet), while negative values reveal below-normal (dry) conditions.
To identify dry episodes, the criterion of Mckee et al. [88] was applied to each basin. Dry episodes
started when the SPEI fell below zero, reaching a value of —1 or less, and ended when the SPEI
returned to positive values. Several indicators were calculated for such episodes, such as the duration
[number of months between the beginning (included) and end (last month, not included)] and severity
(absolute value of the sum of all SPEI values during the episode) [90-92]. We considered the parameter
‘severity’ to be an indicator of the possible impact. The most severe five dry episodes were selected to
investigate the role of the climatological moisture sources of each basin on the moisture contribution
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to precipitation over the basins. Stojanovic et al. [93,94] have performed similar assessments for the
Euro Mediterranean region. For each dry episode was also calculated the average pattern of the
Vertically Integrated Moisture Flux (VIMF) anomalies from the ERA-Interim [73] to assess dynamical
atmospheric conditions. The classification of the SPEI values into categories (Table 1; according to
Mckee et al. [88] for the SPI) permitted the association of the magnitude of this index with water deficit
conditions in the basins. A correlation analysis was performed between the SPEI at 1 to 24 temporal
scales and the water level (WL) of the NR and MR recorded in Manaus and Borba, respectively,
to investigate possible relationships. The WL data were provided by the Observatory of Research for
the Environment [95].

Table 1. Drought classification based on the SPEL

Drought Category Range
Non-drought 0 < SPEI
Mild drought —1.0<SPEI <0

Moderate drought —1.5<SPEI < —1.0

Severe drought —20<SPEI< —15
Extreme drought SPEI < —2.0

2.4. Moisture Transport during El Nifio and La Nifia Events

Considering that one of the most significant causes of the climate variability in the tropics is the
ENSO, we obtained composites of months affected by the warm (El Nifio) and cold (La Nifia) events.
The P anomalies over each basin and | (E — P)i10 < 0| anomalies of air masses arriving from each source
of moisture were calculated for each composite of months. The El Nifio/La Nifia conditions were
obtained from the Bivariate EnSo Timeseries (BEST ENSO index) [96]. The alternative, less stringent
definition that uses the top /bottom 33% events or standard deviation (std) = +0.96 of the BEST values
was utilised. This index was chosen because it was obtained by combining an atmospheric component
of the ENSO phenomenon (the Southern Oscillation Index ‘SOI’) with an oceanic component (Nino
3.4 Sea Surface Temperature ‘SST’ that was defined as the SST averaged over the region 5° N-5° S and
170° W=120° W).

3. Results and Discussion

3.1. Precipitation, Potential Evapotranspiration, and Annual Water Level Cycles

The monthly average P patterns within the ARB are shown in Figure 2. It shows the spatial
variability of the P between the north and south of the basin, specifically between the NRB and MRB.
During the austral summer from December to March, the maximum P was observed in the central
southeast of the ARB. The P rate over the MRB was greater than over the NRB during these months.
April was a transitional month; the maximum precipitation occurred over the northern half of the
ARB, but major rainfall was favoured over the NRB in May and June. Espinoza et al. [97] reported that
the maximum P was concentrated in the northwest of the ARB during four months (July—October),
which was consistent with our results. In October, the P increased over the southeast of the ARB;
this phenomenon was best observed in November and December. Marengo [18] investigated the
December-January and March-May seasonal rainfall in the ARB derived from different gridded
data sources. He considered that these two seasons represented the peak of the rainy season in
southern and northern Amazonia, respectively. However, Figure 2 shows that the strongest rainfall
was concentrated in northern Amazonia from May to September. The March-May (MAM) maximum
and September-November (SON) minimum rainfall close to the Amazon Delta were associated with
the seasonal migration of the Intertropical Convergence Zone (ITCZ). Overall, the rainfall regimes over
the ARB indicated a strong contrast between the northern and southern tropics, which was due to the
alternating warming of each hemisphere [97]. The spatial distribution of various precipitation datasets
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(GPCP, GPCC, and HYBAM) averaged for the 1989-2008 period showed similar patterns within
the ARB with slight differences in the northwestern ARB, where SO HYBAM datasets presented
a larger area with higher precipitation rates [82]. The study results of Geritana et al. [98] also
showed that evapotranspiration (ET) was greater in the south and west of the ARB in the period from
2000-2008, indicating the principal differences of this variable between the NRB and MRB. Based on
Gloor et al. [99], the intensification of the hydrological cycle in the ARB has been concentrated in the
wet season since approximately 1990, driving the progressively increasing differences between the
peak and minimum flows in the ARB.

o 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 (mm/day)

Figure 2. Monthly average precipitation (from CRU 3.2401) in the Amazon River basin (ARB).
The Negro and Madeira River basin (NRB and MRB, respectively) boundaries are marked by contours.
Period: 1980-2016.

The monthly average P for each subbasin was calculated. The annual cycle of the subbasins
differed, as expected from previous analysis (Figure 3). Figure 3 also shows the annual PET cycle
of each basin and the annual WL cycle of the Negro and Madeira rivers recorded at hydrological
stations located in Manaus and Borba, respectively. The monthly average P (light grey bars) in the NRB
increased from October to May when it reached the average annual maximum rainfall (~11.0 mm/day).
The average P decreased after May, reaching a minimum in October (~4.9 mm/day). Less rainfall
occurred in July (~0.9 mm/day) in the MRB (dark grey bars) in the Southern Hemisphere southwest of
the ARB. From July onwards, it increased during the austral summer months until it reached a peak
in January (~8.7 mm/day) and then decreased. The monthly average P in the NRB was greater than
that in the MRB. Thus, the annual average rainfall in the NRB (~7.0 mm/day) was greater than that in
the MRB (~4.6 mm/day). Both annual PET cycles (NRB and MRB) were very similar, although they
differed from June to December when the PET in the NRB (red line) was higher than that in the MRB
(green line). On the contrary, the PET in the MRB was higher in February and March. The PET in the
NRB increased with decreasing P. However, this was not the case in the MRB, reflecting a lag time.
Utilizing several datasets, Marengo [18] described similar annual P and evaporation (E) cycles for
northern and southern Amazonia. Nevertheless, the annual ET cycle obtained by Maeda et al. [100] for
the NRB slightly differed from the PET in Figure 3. These authors described two maximum ET peaks
in April and October. This indicates that the methods adopted to calculate the ET, land cover, soil
types, and meteorological forcing used in the models and the study period have a significant impact
on ET rates [101].

The WL of both annual cycles lagged in time with respect to the P. The maximum WL (~28 m)
in Manaus occurred in June, one month after the maximum P in the NRB, while the maximum WL
(~20.4 m) in Borba occurred in April, three months after the maximum P in the MRB. A strong seasonal
signal of the Negro River water storage was described by Frappart et al. [101], with minima in October
and maxima in June, in accordance with the minimum and maximum climatological WL. Marengo [5]
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revealed that the WL in Manaus and rainfall in northern Amazonia vary in unison and had less in
common with the rainfall anomalies in southern Amazonia. In this analysis, we must consider that
WL fluctuations were generally influenced by hydrological, hydrometeorological, and hydrogeological
phenomena, such as groundwater recharge, evapotranspiration, phreatophytic consumption, artificial
recharge, groundwater pumping, and return flows from irrigation [102]. Therefore, these phenomena
are not analysed in this work because our purpose was to provide a general overview of the
hydrological cycles of both basins.

--=PETNRB 12 30 — WL Manaus
=== PET MRB = WL Borba
9PNRB O - 12
= P MRB M
8 Mo ” — 20
)
g | m |
g 6 _ I—I 15 €
4 — - - s - — 10
- =4 Fl= - R e e b - -
bl VNN -
27
4 5
Months

Figure 3. Precipitation (P; bars), potential evapotranspiration (PET; dashed lines) annual climatological
cycle of the Negro and Madeira river basins (NRB and MRB, respectively). Annual water level cycle in
Manaus and Borba (WL; solid lines). Period: 1980-2016.

3.2. Moisture Source Identification

The monthly budget (E — P)i10 obtained with FLEXPART for the NRB and MRB in the air-mass
back-trajectory analysis is shown in Figure 4. Positive values represented by reddish colours indicate
areas in which the net moisture budget in the vertical column was positive, which means that
evaporation exceeded precipitation (E > P) and the air masses transient to the basins in these regions
gained humidity rather than lost it. These regions act as moisture sources for the basins. In contrast,
the bluish colours represent regions in which air parcels moving toward the basins lost humidity (E < P),
which were considered to be moisture sinks. The spatial pattern of (E — P)i10 from January to May
shows that for the NRB, where was an uptake in humidity from an extended area in the Tropical
North Atlantic region (TNA); (E — P)i10 > 0 was also observed in a visibly smaller area in the Tropical
South Atlantic region (TSA) and in the northeast of the NRB. The NRB mainly acted as a water vapour
sink from April to July, which was consistent with major precipitation over itself (Figure 2). We must
highlight that during the rainiest month in the NRB, that is, May, the moisture uptake was less intense in
the TNA than in previous months; however, the extension and intensity of areas with (E — P)i10 > 0 in
the TSA increased. The main oceanic moisture source for the NRB from June to October seemed to be
the TSA; the main continental moisture sources were the eastern ARB and NRB itself. The humidity
gain was reintensified in the TNA region and this source became more important than the TSA in
December (visual analysis of Figure 4). The TNA and TSA regions were commonly associated with
restricted areas, delimited by boxes in the North and South Atlantic Ocean. However, we named the
sources according to the geographical location in this study. Drumond et al. [3] confirmed the tropical
Atlantic regions to be the most important remote moisture sources for the ARB. Other studies have
attempted to establish a relationship between the Atlantic and Pacific SST with rainfall over Amazonia.
For example, Ronchail et al. [43] argued that the northeastern part of the basin, north of 5° S and east of
60° W, was significantly related to the tropical SST and a rainier wet season was observed when the
equatorial Pacific and northern (southern) tropical Atlantic are anomalously cold (warm).

The historical (E — P) budget of air parcels tracked backward-in-time from MRB and integrated
into the vertical column over ten days (Figure 4) showed positive values in the TNA, mainly from
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January to March, while at TSA the (E — P)i10 > 0 was less intense during this months. From October to
April, the MRB mainly acted as a moisture sink in concordance with the major annual rainfall (Figure 3).
The most important continental regions acted as moisture sources during these months based on areas
in which (E — P)i10 > 0, such as the northern half of the ARB, northern South America, northeast of
Brazil, and a region to the southeast of this basin. The positive values of the (E — P)i10 budget over the
ocean were most intense (> 0.2 mm/day) in the TNA and TSA, except for October and November when
the TNA seemed to be not effective in providing moisture to the MRB. In May, the (E — P)i10 budget
was positive in most parts of the MRB, mainly in the centre and south; negative values were observed
in the north. When the Austral winter commences in June, the (E — P)i10 pattern revealed a dipole.
Negative values were observed in the north of the MRB, in the northern half of the ARB, and north of
the continent, while positive values (indicating moisture uptake) were detected in the southern half
of the ARB, northeast of Brazil, and in the southeast of the MRB. These patterns could be detected
until September. As previously commented, areas with (E — P)i10 < 0 values (moisture loss) were
observed over parts of the MRB and in the eastern and northern ARB in October. Based on Yoon
and Zheng [8], the Atlantic influence on the Amazon rainfall was due to changes in the north-south
divergent circulation and the movement of the ITCZ following warm SST. Therefore, it was strongest
in the southern part of the ARB during the dry season (July—October). Differences between the
(E — P)i10 budget over the NRB and MRB were partly due to the seasonality of the water balance in
the ARB and played an important role in the interannual variability of the water balance within the
ARB [20]. As well as Duran et al. [9] we found an apparent absence of contributions of moisture from
the Pacific Ocean; possibly because the presence of the Andes did not permit moist winds to reach
the basins.
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Figure 4. Monthly (E — P)i10 patterns for the NRB and MRB based on the backward in time experiment.
Period: 1980-2016.

The (E — P)i10 budget was also computed in the backward in time experiment for each basin,
at the annual scale (Figure 5a). The positive values within the 90th percentile (p90 = 0.26 mm/day)
represent regions in which the most intense moisture uptake occurred. The (E — P)i10 budget was
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positive in the historical experiment for the NRB, mainly over two regions in the Atlantic Ocean,
that is, the TNA and TSA regions (Figure 5a). On land, it received humidity from the northeast
of the basin and parts of the basin itself. The rest of the ARB did not play an important role in
providing humidity to the NRB. Annual climatological (E — P)i10 > 0 values for the MRB delimited
by p90 = 0.14 mm/day were observed in a large area of the continent (Figure 5b). This basin uptakes
humidity from the northern half of the ARB, north and northeast of the continent, southeast (from the
Plata River Basin), and southwest (from the Andes region). At the annual scale, the NRB and MRB
mainly acted as a moisture sink. The ARBp, TNA, and TSA were the most important continental and
oceanic moisture sources for the MRB, based on the extension and intensity of the positive values in the
(E — P)i10 pattern. Nevertheless, a part or the whole MRB acted as a source of humidity for itself from
May to September (Figure 4). Therefore, we considered the whole MRB and NRB as moisture sources
for themselves, which allowed the investigation of their roles in the hydrological cycles. A schematic
representation of the sources considered in this study is shown in Figure 6. In this figure, we divided
the sources into oceanic and continental sources considering the origin of the air masses. To the north
of the NRB was a small source we called N, to the northeast of Brazil, NEB; and the TN A and TSA on
the Tropical Atlantic. A source region in the north of the ARB called N also appeared for the MRB;
also, NEB, and the TNA and TSA sources. The southeastern ARB was not an important moisture
source for the MRB at the annual scale; however, it was an important moisture source if we consider
the monthly variability of the (E — P)i10 pattern (Figure 4) from May to September. Thus, we consider
the rest of the ARB (ARBp) in addition to the MRB, as previously defined. Two important sources
named ‘Southeast’ (SE) and Andes region (AND) were in the south of the MRB.

The cross-equatorial flux played an important role in changing the moisture fluxes that ultimately
enhance the convection over central-eastern Brazil on intraseasonal timescales. The contribution of
moisture transported from northern Amazon towards eastern South America generated the monsoon
precipitation [56,57]. Despite this mechanism, our results also showed that the MRB and therefore
the southwestern ARB received moisture from the south. Based on a quasi-isentropic calculation
of the trajectories of water vapor back-in-time (QIBT) utilised by Dirmeyer and Brubaker [103],
a ’‘catalogue’ of moisture sources based on river basins was developed, which is available at
http://cola.gmu.edu/wcr/river/basins.html. Based on this catalogue, the most evaporative moisture
sources for the ARB were very similar to those shown in Figure 5 for the NRB and MRB. However, our
results indicated that the TSA extended more to the east and SE and AND were more important
evaporative regions.

NRB (E-P)i10>0
40°N . : —

MRB (E-P)i10>0
20°N

0°

20°S

4008 1 1 1
90°W 70°W 50°W 30°W 10°W 90°W 70°W 50°W 30°W 10°W

—— 090
0 0.6 1.2 1.8 24 3.0 (mm/day)

Figure 5. Annual (E — P)i10 > 0 budget obtained in the backward in time experiment for the NRB
(a) and MRB (b). Period: 1980-2016.

87



Water 2018, 10, 738 11 of 29

Moisture sources
40°N

20°N

0°

20°S

(a)

b
4OOS 1 1 1 1 1 1 ( )
90°W 70°W 50°W 30°W 10°W 90°W 70°W 50°W 30°W 10°W

Bl TNA BN NS [l NEB Il TNA [ NS [l ARB [] AND
@ TSA [ NRB [ TSA [ MRB Il NEB [ ] SW

Figure 6. Schematic representation of the continental and oceanic moisture sources of the NRB (a) and
MRB (b) considered in this study based on the p90 values in Figure 5.

3.3. Moisture Contribution from the Sources

The average moisture contribution to the P of the basins (Figure 7) was computed by tracking
forward-in-time, the air masses based on all climatological sources. As the P increased in the NRB
from January onwards, the moisture contribution from all sources increased; the TNA and NRB
itself contributed the most (Figure 7a). The maximum moisture loss of air masses from the TNA
over the NRB occurred in April, one month before the annual maximum P was reached. In fact,
the correlation between | (E — P)i10 < 0| and P increased to 0.52 at a lag time of one month (Table 2).
The maximum moisture loss over the NRB from itself also occurred in April but the correlation with P
was highest without lag time. From May to October (austral winter), the maximum moisture supply
from the TNA decreased and principal moisture input from the TSA and NRB occurred. It is very
interesting that the TNA and TSA seemed to provide almost the same amount of moisture to P over
the NRB in May, with the maximum rainfall peak over the NRB. In this month, 61% of the total
moisture income to the NRB was due to oceanic sources. Lower atmospheric moisture contribution
from the basin itself occurred in the following months; associated with a P decrease. Both sources,
the TNA and TSA, seemed to play opposite roles in providing moisture to the NRB throughout the
year. In September and October, with less rainfall over the NRB, continental sources became the most
important, possibly because of the increase of recycling. The moisture contribution from N and NEB
despite following the P annual cycle approximately, was less than that from the rest of the sources.
Considering | (E — P)i10 <01 when performing a multiple regression led to 54% of the P variance
explained (Table 2).

We must clarify that the transport of moisture into a region in which it can become entrained into a
precipitation weather system depends on the atmospheric dynamics and moisture sources from other
parts of the globe (e.g., the rest of the sources) [104]. The moisture contribution from climatological
moisture sources in the MRB, especially from ARBp, MRB, N, and TNA, followed the annual P cycle
(Figure 7b). The correlations were positive and higher than 0.5, but decreased at a lag in time of one or two
months (Table 3). Every month, the moisture loss over the MRB due to continental sources was greater
than that from oceanic sources; particularly from the ARBp and the MRB itself. The | (E — P)i10 <01
over the MRB from December to March (the rainiest months) from the TNA was greater than that from
the TSA, while the moisture supply from the TSA was more important than that from the TNA during
the remaining months. However, the moisture income from the TNA correlated best with P over the
MRB. With respect to continental sources, the moisture contribution from AND to P in the MRB was the
lowest. The comparison between the moisture provided by continental and oceanic sources to the MRB
revealed the major contribution of moisture of continental regions during all of the year.
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Figure 7. Precipitation (grey bars) and moisture contribution to annual precipitation (| (E — P)i10 <01)
cycles in the NRB (a) and MRB (b). Period: 1980-2016.

Table 2. Significant monthly correlations (at p < 0.05) between | (E — P)i10 < 01| from the sources and P

over the NRB.

Moisture Sources

TNA TSA N NRB NEB 72 (%)
¥ 029 051 049 058 046 54
r (lag 1 month) 052 016 042 046 0.10 43
r (lag 2 months) 058 —021 029 028 —0.26 42

Table 3. Significant monthly correlations (at p < 0.05) between | (E — P)i10 < 0| from the sources and P

over the MRB.
Moisture Sources
TNA TSA N MRB NEB ARBr AND SE 72 (%)
r 079 046 078 0.74 0.08 0.80 045 0.56 80
r (lag 1 month) 065 042 076 0.62 —0.09 0.77 0.39 0.57 58
r (lag 2 months) 032 029 055 036 —023 0.58 0.25 0.40 36

3.4. Role of the Sources during the Onset and Demise of the Rainy Season

Liebman et al. [77] defined the onset and end of the rainy season in the ARB as the beginning and
end of the longest period during which the rainfall exceeds its annual climatology, which was consistent
with our approach. As previously commented, several studies investigated the onset/demise and
length of the rainy season in the Amazon region and South America. Here we aim to determine the
role of the moisture contribution from the sources in the climatological onset/demise of the rainy
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season over the basins. Figure 8 shows the daily climatological P and cumulative anomalies of P,
I(E — P)i10 < 01, and OLR over the NRB and MRB obtained by applying Equations (3) and (4).
The day after the minimum value of the daily P cumulative anomalies indicated the rainy season
onset, while the day when the anomalies reached the maximum, pointed out the rainy season demise.
The cumulative anomalies of the moisture loss (| (E — P)i10 < 01) over the basins allowed us to identify
from which source(s) there was an increase (decrease) on the moisture contribution before the rainy
season onset (demise). A similar approach was utilised by Sori et al. [105] to determine the day on
which the increase in rainfall indicated the beginning of the monsoon involvement for the Indus,
Ganges, and Brahmaputra River Basins.

The minimum cumulative daily anomalies of P over the NRB occurred on May 23 (Figure 8a).
Before this date, the minimum cumulative daily anomalies of | (E — P)i10 < 0| were due to the moisture
supply from the N and NRB itself. Considering the annual climatological cycle of P and not the calendar
year, the minimum value occurred from the TNA in the beginning of December. After these peaks,
the cumulative daily anomalies of | (E — P)i10 <01, from the TNA, N, and NRB started to increase and
were responsible for the subsequent P increase over the NRB. In the beginning of June, the cumulative
daily anomalies of | (E — P)i10 < 0| over the NRB from the TNA, N, and NRB reached a maximum and
later started to decrease, but the P decreased abruptly on 1 August. The cumulative daily anomalies of
the moisture contribution from the NEB and TSA seemed not to be associated with the rainy season
onset/demise at the NRB. To support these results, we also calculated the cumulative daily anomalies
of the OLR. Several days after the rainfall increase causes the onset of the rainy season over the NRB,
the cumulative daily anomalies of the OLR decreased (due to major cloud cover); reached the minimum
value when the accumulated anomalies from TNA was at its maximum, and progressively increased
when the rainfall decreased over the NRB. Results of Marengo shows that the onset of the rainy season
has been strongly associated with changes in large-scale weather conditions in the region due to the
effect of the Madden—Julian Oscillation (MJO).

The cumulative daily anomalies of P over the MRB reached the annual minimum value on
25 October (Figure 8b) and one day after (26) the onset of the rainy season occurred and subsequently
positive anomalies of daily P occurred. Before the onset of rainy season, the moisture loss of the air
masses over the MRB reached the minimum [ (E — P)i10 < 0| anomaly and afterwards started to
increase due to the MRB itself, ARBp, and TSA contributions. The contributions from the rest of the
sources seemed not to be associated with the onset of the rainy season. Before the rainy season demise
on 26 April, a reduction of the moisture loss over the MRB occurred based on the decrease in the daily
accumulated anomalies of | (E — P)i10 < 01| of almost all sources, except from the NEB. The annual
cycle of the cumulative daily anomalies of the OLR was opposite to | (E — P)i10 <01, as expected.

According to the observation of the annual cycle and cumulative daily anomalies of P over
both basins, we confirmed that the rainy season started first over the MRB and later over the NRB,
which agreed with the results of Liebman et al. [77]. These authors reported that the rainy season
progresses northward from the southern ARB rather than from northwest to southeast, as suggested in
previous studies. The atmospheric circulation and atmospheric dynamical condition were clearly key
factors that modulates the transport of moisture and the P over the Amazon region. Thus, based on
the rapid increase/decrease of the moisture contribution from the sources to the precipitation over
NRB and MRB, we tried to explain the climatological onset/demise of the rainy season over the NRB
and MRB. Nevertheless, other authors, such as Wright et al. [106], described another mechanism in
which the Amazon rainforest transpiration enables the increase of shallow convection that moistens
and destabilises the atmosphere during the initial stages of the dry-to-wet season transition and finally
leads to the onset of the rainforest-initiated wet season in the southern ARB.

90



Water 2018, 10, 738

Z

B

P & Cumulative daily anomalies of P,|(E-P)i10<0] and OLR

14 of 29

=
40 500 § TNA
. @ g ¥
E 7TsA
o
30 - : {250 8& ©N
= ! £Z WENRB
2 i 20 ANEB
€ 20 - U A c =
£ T L 0 o
N —~—<A £a —pP
o ! ©
| =
10— ‘ —-250 3 £
| £ =
Il Wl :
0 H 500 g
J FM A M J J A S O N D
=~ KTNA
>
MRB P & Cumulative daily anomalies of P,|(E-P)i10<0] and OLR 3 TSA
40 500 ¢
(b) £ N
o T MMRB
Qo
30 5= ANEB
= o
_§‘ % lil", B ARBp
E 20 ) SE
£ 2o AND
©
o kS
2 —p
| u 3 <
10 f 250 £ &
‘ | ] i 1 I “ E
Il sl € —-
0 \H [ T—— ‘ \I\HI\ 500 @
J FM A M J J A S O N D 5

Months

Figure 8. Daily P (blue bars) and cumulative daily anomalies of P from the CHIRPS datasets, OLR from
NOAA and | (E — P)i10 < 0| over the NRB (a) and MRB (b) obtained in a forward experiment from the
climatological moisture sources using FLEXPART. Period: 1981-2016.

3.5. Dry and Wet Conditions in the NRB and MRB

The evolution of the SPEI at temporal scales of 1, 6, and 12 months (SPEI1; 6, 12) from 1980-2016 for
the NRB and MRB is shown in Figure 9. Figure 9 also shows the monthly standardised anomalies of
the WL of the Niger and Madeira rivers at the hydrological stations of Manaus and Borba, respectively.
Dry conditions prevailed in the NRB from 1980-1993 and from 2013-2016. The SPEI reached values
below —2 on few occasions, revealing extremely dry conditions. In the MRB, we must highlight the
period of 1980-1986 because it was the longest period of wet conditions, which was followed by more
frequent dry conditions among which the periods 1995-1996, 1998, 2003-2005, and 2015-2016 stood
out because of their magnitude and/or duration. Indeed, dry conditions simultaneously affected both
basins from 2015-2016. The 2005 drought in southwestern Amazonia has been documented to be
one of the most intense droughts of recent years. However, the index value was not as large when
compared with other years mentioned earlier, but the duration of dry conditions was considerable
higher in the MRB. Dos Santos et al. [107] found that the drought of 1998 was the most intense drought
(average SPI equal to —1.69) that occurred in Amazonia in the period from 1979 to 2014. The MRB
experienced an important wet period starting in the end of 2013 and continuing throughout 2014.
Espinoza et al. [60] confirmed that the rainfall in the southwestern ARB was ~100% above normal
during the 2014 summer (December-March).

The temporal evolution of WL-standardised anomalies in Manaus and Borba is shown in
Figure 9b,e. It mostly matched the temporal evolution of SPEI6 in the NRB and MRB (Figure 9b,e).
The widely investigated intense droughts of 2005 and 2010 that affected southwestern Amazonia were
represented by negative SPEI values for the MRB and negative WL anomalies in Borba (Figure 9b).
According to Marengo et al. [26], the 2005 drought was manifested as weak peak river season from
autumn to winter because of a weak summertime season. This drought was not related to El Nifio;
it experimented a pattern different from the El Nifio-related droughts in 1926, 1983, and 1998, but the
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anomalously warm tropical North Atlantic, the reduced intensity in northeast trade wind moisture
transport into southern Amazonia during the peak summertime season, and the weakened upward
motion over this section of Amazonia, resulting in reduced convective development and rainfall [45].
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Figure 9. SPEI time series at 1-, 6-, and 12-month temporal scales (a—c) for the Negro (top, NRB)
and Madeira (d-f) (bottom, MRB) river basins. The blue (red) colour represents wet (dry) conditions.
The black line represents the standardised anomalies of the water level (WL) recorded at the fluvial
stations in Manaus (b) and Borba (e). Period: 1980-2016.

As each source of moisture contributed to the total precipitation, each one had a role on the water
balance conditions. Correlations were calculated between | (E — P)i10 <01 values in the NRB and MRB
from all sources with 1- to 24-month SPEI values, respectively (Figure 10). Significant r-values were
observed for the first temporal scales of the SPEI, especially in the NRB (Figure 10a). All correlations
were positive in the NRB, highlighting the correlation between the moisture contribution from N and
the NRB itself with the SPEI at first temporal scales. In particular, the correlation between the moisture
contribution from NEB and the SPEI, increased after the SPEI12. No significant correlations were
obtained between | (E — P)i10 < 01| from TSA and the SPEI7-SPEI11. The same analysis was performed
for the MRB. The strongest correlations occurred at the first temporal scales of the SPEI (Figure 10b).
However, although all the r-values were positive at the first temporal scales, the highest occurred for
correlations during the three first temporal scales of the SPEI. All correlations became insignificant
after SPEI6 and even reached negative values (unless for N). The negative correlations indicated that
the water balance conditions (even if accumulated from previous months) were not directly associated
with the moisture loss over the basins.
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Figure 10. Monthly correlation between | (E — P)i10 < 0| with SPEI1-24 temporal scales over the NRB
(a) and MRB (b). Period: 1980-2016.

To understand the possible impact of water balance conditions in the basins on the WL of the
Negro and Madeira rivers, respectively, we calculated the monthly correlations between standardised
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WL anomalies and the SPEI1- to SPEI24-month timescales for each basin (Figure 11). The correlations
in the NRB were positive at the first SPEI temporal scales from November to July, in accordance with
the hydrological year. The r-values increased after December and become positive in February and
March at all SPEI temporal scales. The maximum correlation occurred in March at SPEI4, suggesting
that the WL was highly influenced by the water balance conditions of the previous four months.
The correlations at the first SPEI temporal scales decreased with respect to previous months from
April to July, which was the rainiest period, and they decreased month after month at longer SPEI
temporal scales. This revealed a mechanism in which the WL does not instantaneously increase when
the rainfall is the highest, but increases in following months when the water balance conditions of
previous months are considered. Negative anomalies between the WL standardised anomalies and
SPEI prevailed in September and October. The P was at a minimum over the NRB in October, while in
the WL reached the minimum climatological level in November (Figure 2). As previously described,
starting in November, when rainfall started to increased, the correlations increased from first to longer
SPEI temporal scales as the months went by, highlighting the relationship between the two variables.

The same analysis was performed for the MRB. Positive correlations are observed for almost
all months. During the driest months (June—October), the correlations were the lowest at the first
SPEI temporal scales (negative at SPEI1 in August). Approximately from SPEI3 onwards, the r-values
were statistically significant. This suggests that the impact of the rainfall deficit/surplus, over the WL
(at Borba) may be effective when was calculated for the three previous months and longer temporal
scales. However, the correlations were higher in November and December than in the previous months
at the first SPEI temporal scales. To understand these correlations, it must be noted that the r-values
increased at all SPEI temporal scales and become statistically significant from September onwards
until January, when the rainfall was at its maximum over the MRB. In February, the rainfall started to
decrease, the WL was increasing, and the correlations decreased at the longer SPEI temporal scales with
respect to previous months. They generally become statistically insignificant and clearly divide the
two transitional periods based on the highest (lowest) rainfall over the MRB. Based on the correlations,
the WL of the driest months (June to July) were highly influenced by the water balance conditions of
several previous months. This was expected for the NRB and MRB because of the lag between the peak
rainfall in the early austral summer in the MRB and the peak WL during early austral fall, while the
WL in the NRB peaked in late fall-early winter.

NRB Correlation WL & SPEI

; - T 07

Months (b)

Figure 11. Monthly correlations between standardised WL anomalies and SPEI1 to SPEI24 in the NRB
(a) and MRB (b). The dotted lines represent significant correlations at p < 0.05. Period: 1980-2016.

The dry episodes in the NRB and MRB were identified utilizing the SPEI1 for the period 1980-2016.
Table S1 in Supplementary Materials shows the date, severity, duration, and peak of the dry episodes
for each basin. The five most severe episodes in each basin (Table 4) from 19802016 were selected
to investigate the role of the sources on the moisture contribution. The episodes of September 1991—
July 1992 and May 2015-March 2016 in the NRB were the longest with a duration of 11 months, reaching
a peak under —2.0 (extremely dry), and were characterised by major severity. The episodes January—

93



Water 2018, 10, 738 17 of 29

October 1995 and August 2015-July 2016 were the most severe and longest in the MRB. Figure 9 shows
that the dry conditions simultaneously affected both basins after 2014 and hence the time coincidence of
the May 2015-March 2016 and August 2015-July 2016 episodes in the NRB and MRB.

Table 4. Top five most severe dry episodes occurring in the NRB and MRB according to SPEI1 and their
duration and peak. Period: 1980-2016.

NRB MRB
Month/Year Severity Duration Peak Month/Year Severity Duration Peak
e 28w 22 RWAITEEa0s w00 2w
oy 20 113 11 —232 A‘;El‘;f;gff_ 106 12 -170
DeAcsénliiE(Z)g(;O— o9 ’ —13 NJ:;E;:? §;88 87 6 —202
November1os2 67 7 —l62 ]ﬂ;fsyt o5 85 8§ 203
a5y am AWSNIE gy

Pampuch et al. [108] examined the distributions of anomalies of SST and of the moisture sources
in the South Atlantic Ocean during extreme dry events in southeastern Brazil. However, these authors
did not quantify the anomalies in the moisture contribution to the target regions. In our approach,
we attempt to investigate the drought phenomenon from a close perspective, that is, by computing the
moisture anomalies of | (E — P)i10 < 0| that caused a rainfall decrease over the NRB and MRB during
severe dry conditions. Therefore, the monthly anomalies of the moisture contribution to precipitation
from each climatological moisture source previously identified were calculated for each episode of
Table 4 (Figures 12 and 13). The negative anomalies of | (E — P)i10 < 0| from all sources prevailed
during the most severe dry episode in the NRB (September 1991-July 1992). The | (E — P)i10 <01
anomalies over the NRB, calculated in air masses from all the sources, generally followed the same
temporal evolution as the SPEI1, as expected. Nevertheless, the major moisture loss anomalies usually
occur in the moisture contribution from the TNA, which could be observed in May 1992 when the

| (E — P)i10 < 0| anomaly over the NRB due to the TNA reaching a minimum value (—5.8 mm/day)
and the SPEI1 consequently reached the minimum peak (—2.26) of the episode.

A decrease of the moisture loss over the basins may be also associated with dynamic factors.
Then, we calculated the VIMF divergence anomalies for each dry episode (Figures 12 and 13).
The average VIMF divergence anomalies for the September 1991-July 1992 episode were positive
over the NRB, indicating the prevalence of moisture flux divergence, favouring the rainfall decrease.
During the second episode (May 2015-March 2016), the SPEI reached the threshold of —1 from
September to February, when negative anomalies of | (E — P)i10 < 0| occurred over the NRB in air
masses from almost all the sources. The moisture contribution to the precipitation over the NRB
from all sources decreased in September 2015 and consequently, the SPEI1 sharply dropped, reaching
the minimum of the episode (—2.32). The greatest decrease in the moisture supply occurred from
the TSA (—3.16 mm/day) during this month. From September 2015 to January 2016, the moisture
loss anomalies of the air masses arriving from all sources over the NRB were negative. They were
positive in the last two months of the episode when the rainfall deficit decreases (according to SPEI1
values). The |(E — P)i10 < 0| anomalies of the TSA and NRB itself perfectly matched the SPEI1
evolution. Positive anomalies of the VIMF divergence prevailed in the northeast of the ARB and over
almost all the NRB. Negative anomalies of the VIMF divergenced in the west and northwest of the
ARB, which suggested a convergence of the moisture flux that enhanced the conditions necessary
for rainfall occurrence. In the third dry episode (December 2000-August 2001), the | (E — P)i10 <01
anomalies from all sources and the SPEI1 did not show the same temporal evolution. Nevertheless,
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we must consider the temporal lag that may exist between the contribution from the sources and the
climatological role of the sources across the year. At the end of the episode, the moisture contribution
from the TNA decreased, which was consistent with the SPEI1 decrease. The VIMF divergence anomaly
patterns for this episode showed few areas with positive divergence anomalies. In the fourth episode
(May 1982-November 1982) almost all | (E — P)i10 < 0| anomalies were negative, but did not match
completely the SPEI1 evolution. During the fifth episode (January 1985-June 1985), the anomalies in
the moisture contribution from TNA seemed to be the best associated with SPEI and predominant
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positive VIMF anomalies over the NRB indicated divergence of the vertically moisture flux.
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Figure 12. The SPEI1 and monthly anomalies of | (E - P)i10 < 0| during the most severe dry episodes (left
panel) in the NRB (ordered as in Table 4) and VIMF divergence anomalies for each episode (right panel).
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Figure 13. The SPEI1 and monthly anomalies of | (E — P)i10 < 0| during the most severe dry episodes
(left panel) in the MRB (ordered as in Table 4) and VIMF divergence anomalies for each episode
(right panel).

Negative anomalies of the moisture contribution to the basin from all sources predominated
during the most severe dry episode (January 1995 to October 1995) in the MRB (Figure 13). The negative
anomalies of | (E — P)i10 < 0lfrom ARBp, MRB, and TSA seemed to be the most related with the
dry conditions (according with the SPEI1). The average pattern of the VIMF divergence anomalies
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was positive over the MRB and almost all the ARB. In the second episode (August 2015 to July 2016),
the anomalies of | (E — P)i10 < 0| from two continental sources, the MRB itself and ARBp, seemed to
be the most important considering their magnitude and the SPEI values. With respect to the oceanic
sources, the anomalies of the TNA and TSA showed an inverse behaviour. A lag of approximately one
month was observed in some cases. The | (E — P)i10 < 0| anomalies from MRB was —3.8 mm/day,
respectively, in November 2015. One month later, the SPEI abruptly decreased with respect to the
previous months and reached the minimum value of the episode. This phenomenon could also be
observed from February to March 2016 for |(E — P)i10 < 0| anomalies from the MRB, ARBp, SE,
N, and TNA. However, the SPEI reached the greatest value (near zero) in February 2016, when the
greatest amount of moisture contribution from the TSA and NEB could compensate the less supply
from the rest of the sources. The dry conditions decreased toward the end of the episode along with
the anomalies in the moisture supply, specifically that from the TNA and MRB. Positive and negative
anomalies of the VIMF divergence anomalies over the MRB were observed; however, the positive
anomalies prevailed.

During all months of the third dry episode (June-November 1988), almost all | (E — P)i10 < 0|
anomalies were negative, while intense positive anomalies of the VIMF divergence were observed
over the MRB. In the fourth episode (January—August 1998), under El Nifio conditions, the moisture
contribution from TNNA experienced a major reduction than that from the TSA. In August 1998, the last
month of the episode, the | (E — P)i10 < 0| anomalies from all sources were positive, which favoured
the rainfall occurrences and consequently the SPEI1 become positive. The VIMF divergence anomalies
of this period were mostly positive. In the fifth episode (August 2014 to March 2015) the negative
anomalies of | (E — P)i10 <01 occurred in a major number of months from the ARBp. After October
2014, the relationship between the SPEI and | (E — P)i10 < 0| anomalies remained unclear. The SPEI
reached the minimum value (—2.3) of the episode during December 2014, indicating extremely dry
conditions, but negative anomalies of |(E — P)i10 < 0| were only observed for the SE. Dry conditions
diminish in January 2015. In this month, the anomalies on the moisture supply from TNA, N, ARBp,
AND, and SE were negative but those from NEB, MRB and TSA were positive. The VIMF divergence
anomalies of the episode were mostly positive.

3.6. Moisture Contribution during EIl Nifio and La Nifia Conditions

The rainfall variability and climate extremes in Amazonia and other tropical regions were strongly
linked to the ENSQO. El Nifno events, such as in 1982/83, 1997/98, and 2015/16, or La Nifia events
in 1988/89 and 2010 were related to dry conditions [4,27,42,45,63,97,109,110]. However, the dry
years of 1963-64 and 2004-05 were related to near normal conditions in the tropical Pacific and to
anomalously warm SST in the tropical North Atlantic [45]. Tables 5 and 6 summarises the average P
and |(E — P)i10 < 0| anomalies over the NRB and MRB for composites of months under El Nifio/La
Nifa conditions according to the BEST index. Negative rainfall anomalies prevailed in the NRB under
El Nifio conditions unless in April and July when were positive. Under La Nifia conditions, positive
P anomalies occurred mostly during boreal winter (Table 5). With respect to the composite under El
Nifio conditions, positive anomalies of P may be related to the positive | (E — P)i10 < 0| anomalies
from TSA and N. With respect to the composite of months under La Nifia conditions, the P anomalies
were positive from September to March and in May. The moisture contribution to precipitation from
all sources, except for the TSA in March, were favoured during these months. In April, June, July,
and August (boreal summer), the P anomalies were negative. Based on the analysis of the moisture
loss anomalies over the NRB, negative anomalies occurred in April were related the contribution
from TSA and N, while in June were associated with the TNA source. Negative |(E — P)i10 <0l
anomalies rarely occurred in July; they did occur in August and were associated with the moisture
supply from TSA. Here, we confirmed the opposite impact of warm and cold events of the ENSO on
the hydroclimatology in the NRB.
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The same analysis was performed for the MRB and the results are shown in Table 6. During El
Nifio, positive P anomalies occurred from April to August (austral winter) and in December. In these
months positive |(E — P)il0 < 0| anomalies occurred from some sources alternatively; but all of
them in July. Negative P anomalies occurred in the rest of months (austral summer). Based on the
I(E — P)i10 < 0| anomalies, the reduction of the contribution was higher from continental sources.
For the composite under La Nifia conditions, the average P decreased over the MRB (according to
negative P anomalies) from April to November and in January. A reduction of the moisture contribution
from almost all the sources was observed from May to August (winter months). This behavior was
very similar to what happened when, in 2010, drought started during an El Nifio event in early austral
summer and then became more intense during La Nifia in the austral winter dry season and the
following spring [27]. In December, February, and March, the anomalies indicated that P was favoured
over the basin, which must have been related to the increased moisture contribution from sources.
In those three months, there occurred positive anomalies of | (E — P)i10 < 0| from the ARBp, MRB,
N, and SE. Drumond et al. [3] argued that, in comparison to La Nifia episodes, it seemed that the
contribution from the tropical and subtropical Atlantic to the ARB was weakened during an El Nifio
cycle. However, our results showed that mainly El Nifio (La Nifia) reduced the moisture contribution
from the sources and the P over the NRB (MRB).

4. Conclusions

The precipitation regimes of the northern and southern ARB strongly vary. The main moisture
sources of the NRB and MRB in the northern and southwestern ARB, respectively, were identified.
The results confirmed the main roles of oceanic regions in the TNA, TSA, and surrounding continental
areas in providing moisture to the NRB and MRB. In the NRB, the oceanic sources generally provided
the major amount of humidity throughout the year, particularly the TNA (TSA) during boreal winter
(summer). In contrast, the MRB received the greatest amount of humidity from land sources north
and south of the basin. The high amount of moisture loss in air masses tracked forward-in-time from
the basins themselves, confirmed that recycling played an important role in Amazonia, as previously
reported. Particularly, part of the ARB (ARBp) played an important role in providing humidity to the
MRB. We consider that the onset and demise of the rainy season in the NRB depended on moisture
contribution from the TNA, while in the MRB mostly depended on the moisture contribution from the
basin itself, rest of the ARBp, and TSA. These results may be highly useful to monitor and predict the
onset and demise of the rainy season, which progresses northward from the southern ARB.

Dry and wet conditions within the ARB have not usually occurred simultaneously in the
period under study. However, the NRB and MRB were simultaneously affected by intense dry
conditions in 2015-2016. Through the five most severe episodes in the NRB the anomalies on the
contribution from TNA principally, and TSA, seemed to be associated with the SPEI temporal evolution.
It also happened in the MRB, where both oceanic and terrestrial sources played an important role.
On average, the episodes were associated with a reduction of atmospheric moisture contribution
from the sources, and subsidence based on predominantly positive VIMF divergence anomalies over
the basins. Concerning the role of ENSO, it affected the moisture supply from the sources and thus
the P over them. The impact varied between the NRB and MRB. In this study, we investigated the
source-sink of atmospheric moisture relationship to identify and evaluate the role of the climatological
moisture sources of the NRB and MRB on the precipitation and its variability over them. We consider
this approach useful to understand better the hydrological cycle, but essentially to diagnose the causes
of droughts and floods. However, further research must be done to investigate the influences of other
modes of climate variability in the variations in the moisture contribution from the sources, and the
role of the basins themselves as sources of moisture for surrounding continental regions.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4441/10/6/738/s1,
Table S1: Dry episodes occurring in the NRB and MRB according to SPEI1 and their duration, severity and peak.
Sorted according to the date of occurrence. Period: 1980-2016.
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Abstract: The Niger River basin (NRB) is located in the important climatic region of the African
Sahel. In this study we use the Lagrangian tridimensional model FLEXPART v9.0 to identify and
characterise the moisture sources for the NRB. This method allows the integration of the budget of
evaporation minus precipitation over 10-day backward trajectories, thereby identifying the origins of
the air masses residing over the NRB. The analysis was performed for the 35-year period from 1980
to 2014, which allowed us to identify the main semi-annual climatological moisture sources of the
NRB, for November—April (NDJFMA) (dry season) and May—-October (MJJASO) (wet season), and to
quantify the respective moisture uptakes. Throughout the year, the NRB main moisture sources are
located on the tropical eastern North Atlantic Ocean near Africa, the tropical eastern South Atlantic
Ocean in the Gulf of Guinea, in the regions surrounding the Sahel and in the Mediterranean Sea.
The extents of these sources vary between dry and wet seasons. In NDJFMA two regions appear
in the east of the basin, which then join up, forming a larger source to the northeast of the basin in
M]JJASO, when three other less important moisture sources can be seen in central-equatorial Africa,
the tropical western Indian Ocean and the Persian Gulf. In NDJFMA the majority of the moisture
uptake comes from the NRB itself but then, later in MJJASO, when the precipitation increases over the
basin the greatest uptake of moisture occurs over the tropical eastern South Atlantic Ocean, northeast
Africa and the NRB, which suggests that these are the effective sources of precipitation in the basin in
overall terms. The seasonal moisture uptake quantification over the moisture sources of the NRB,
reveals that largest fraction of moisture income to the basin from outside its boundaries. Despite
providing moisture to the NRB the source located in the tropical eastern North Atlantic Ocean does
not contribute that much to precipitation in the basin. A daily (ten-day) backward analysis shows
the importance of the moisture uptake within the NRB and from near moisture sources during the
first few (backward) days, while the Atlantic Ocean sources and the Mediterranean became more
important during the last five (backward) days of the analysis.

Keywords: moisture sources; Lagrangian analysis; Niger River basin

1. Introduction

Several authors have investigated the moisture sources for precipitation in the Sahel and West
Africa (WA) by using a range of different methods. Rainfall over any area of land has two possible
sources: water vapour advected into the region from the surrounding areas, and that which is supplied
by evaporation from within the same region [1]. The identification of mechanisms and sources of
moisture responsible for the precipitation regimes is crucial for the understanding of the global
hydrological cycle and for improving the predictive power of numerical models [2]. In fact, the

Atmosphere 2017, 8, 38; d0i:10.3390/atmos8020038 www.mdpi.com/journal/atmosphere

107



Atmosphere 2017, 8, 38 20f17

identification of moisture sources as part of the analysis of extreme events has become a major research
area (e.g., for flooding and droughts), but it is also increasingly important for regional and global
climatic assessments, including paleoclimatic reconstructions and future climate change scenarios [3].

Differences in Sahelian precipitation rate are primarily a consequence of the contrasting circulation,
together with recycling of local evaporation and moisture advected from the tropical North Atlantic
Ocean and the Gulf of Guinea [4]. Evaporation in the tropical Atlantic Ocean, WA, and Central
Africa (CA) contribute about 23%, 27%, and 17% of the total rainfall in WA [1]. Precipitation
recycling is defined as the contribution of local evaporation to local precipitation [5]. Utilizing a
Lagrangian method, Nieto et al. [6] investigated the moisture sources for the African Sahel in five-year
period (2000-2004), confirming recycling as the dominant moisture source over the Sahel. Through a
quasi-isentropic back-trajectory scheme Dirmeyer et al. [7] also obtained that terrestrial evaporative
source that supplied the water for precipitation is dominant in this region.

Results of van der Ent et al. [8], using a moisture recycling approach to study the complete process
of continental moisture feedback also demonstrated that the Sahel region receives its moisture from
three large water bodies: the Mediterranean Sea, the South Atlantic Ocean, and the Indian Ocean, and
on average about 50% to 60% of the precipitation originates from continental evaporation. The same
technique, based in a water accounting model of 2-D moisture tracing and 3-D moisture tracing
was implemented by Keys et al. [9,10], respectively, confirming that land surface plays a dominant
role in mediating variability in moisture recycling processes for the sink region of the West Sahel.
Nevertheless, evaporative source regions for precipitation in the nearby located western Sahel can
probably not be diagnosed adequately using the 2-D approximation due to the strong generation of
vertical inhomogeneities by surface evaporation and by directional shear [11]. On the other hand,
in a recent study Arnault et al. [12] describe how local evaporation in WA is not the dominant factor
controlling local precipitation over this region. These authors implemented a set of two methods
(tracking of tagged atmospheric water species originating from evaporation in a source region, i.e.,
E-tagging, and three-dimensional budgets of total and tagged atmospheric water species) developed
in the weather research and forecasting (WRF) model for investigating regional precipitation recycling
mechanisms. They observed that locally-evaporated water was mainly transported outside of the target
domain at the lower levels. Specifically for the Niger River basin (NRB), Stohl and James. [13] utilized
a Lagrangian approach for a five-year period (1999-2003), finding that about half of the moisture
provided to it originates from the Atlantic Ocean and half originates from the land (including from the
NRB itself). There is also a climatology of evaporative moisture sources for the NRB, as well as their
seasonal variations and mean contributions in a period of 25 years available online [14]. These results
were obtained through the quasi-isentropic back-trajectory scheme utilized by Dirmeyer et al. [7],
and reveal the importance of the basin itself and surrounded Sahel regions providing moisture to the
basin [14]. A comparison of different methodologies to study the source-receptor relationships have
been provided by Gimeno et al. [3].

As discussed, studies of moisture source identification and atmospheric transport mechanisms
are fundamental for understanding the nature of the precipitation. Studies of climate variability in WA
show the seasonal rainfall migration during the boreal summer [15,16] and a reduction in accumulated
rainfall over the last century [17-20]. These phenomena have affected stream discharges and both are
considered a partial feedback of the land-cover degradation in the watershed [21]. A review of recent
studies of rainfall regime in the West African Sahel by Nicholson [22] shows some recovery since the
extreme dry episodes of the 1970s and 1980s, but also certain changes in the rainfall regime, such as less
spatial coherence and less temporal persistence. Investigations of the moisture sources of the NRB has
become particularly important if we consider that the total population of the basin is about 130 million,
70% of whom live in rural areas [23] and most of them, as well as the economies of countries in the NRB
rely mainly on agriculture, pastoral systems, crop-livestock systems and fishing [24]. This work aims
to perform a climatological study to identify the moisture sources of the NRB, but take into account
a longer period of time, as well as consider variations of the sources between dry and rainy seasons
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in the basin. Likewise, the purpose is to emphasize on the role of each source and the NRB itself
providing moisture to the basin. The results will support new climatic and hydrological research in the
NRB. Particularly, they will strengthen the knowledge for understanding the mechanisms associated
with the rainfall variability and the occurrence of extreme weather events in this basin.

2. Study Area

The Niger River basin (NRB) is located in West Africa (WA) along the Sahel region (Figure 1).
It is shared by nine countries and, at 4200 km in length, the Niger River itself is the third longest in
Africa after the Nile and the Congo/Zaire. The Sahel is a transition zone between the Sahara desert
and the wet climate of tropical Africa [25], giving the basin contrasting climatic conditions that mainly
vary with latitude. According to the climatic classification of L'Hote and Mahé [26] for WA based
on annual rainfall, the NRB experiences five climatic zones with a gradual variation between deserts
(arid) in the north, to transitional equatorial in the south. The mean annual precipitation ranges from
less than 50 mm/year in the northern part of the basin in Algeria, increasing southwards to more than
2000 mm/year close to the river mouth in the Guinean coastal zone [27]. In WA the mean annual cycle
of precipitation, is characterised by minimum values at the beginning of the year that increase month
by month, reaching a peak in August, to later decrease until December [28].
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Figure 1. Geographical location of the Niger River Basin (green area) in West Africa.

For WA some authors consider the rainy season to be the period May—October, and the dry season
to be November—April [29,30]. In fact, the maximum precipitation rate occurs from May—October
and the minimum during November-April [28]. However, Andersen et al. [27] consider the periods
June-November and December-May as wet and dry seasons in the basin, while Liebmann et al. [15]
argue that the southern coast of WA experiences a wet season beginning in early March and its duration
decreasing latitudinally to the north. During the boreal summer, an intense heat low develops over
the Western Sahara [22]. This is termed the Saharan heat low (SHL) and it is the thermal response of
the lower troposphere over the northern African continent to seasonal surface warming [31]. The SHL
plays a pivotal role in the West African Monsoon (WAM) system in spring and summer [32]. It controls
the zonal circulation of the lower half of the troposphere, particularly the westerly component of
the monsoon winds and with the anticyclonic circulation around 600 hPa at the top of the heat low,
it controls the speed of the African Easterly Jet (AE]) [33]. The monsoon is longer and wetter in the
southern part of the NRB [34]. In the dry season, under the influence of the Saharan high-pressure
zone, the northeastward Harmattan wind brings hot, dry air and high temperatures, which last longer
in the north of the basin [27].

The observed annual average precipitation varied over the period 1951-2010 over Africa, showing
negative trends in some parts of the NRB [17]. The major circulation features associated with the
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variability of the rainfall in the Sahel at interannual and decadal time scales are the upper-level Tropical
Easterly Jet, the mid-level African Easterly Jet, and the Saharan heat low; a correlation with the intensity
of the Intertropical Convergence Zone (ITCZ) (as defined by rainfall intensity) is also apparent [22].
A schematic overview of the basic surface circulation is depicted in Figure 2. It shows the sea level
pressure (SLP) and winds at 1000 mb in North Africa for the seasons under study, November—April
and May-October. In the dry season, high pressures observed in the north of Africa decrease with
latitude and, as a result, winds flow from the northeast over the NRB towards the south, and there is a
confluence of winds with those flowing from the southwest (Figure 2a). In the wet season, the surface
southerly monsoon onshore flow penetrates through the rain band over the entire seasonal cycle, while
the depth of the southerly surface monsoon flow undergoes some seasonal variation, being highest
during the peak of the monsoon [35]. This is shown in Figure 2b: low pressures extend from the east to
the West of Africa between 10° N and 25° N approximately, and winds flowing from the south turn
from a southwesterly direction after crossing the equator and are dominant in the major part of the
NRB until they reach its northern part, where the confluence is now located due to the weakening
effect of the winds from the northeast.

Sea Level Pressure and Vector Wind at 1000 mb Sea Level Pressure and Vector Wind at 1000 mb
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Figure 2. Climatological schematic diagram of mean sea level pressure (colour contours, in mb) and
winds (arrows, in m/s) at 1000 mb from ERA-Interim, for the period 1980-2014 during NDJFMA (a)
and MJJASO (b). The discontinued magenta line represents the confluence of winds and the black
contour in West Africa indicates the boundary of the NRB.

3. Experiments Section

3.1. Method

In this study we applied the Lagrangian particle dispersion model FLEXPART v9.0 developed
by Stohl and James [13,36]. The model considers the atmosphere divided homogeneously into
three-dimensional finite elements (hereafter “parcels”) over the entire globe, each representing a
fraction of the total atmospheric mass [36]. This allows variations in atmospheric moisture to be
obtained along backward and forward trajectories of air parcels, permitting the establishment of
meaningful source-receptor relationships. In our case, a backward analysis was performed using
parcels residing over the NRB, limiting the transport time to 10 days in accordance with the average
residence time of water vapour in the atmosphere [37]. This way, the rate of moisture increase (through
evaporation from the environment, €) or decrease (through precipitation, p) along the trajectory of
the parcels can be calculated by changes to the specific humidity (q) over time (¢) by Equation (1),
assuming a constant mass () of the particles:

(e - p) = m(dg/dt) 1)
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It is possible to obtain the moisture changes of all parcels in the atmospheric column over an area,
obtaining the surface freshwater flux, hereafter denoted (E — P). Nevertheless, g fluctuations along
individual trajectories can occur for nonphysical reasons (e.g., because of g interpolation or trajectory
errors); a limitation partly compensated among the many particles in an atmospheric column over the
target area. More details about this method have been provided by Stohl and James [13,36]. (E — P) is
obtained from the sum of the (¢ — p) associated with all the particles present in the atmospheric column
over the NRB. Recalling that (¢ — p) is proportional to the temporal variations of g in a particle during
the 6-h interval. The (E — P) sign then would correspond to the prevailing (¢ — p) conditions associated
with the particles observed in that atmospheric column during a given time interval. A region is then
considered as a moisture source when (E — P) > 0, i.e., the net moisture budget of the particles tracked
is favourable to the evaporation from the environment into the particles. The opposite occurs in a
moisture sink, i.e., a region in which the moisture budget associated is favourable to the moisture
loss by the tracked particles to the environment. For this work, to identify the moisture sources
we calculated the budget of (E — P) integrated over 10 days (the mean residence time of the water
vapour in the global atmosphere), meaning that (E — P) > 0 or (E — P) < 0 values are the result of the
integrated daily (E — P) values over the 10 days. The regions in which prevailed (E — P) > 0 conditions
during the 10 day-period are considered moisture sources, while regions where particles lose humidity
((E - P) < 0) are considered moisture sinks.

FLEXPART has been applied in the pursuit of similar goals in several regions of the world,
including the Sahel [6], the Sahelian Sudan [38], the Orinoco River Basin [39], China [40], the Amazon
River Basin [41], and several continental regions [42].

The budget of (E — P) was calculated for two semi-annual climatological periods, from November
to April (NDJFMA) and from May to October (MJJASO), considered to represent the dry and rainy
seasons, respectively. For both seasons the backward analysis was implemented from 1 to 10 days,
and the results were then integrated over the 10 days ((E — P)i10) to define the climatological
moisture sources.

A percentile criterion was applied to the (E — P)i10 field to define a threshold delimiting the
spatial extent of the respective sources of moisture. The 90th percentile delimits those regions where
the air masses were likely to have picked up a large amount of moisture on their transit towards the
target region. In other words, the 90th percentile criteria would show the 10% grid points with the
highest positive (E — P)i10 values in the map. This criterion has been applied for similar purposes in
Drumond et al. [41], Drumond et al. [43], and Drumond et al. [44]. The NRB itself was considered a
moisture source area.

3.2. Data

The analyses were carried out using 35 years of data (1980-2014), ensuring that climatological
results were obtained. The Lagrangian model FLEXPART is forced by the ERA Interim reanalysis
datasets [45] available at 6 h intervals (00, 06, 12, and 18 UTC) at a resolution of 1° x 1° with 60 model
layers with the top of the atmosphere located at 0.1 hPa. The ERA-Interim reanalysis achieved good
progress with respect to data assimilation problems previously encountered in ERA-40, mostly related
to the use of satellite data, resulting in an improved representation of the hydrological cycle, a more
realistic stratospheric circulation, and better temporal consistency on a range of time-scales [45].

Datasets of precipitation in the basin from the Climatic Research Unit (CRU 3.23TS) [46] were used
to calculate the annual cycle of precipitation in the NRB. This datasets available with a resolution of
0.5° x 0.5° were constructed from monthly observations at meteorological stations across the world’s
land areas [46]. To calculate the Vertically Integrated Moisture Flux (VIMF) we used datasets of the
vertical integral of the eastward and northward water vapour flux from the ERA-Interim reanalysis [45]
at a resolution of 1° x 1°.
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4. Results and Discussion

4.1. Backward Analysis of (E — P)

The seasonal budget of (E — P) backward-integrated using FLEXPART for the NRB from —1 to
—10 days for the dry and wet seasons is shown in Figure 3. Areas where (E — P) > 0 are considered
evaporative regions and, thus, moisture sources, while regions where (E — P) < 0 are moisture sinks.
Over these regions is evident that the number of trajectories that coincide is high. This analysis makes
it possible to identify those areas where air masses tracked backwards from the NRB take up humidity.
Additionally, worth mentioning is that moisture sink regions (bluish colours) in Figure 3 could also act
as moisture sources, since local evaporation could end up as precipitation over themselves or other
regions. However, here FLEXPART has been used to compute the budget of (E — P) just on air masses
tracked backward in time from the NRB, thus representing the net freshwater flux into the air masses
traveling to the target basin.
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Figure 3. Seasonal pattern of (E — P) backward-integrated from the Niger River Basin for days —1 to
—10, for dry (NDJFMA) and wet (MJJASO) seasons.

For both periods at one day backwards in time (day —1) the NRB mainly acts as its own moisture
source, but in MJJASO the eastern part of the basin and the Sahel regions that lie mostly to the east
and south of the NRB act as moisture sinks, suggesting convective precipitation that typically occurs
in air masses in transit to the Sahel [6]. At days 2 and 3 back in time (days —2 to —3) the pattern of
(E - P) is characterised by positive values remaining over the NRB and extending across the Sahel
and North Africa, although they are also observed for MJJASO over the Gulf of Guinea in the wet
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season. For these days, areas of (E — P) < 0 are distributed throughout equatorial Africa and the
Atlantic Ocean, but they are displaced further south in NDJFMA when the ITCZ moves to the summer
hemisphere [22]. At days —4 and —5 the spatial pattern of (E — P) expands and both the NRB and
the Sahel remain as moisture sources. The east-equatorial South Atlantic Ocean (covering the Gulf of
Guinea) and the Mediterranean Sea are now moisture sources and persist throughout the remaining
days of the analysis, although according to Schicker et al. [47] the western part of North Africa receives
less Mediterranean rainwater than Northeast and Central Africa. Particularly on these days, the
tropical-east North Atlantic Ocean becomes a much expanded moisture source in NDJFMA. For these,
and all preceding days, it is commonly observed that regions where parcels lose moisture to the
atmosphere before reaching the NRB are more intense around the equatorial Atlantic Ocean, Central
Africa, and the Arabian Sea.

Regarding the source regions, the greatest differences observed between the (E - P) > 0 areas for
NDJEMA and MJJASO may be seen clearly between —5 to —10 days in the tropical east North Atlantic
Ocean. In MJJASO the positive values in the spatial pattern are confined to the African coast but in
NDJFMA they are propagated to the west until reach the Caribbean by days —9 and —10. In these days
it is clear that in NDJFMA uptake takes place over part of the Arabian Sea, but the opposite occurs in
MJJASO when the Arabian Sea remains a moisture sink while it also becomes an important moisture
source for precipitation for the Indian monsoon [48]. During the boreal summer months in the west
tropical Indian Ocean between 0° and 10° S, a small region of (E — P) > 0 expands to the east from day
—6 through to day —10, when it reaches 20° S.

Despite the moisture source regions varying or persisting throughout the 10 days of the analysis,
part of the uptake of moisture for the NRB from these regions can fall as precipitation along the
trajectories of the air masses when they move towards the target area [49]. In MJJASO when the
WAM increases the rainfall in WA, the pattern of (E — P) is mostly characterised by higher values of
(E—-P)> 0. A common characteristic of the field of (E — P) for both seasons is the persistence of moisture
contribution from the NRB itself during first few days of the backward analysis, which suggests the
importance of local recycling, as previously identified as the major source of moisture for the Sahel [6].

4.2. Climatological Moisture Sources Delimitation

As a means of summarising and giving proper consideration to all of the daily results,
we integrated the budget of (E — P) for all 10 days backwards in time for each period, dry and
wet (Figure 4). Spatial differences of resulting positive values in the budget of (E — P) confirm the
importance of considering the rainfall seasonal variation in the target region to identify the moisture
sources. The 90th percentile (p90) of the (E — P) > 0 values is shown by the magenta line, which
identifies the predominantly evaporative regions, i.e., those finally utilized as moisture sources for
the NRB. These are shown more clearly in the schematic illustration in Figure 5. The p90 was
calculated in a matrix for the entire globe, thus, the percentile value does not change for another
domain. As commented, the boundaries of the sources delimited by the p90 values show the 10%
grid points with the highest positive (E — P)i10 values in the map. To understand how appropriate
are the boundaries of the sources delimited using this criterion, there was calculated the 80th and
95th percentiles and later plotted along with p90 over the integrated budget of (E — P) for all 10 days
backwards in time, for dry and wet seasons (Supplementary Materials Figure S1). In this figure, it is
easy to appreciate that between boundaries of p80 and p90, (E — P)i10 > 0 values are low, while the
threshold of p95 comprises extremely high values.

In the dry season the threshold of p90 = 0.13 mm/day (Figure 4a) defines the following boundaries
of the moisture sources regions: the “tropical east north Atlantic Ocean” (NAtl), the “tropical east
south Atlantic Ocean” (SAtl), the “Western Sahel” (WSah), the NRB, the “Southern Sahel” (SSah), the
“Eastern Sahel” (ESah), “Eastern Africa” (EA), and the “Mediterranean” (MEDT) region that mainly
comprises the Mediterranean Sea and a small part of the Northern African continent (Figure 5a). In
the wet season, most of the sources selected using the threshold of p90 = 0.10 mm/day (Figure 4b)
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remain the same as for the dry season, but their spatial extents change and new sources appear. It can
clearly be seen that boundaries of the MEDT source are now expanded to the north over Europe, while
the SAtl to the south and the Natl are reduced and confined near the African coasts. To the northeast
of the basin a large source (hereafter NEA) covers a wide area that even comprises part of the Red
Sea. In Central Equatorial Africa a moisture source occupies a belt extending from the Atlantic to the
Indian Ocean, henceforward named CEA. Other new small sources are located in the “Indian Ocean”
(Ind) and the Persian Gulf (Figure 5b).
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Figure 4. Average pattern of (E — P) backward results integrated from the Niger River Basin for
all 10 days for the dry (a) and wet season (b). The magenta line represents the 90th percentile of the
(E - P)i10 > 0 values: (a) p90 = 0.13 mm/day, and (b) p90 = 0.10 mm/day.
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Figure 5. Schematic representation of moisture sources for the NRB (colour shaded areas) and average
vertically integrated moisture flux (VIMF) (arrows) from ERA-Interim, for the period 1980-2014 during
the dry (a) and wet (b) seasons.

A climatology of evaporative moisture sources for the NRB [14] obtained by a quasi-isentropic
back-trajectory scheme highlight the importance of recycling ratio in the NRB, which agrees with our
results (Figures 3 and 4). Both methods also recognise the importance on the moisture contribution
to the basin from the (E — P) > 0 regions represented in Figure 4. Nevertheless, our finding reflect a
greatest spatial extension of the (E — P) > 0 areas through the tropical-north Atlantic Ocean in the period
November—April respect the period May—October, while results in the already commented climatology
represent the evaporative source of the NAtl extended in April-September and limited to the North
African coasts in October-March. Additionally, according to Keys et al. [10] who implemented an
Eulerian method for tracking moisture, the most important evaporation source regions in the ERA-I

114



Atmosphere 2017, 8, 38 90f17

western Sahel precipitation shed during the growing season, come from the Gulf of Guinea, the entire
east-west expanse of the Sahel, the Mediterranean Sea, Central Africa, the coastal Mediterranean
regions, and the Mozambique Channel. These results for the Sahel coincide greatly with those obtained
in this work, but the seasonal analysis implemented in ours also reveals the seasonal spatial variability
of the NRB’s moisture sources.

4.3. Daily Budget of (E — P) Over the Sources

The daily budgets of (E — P) over the sources, obtained in the backward experiment with
FLEXPART are shown in Figure 6. Positive values represent moisture uptake while the negative
values show losses of moisture. Positive (E — P) values appear whether the sum of the (e — p) associated
with the parcels moving over a certain area is positive. Figure 6 shows the time series of daily (E - P)
calculated backward for moisture over NRB and integrated over the different sources considered. These
results show the total contribution from each source, regardless of the number of parcels identified or
the sources areas. To understand these values it must be noted that source areas are not spatially of
the same size and, thus, the amount of moisture uptake, or lose over them are quite scale dependent.
In the dry season during the first few days backwards in time (from day —1 to —4) the most important
sources accounting for (E — P) > 0 values, are the NRB itself followed by ESah, SSah, and WSah
(Figure 6a). Is notable that on days —1 and —2 over the NRB, (E - P) > 50 mm/day, which reduces
to a minimum (<10 mm/day) on day —10. The SAtl and NAtl sources are moisture sinks until day
—3, but then, up to day —10 both become moisture sources for the NRB. Over the MEDT the moisture
uptake increases after day —3 (backwards), which supports the (E — P) pattern shown in Figure 3. Like
the MEDT, EA becomes more important providing moisture during last few days, although it ends up
being a less important source in the total daily moisture uptake for the NRB.
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Figure 6. Climatological absolute daily (1-10 days) values of (E — P) integrated using a backward
analysis from the NRB considering moisture sources for NDJFMA (a) and MJJASO (b) for the period
1980-2014. The acronyms of the sources regions correspond with those given in Figure 5.

In the wet season when the precipitation over the basin is greater (Figure 7), the NRB acts as
a moisture sink on day —1 (Figure 6b). The role of the basin changes from day —2 backwards in
time, when it provides humidity for itself and is the most important moisture source until day —3
(>50 mm/day). For SSah and WSah, in the analysis these sources provide moisture to the NRB during
all 10 days, being more important during the first days. For both SSah and WSah the (E - P) > 0 values
decrease over the last few days of the analysis. After day —4 backwards in time, and in order of
importance, the highest moisture uptake takes place over the SAtl and NEA. In the wet season SAtl
becomes the most important moisture source (from day —4 to —10) for the NRB. NEA is a moisture
sink for the first two days of backwards tracking, in agreement with the pattern of (E — P) over this
region shown in Figure 3 for these days. During last few days (from day —6 backwards), the MEDT is
an important moisture source (>20 mm/day) for the NRB. Over the smaller sources of CEA, Indian
Ocean, and the Persian Gulf, the air masses in transit to the NRB only gain small amounts of moisture
(<10 mm/day). In this season, when the rainfall is intense over the NRB (Figure 7) the moisture uptake
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over all days seems to be greater than that obtained for NDJFMA, with the exception of the moisture
supply by the NRB itself, which is greater for the first two days during the dry season. Additionally,
the resulting (E — P) over the previously and important Natl moisture source, decreased and becomes
one of the less important. As expected in both semi-annual periods NDJFMA and MJJASQ, it is notable
that the greatest moisture uptake during the first few days backwards in time occurs over the NRB
itself, and the surrounding sources, while for the last few days it occurs over the sources furthest away.

Monthly budget of (E-P)i10 over the Sources and Precipitation annual cycle over the NRB
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Figure 7. Climatological monthly (E — P)i10 values backward integrated from the Niger River Basin over
the sources in NDJFMA-M]JJASO (bar columns in orange and green, respectively) and precipitation
over the NRB (blue line). The acronyms of the sources regions correspond with those given in Figure 5,
in the order from (a) to (1). (E — P)i10 from FLEXPART running and precipitation from CRU, for the
period 1980-2014.
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4.4. Monthly Budget of (E — P)i10 over the Sources and Precipitation in the NRB

The moisture sources identification for the Niger catchments by Stohl and James [13] did not
explore, but recommended, the analysis of the seasonal and interannual variability in the moisture
transport. In this work the source-receptor relationship was also assessed at a monthly scale by
calculating the budget of (E — P)i10 over the sources defined for each climatological season. The results
are represented in Figure 7 (orange and green columns), together with the annual cycle of precipitation
in the NRB (blue line). It is important to note that some of the sources change spatially between the two
analysed seasons and others only appear during one of them. Hence, the two coloured bars (orange
and green) serve to highlight that although the moisture sources remain within a geographical region
they change spatially between NDJFMA and MJJASO (Figure 5).

The spatially-averaged monthly precipitation over the NRB in the first and last months of the
year is less than 1 mm/day, but it increases from February until it reaches a maximum in August
(5.9 mm/day) (Figure 7) during the African monsoon peak. To support the results in Figure 7 we
calculated the mean vertically integrated moisture flux (VIMF) for November-April and May-October,
and plotted in the extents of the sources (Figure 5).

Starting with the moisture sources located in the Atlantic Ocean, NAtl and SAtl (Figure 7a,b,
respectively) play different roles over the year. Over NAtl the maximum moisture uptake occurs from
November to April, when this source is extended to the west over the ocean (Figure 5a), reaching
a peak near 150 mm/day in January. In general during these months the VIMF carries humidity
from NAtl to the northern half of the NRB (Figure 5a), being slightly higher in January (Figure 8a).
Climatologically, December, January, and February are the driest months in the basin (Figure 7), but
the moisture uptake over NAtl is at a maximum in the climatological year. From June to November
when the WAM develops and affects WA, this source experiences a spatial reduction (Figure 5b) and
with this, a decrease in the monthly average budget of (E — P)i10 in the air masses over it. During this
period, the average direction of the VIMF over this region changes to flow from the east (Figure 5b),
which does not favour moisture transport from the NAtl source to the basin. The monthly annual cycle
of the (E — P) values over this source is clearly opposite to the precipitation cycle in the basin. These
results suggest that despite providing moisture to the NRB the NAtl is not an effective moisture source
for precipitation here during the rainy season.

Vertically Integrated Moisture Flux (VIMF)

January August
(@ VY re e J |
20°Nv-

NK F T

5 0° \"'\ k ﬁ: T ﬁ\ .3 A 'J
20°W 0° 20°E  20°W 0° 20°E

S —
150 kg/mls 150 kgl/mls

Figure 8. Vertically integrated moisture flux (VIMF) climatology for January (a) and August (b). Data
from ERA-Interim Reanalysis for 1980-2014.

The SAtl source, as might be expected due to its location predominantly south of the equator, has
an (E — P)i10 cycle (Figure 7b) opposite to that computed for the NAtl source. The budget of (E — P)i10
over the SAtl source is positive during all the year and shows values increasing from the dry months
until August (when reach > 900 mm/day). From June to September, when the boundaries of this
source extend to the south of 30° S (Figure 5b), the moisture uptake over this source is greater than
600 mm/day. This concords with the penetration of VIMF to the south of the NRB carrying moisture
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from the Gulf of Guinea (Figure 5b), which is more appreciable in August (Figure 8b). In general the
African Sahel is influenced throughout the monsoon period by southerly winds transporting moisture
from the Gulf of Guinea [50]. These results are in agreement with similar findings for the NRB by Stohl
and James [13]. The annual cycle of the budget of (E — P)i10 over the SAtl source matches the cycle of
precipitation over the NRB (Figure 7b), which also agrees with previous results of Gong and Eltahir [1]
who argue that moisture fluxes from the tropical Atlantic are almost in phase with rainfall in WA. The
maximum precipitation in the NRB occurs in August when the maximum moisture uptake occurs
from the SAtl source, and less precipitation occurs when the NRB receives less moisture from this
oceanic source. Contrary to Natl, this source seems to be very effective for precipitation in the NRB.

The monthly budget of (E — P)i10 over WSah is always positive (Figure 7c), which means that the
air masses from here that are in transit to the NRB take up humidity throughout the year. The budget
reflects a quite similar cycle to the precipitation over the basin (Figure 7c), similar to SAtl. From
December to April the moisture uptake increases month by month, decreasing in May, but in July it
reaches an annual maximum (>200 mm/day). Regarding the VIME, it is observed over WSah coming
from the west to the east in NDJFMA, carrying moisture to the NRB, and from the east to the west in
NJJASO not favouring the moisture supply to the basin.

The only source to be defined without reference to spatial changes over the year is the NRB itself,
which is of interest especially in view of its role in providing its own moisture supply. The NRB
provides humidity to the atmospheric column in all months of the year (Figure 7d). The annual cycle
of (E — P)i10 is characterised by two maxima greater than 350 mm/day in November and April and a
minimum in August (<120 mm/day) coinciding with the maximum precipitation rate over the basin.
This behaviour confirms the important role of other sources providing moisture for precipitation in
the NRB.

To the south of the NRB, the budget of (E — P)i10 over the SSah source is always positive, reaching
a maximum of 170 mm/day in July (Figure 7e). The precipitation in the basin seems to show a
one-month lag with respect to the budget of (E — P)i10 over the SSah. The VIMF appears towards the
west over this region during the dry season while for the wet season it also penetrates in the source
from the Gulf of Guinea (Figure 5).

The MEDT source plays a distinct role in the moisture uptake by air masses in transit to the NRB.
The budget of (E — P)i10, with positive values in all months confirms the moisture uptake, which is at a
maximum from July to September (Figure 7f) when the precipitation is at a maximum in the basin.
Nevertheless, in November when (E — P)i10 >150 mm/day the precipitation is less than 1 mm/day. Ina
previous study of the NRB moisture sources, Stohl and James [13] documented that the Mediterranean
air masses provide 5% of the NRB precipitation. During the wet season, on average, the VIMF over the
Mediterranean region is from the west, but it then forms two branches over this source; one of these
flows southwards over northeast Africa before turning westwards reaching the northern half of the
NRB (Figure 5b). It is clearly appreciated in August (Figure 8b), the rainiest month in the basin. For
NDJFMA it is not clear that the VIMF reaches the NRB from the MEDT source (Figure 5a), which is
agreement with the decrease in the (E — P)i10 over it in this season.

The ESah is a source of moisture for the NRB only during the dry season. The budget of (E - P)i10
over this source remain positive during all months and is maximum in November (~250 mm/day)
(Figure 7g). The other source for this season, EA, contributes with positive but smaller (E — P)i10 values
than those obtained over ESah, with a maximum also in November of around 60 mm/day (Figure 7h).
The VIMF from the east has a low magnitude and mostly enters via the southern part of the basin
(Figure 5a).

Regarding the sources that only appear in the wet season, NEA (occupying much of northeast
Africa) seems to join the regions identified as moisture sources of the NRB during the dry season, ESah
and EA. Air masses tracked backwards from the NRB yield a considerable amount of moisture in all
months (>80 mm/day) (Figure 7i). In the wet season, the VIMF over NEA reach the basin from the east
(Figure 5b). For CEA the budget of (E — P)i10 is negative in October; this implies that air masses tracked
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backwards from the NRB, lose rather than gain, humidity over CEA, because it acts as a moisture sink
(Figure 7j). In the rest of months the budget is positive but moisture uptake over this source results
much less than obtained over the previous described sources. Though from East Africa and Central
Africa almost all of the evaporation is recycled regionally or transported to West Africa [8]. Over the
Indian Ocean and the Persian Gulf (Figure 7k 1) the budget of (E — P)i10 is positive and small; in fact,
Druyan and Koster [4] previously confirmed that Indian Ocean evaporate did not precipitate at all
over the Sahel. The findings of the VIMF over these sources appear to advect moisture by the southern
border of the NRB (Figure 5b).

4.5. Seasonal (E — P)i10 > 0 over the Sources

To summarise the role of each source of moisture for the NRB in both seasons NDJFMA and
M]JJASO, we calculated the total moisture uptake ((E — P)i10 > 0) over the sources and the percentage
they represent. The results are expressed in percentage terms in Figure 9. The numbers in the figure
relate to inside, or to the nearest possible colour contour representing each source boundary.

Moisture uptake (%) NDJFMA Moisture uptake (%) MJJASO
40°N 40°N
20°N 20°N
0° 0°
20°S 20°S
40°S L L L L 40°s o .o .0 .o .o .
40°W  20°W  0° 20°E  40°E  60°E 40°W 20°W 0 20°E  40°E  60°E

s N At == SSah == \N/Sah ==EA s NAY| == SSah === \VSah ==NEA
==SAtl - ESah ==NRB MEDT ==SAll  CEA ==NRB MEDT

m=|nd == P.Gulf

Figure 9. Percentage moisture uptake ((E — P) > 0) by the NRB over the climatological sources during
NDJEMA (a) and MJJASO (b). The colour contours indicates the boundaries of the moisture sources in
both seasons.

In NDJFMA (Figure 9a) the NRB itself (30.8%), ESah (16.5%), SAtl (12.1%), and the MEDT (10.2%)
are the regions where the air masses gained the most moisture for the NRB, while the least important
sources are WSah (8.0%) and EA (3.6%). In MJJASO the most important sources are SAtl (35.3%), which
has a greater extent in this period and the NRB (20.3%), followed by NEA (16.3%) and the MEDT
(10.5%) (Figure 9b). The MEDT source (now covering part of the European Mediterranean countries) in
this season increase the moisture contribution to the NRB (Figure 7f); nevertheless, it represents almost
the same percentage of the total moisture uptake in both seasons. The CEA, NAtl, Ind, and P.Gulf
sources are the least important; here the uptake represents 1.5%, 0.8%, 0.1%, and 0.1%, respectively, of
the total moisture uptake for the air masses travelling towards the NRB.

Focusing on the role of the NRB itself, its own moisture contribution is greater in NDJFMA than
in MJJASO, which can be explained by the maximum precipitation seen during the wet season, which
favours the loss of moisture. This supports the finding that during the WAM the precipitation in the
NRB is fed by moisture transported mainly from SAtl, NRB, NEA, and MEDT. These results reveal the
importance of moisture contribution by the ocean, even when terrestrial surfaces represent 77% of the
Western Sahel precipitation shed and oceanic surfaces comprise the remaining 23% [9]. The seasonal
moisture uptake quantification over the moisture sources of the NRB, reveals that largest fraction
of moisture income to the basin (69.2% in NDJFMA and 79.7% in MJJASO) comes from outside its
boundaries (Figure 9).
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5. Conclusions

The main moisture sources for the Niger River Basin were investigated during the dry and
wet seasons defined at a semi-annual scale, i.e., dry (NDJFMA) and wet (MJJASO). The sources
were identified using a Lagrangian approach for 35 years (1980-2014), which ensured reliable
climatological results.

e  The moisture sources for the NRB in both seasons are located in the tropical east North Atlantic
Ocean (NAtl), the tropical east South Atlantic Ocean (SAtl), the surrounding Sahel areas, the
Mediterranean region (MEDT), and the NRB itself (Figure 5). They experience differences in the
spatial extension between the rainy and dry seasons in the NRB.

e  The sources appear during NDJFMA, herein termed ESah and EA, seem to join together in
MJJASO occupying north-east Africa (NEA). Additionally, during the wet season three moisture
sources appear in central equatorial Africa (CEA), the Indian Ocean (Ind), and on the Persian Gulf
(Figure 5).

o  Computing the budget of (E — P) for the air masses tracked up to 10 days backwards in time
from the NRB, it was found that the NRB itself, and the surrounding Sahel regions, are mainly
responsible for moisture uptake during the first few days of the backwards analysis confirming,
as expected from previous studies, the importance of recycling in this region. Further back in
time, SAtl, NAtl, NEA, and MEDT are the most important sources (Figures 3 and 6).

e  During the dry season, when the precipitation decreases over the basin (Figure 7), the main
moisture sources (those where the greatest moisture uptake takes place) are the NRB itself,
followed by ESah and SAtl (Figure 9a).

e In the rainy season, together with greater precipitation over the NRB (Figure 7), the (E — P)i10 > 0
values over the NRB itself decrease (Figures 7d and 9b). In these months (May—October) the
atmospheric circulation associated with the West African monsoon favours greater moisture
transport to the basin from regions located to the north-east, east, and south of the basin
(Figure 5b).

e  The seasonal moisture uptake quantification over the moisture sources of the NRB, reveals that
the largest fraction of moisture income to the basin (69.2% in NDJFMA and 79.7% in MJJASO)
comes from outside its boundaries (Figure 9). This finding suggests that precipitation variability
over the basin must be governed by the moisture contributions from these sources.

It is not always true that more or less moisture uptake over some sources leads to more or less
precipitation over the NRB. In fact, the moisture uptake over the NAtl source is greater from November
to April when the precipitation is generally less over the NRB, while the opposite tends to apply in
the other months. A fact is that the amount of moisture uptake depends of the balance of (E — P) over
the sources because they can act as moisture sinks, as occurs over the CEA in October. These findings
suggest that NAtl is not an effective moisture source for rainfall in the NRB. On the contrary, SAtl
supplies a great percentage of the total moisture uptake of the basin and exhibits the same annual
cycle of the precipitation, suggesting the importance of this oceanic region in supplying moisture for
rainfall in the NRB (Figure 7).

Further research to provide new insights into the hydrological cycle in the NRB is underway.
This comprises the use of FLEXPART in a forward experiment from each of the sources, which will
allow us to investigate the inter-annual variability of the moisture contribution to the basin and
establish quantitative relationships with precipitation, including the possible impacts of different
modes of climate variability and the role of the sources during drought conditions.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/8/2/38/s1.
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Abstract: Dry conditions were identified in the Niger River Basin (NRB) from 1980-2016 using the
Standardised Precipitation-Evapotranspiration Index, as well as the hydrological conditions using
the Standardised Streamflow Index. Dry conditions prevailed in the Niger River Basin during
1982-1988, 1998-2002, and 2009-2011. Considering the seasonal precipitation cycle over the basin,
those seasons affected by severe and extremely dry conditions were identified. The results showed
that these conditions occurred during the dry seasons of November-April of 1982-1983, 1983-1984,
and 1986-1987, and the rainy seasons of May-October of 1983, 1984, and 1987. These results
revealed that droughts considerably affected the NRB in 1983, 1984, and 1987. The impact of
meteorological droughts in the Niger River basins seemed shorter in the upper Niger than in the
middle sectors of the basin. Considering that the South Atlantic Ocean plays a key role in the
precipitation regime of West Africa and considering the importance of local recycling, the moisture
contribution to precipitation over the Niger basin from the South Atlantic Ocean was computed as
a climatological source along with the Niger basin itself. The results show that moisture
contribution from both regions followed the annual precipitation cycle over the basin, but the
contribution from the South Atlantic Ocean was greater, particularly during the rainy season.
Despite the importance of the South Atlantic Ocean, its contribution to precipitation during those
seasons under severe and extremely dry conditions in NRB was not always decreased. This reveals
that its role is not always crucial in reducing rainfall over the basin. The Intertropical Convergence
Zone position modulates the atmospheric moisture reaching the Niger basin from the southern
oceanic source and possibly the recycling over the basin itself.

Keywords: Dry conditions; moisture contribution; Niger River Basin

1. Introduction

The Niger River Basin (NRB) is located in West Africa (WA) (Figure 1) and drains to the Niger
River (NR), the third largest river extending through the continent. Home to approximately 100
million people, the NRB is a crucial source for the economic and social development of the region.
Since the 1970s, hydro-climatic changes in the NRB have had significant impacts on the local
populations [1]. It is well known that in this zone there are strong spatial as well as intra- and
inter-annual variabilities in the Sahelian rainfall regime [2]. Differences in the Sahelian precipitation
rates are primarily a consequence of the contrasting circulation, together with the recycling of local
evaporation and moisture advected from the tropical North Atlantic Ocean and the Gulf of Guinea
[3]. In WA, and particularly in the NRB, the mean annual cycle of precipitation is characterised by
minimum values at the beginning of the year that increases monthly, reaching a maximum in
August [4, 5]. The dry season is from November to April and the rainy season is from May to
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October. The observed changes in the onset and cessation dates of the seasonal rains and the
presence of a negative (positive) precipitation (evaporation) trend from 1941-2002 (1960-1992) are a
discernible indication of climate change [6]. Nevertheless, Okpara and Tarhule [7] found the absence
of a trend for the Standardised Precipitation Index (SPI), the Standardised Rainfall Anomaly Index
(SAI), and the Bhalme and Mooley Drought Index (BMDI) in the Upper Niger sub-watershed during
the period of 1950-2001. During the second half of 1900-2013, droughts in Africa have intensified in
terms of their frequency, severity, and geospatial coverage [8], threatening the food supply of
millions of people. Particularly, the semi-arid West African Sahel has experienced nearly three
decades of abnormally dry conditions, starting with the drought period of 1968-1973 [9] and the
most intense droughts in the early 1980s [10, 7].

Drought is an insidious natural hazard that results from lower than normal levels of
precipitation. When this phenomenon extends along a season, or during a longer period, the
precipitation is insufficient to meet the demands of human activities and the environment [11]. A
better understanding of the mechanisms leading to drought occurrences and the assessment of their
impacts and the responses of WA populations is indispensable for researchers and decision-makers
in the current and future context of multiple socioeconomic and environmental changes, including
climate change [12]. To support this, researching the factors responsible for modulating the rainfall
regime is highly important. Within a river catchment area, the precipitation comes from one of three
sources; moisture already in the atmosphere, the convergence of the moisture advected into the
region by winds, or the evaporation of surface moisture into the atmosphere within the basin itself
[13]. Applying a recycling model based on mass balance, Gong and Eltahir [14] found that
evaporation from the tropical Atlantic Ocean, WA, and central Africa contributed about 23, 27, and
17% of rainfall in WA, respectively; while recycling played an important role in the local
precipitation amounts [15, 3]. Nevertheless, other findings argue that local evaporation in WA is not
the dominant factor controlling local precipitation in this region and that the evaporated water is
locally recycled as precipitation in the source area [16, 17]. Most recently, Sori et al. [5] identified the
main sources of moisture for the NRB during the dry and rainy seasons (Figure 1). These authors
used the 3-dimensional FLEXPART model [18, 19] to track backward in time the air masses residing
within the atmospheric column over the NRB, and along the transient identified from where the
uptake of humidity occurred. This permitted them to determine the most important regions
considered as moisture sources for the NRB. The eastern South Atlantic Ocean (SAtl) comprising the
Gulf of Guinea was determined as the most important oceanic source, and the most important
among the continental and oceanic sources during the rainy season. The Sea Surface Temperature
(SST) variability in the Gulf of Guinea and their implications for the spatio-temporal variability of
the precipitation in WA have been widely investigated (e.g. Odekunle and Eludoyin [20]; Joly and
Moldoire [21]; Ali et al., [22]; Nnamchi et al., [23]). However, the moisture uptake by air masses in
transient to the NRB and the SST variability in the Guinea Gulf does not explain directly the
mechanism by which the P reduces and further assessment is required.

The diagnosis of moisture sources has become a major research tool in the analysis of extreme
events (e.g., floods [24, 25] and droughts [26, 27]) and it can be thought of as a basic tool for regional
and global climatic assessments [28]. There are several methods to investigate the origin of moisture
(e.g. Eulerian, Lagrangian, and isotopes) [29]. However, the Lagrangian diagnostic scheme has
proved to be a powerful tool to investigate anomalous atmospheric moisture transports associated
with during dry conditions in continental regions [30, 31, 32]. Considering the previous arguments,
our aim was to identify the dry and wet conditions in the NRB and determine the role of the source
located on the South Atlantic Ocean (SAtl) (Figure 1) on the climatological moisture contribution to
P over the NRB and during those seasons affected by severe and extremely dry conditions from
1980-2016. Additionally, we also assessed the impact of dry conditions on streamflow discharge.
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Figure 1. Schematic representation of the NRB and the SAtl climatological sources in the dry (a) and
rainy (b) seasons. Adapted from: Sori et al. [5].

1.2 Study region

The NRB, located in WA, covers 7.5% of the continent and spreads over ten countries in which
the Niger River, with a total length of about 4100 km, is the third-longest river in Africa, after the
Nile and the Congo/Zaire Rivers, and the longest and largest river in WA [33]. From the standpoint
of water resources, the NRB can diagrammatically be divided into four zones with more or less
homogenous physical and geographical characteristics; the Upper Niger Basin, the Inland Delta that
is entirely situated in Mali, the Middle Niger Basin, and the Lower Niger Basin [34]. For the
approximately 100 million inhabitants of the nine countries in WA, the NRB it is a source of identity,
a route for migration, commerce, and conflict [35]. About 65% of the active WA and Sahelian
population (more than half of which are women) work in the agricultural sector and are therefore
vulnerable to climate hazards and environmental factors. Their vulnerability is further increased by
the fact that the majority of agricultural production in the sub-region is dominated by subsistence
farming almost exclusively based on rainfed agriculture and extensive animal husbandry systems
[36].

2. Materials and Methods
2.1. Methods

2.1.1 Identification of dry and wet conditions in the NRB

Many drought indices have been developed and used by meteorologists and climatologists
around the world [11]. Many of them are based on traditional methods for drought assessment, such
as those derived from precipitation time series [37, 38]. In this study, we used the Standardised
Precipitation-Evapotranspiration Index (SPEI) [39] to identify dry and wet conditions in the NRB
from 1980-2016. The SPEI is based on the probability distribution of the difference between the
precipitation (P) and the potential evapotranspiration (PET) (SPEI = P — PET) on 1-24 month
time-scales. For this index, the PET actually represents the Atmospheric Evaporative Demand
(AED). The term “potential” is equivalent to maximum possible level under given climatic condition
[40]. The SPEI compares the moisture deficit for a given period of time at a given location with
respect to the historical average of the cumulative moisture deficit. It is based on the same
methodology as the Standardised Precipitation Index (SPI) [41]. Thus, positive values of the SPEI
indicate above average water balance conditions (wet conditions), while negative values reveal
below normal conditions (dry conditions). The SPEI has the advantage of combining a multi-scalar
character with the capacity to include the effects of temperature variability on drought assessments
[39], and it has been widely utilized worldwide to investigate, monitor, and predict drought
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conditions. To assess the seasonal water balance conditions in the NRB we utilized a 6-month
temporal scale for the SPEI (SPEI6) for April and October; the final month of the dry and rainy
semi-annual periods in the region, respectively. The SPEI6 in April (October) diagnoses the water
balance conditions for the six previous months (counting from the month itself), for the dry (rainy)
season similar to Drumond et al. [30] and Stagge et al. [42]. An SPEI threshold of -1.5 was used to
identify the severe and extremely dry conditions in the NRB (Table 1).

Table 1. Drought classifications based on the SPEI according to the initial definition of Mckee et al. [41] for
the SPI

Conditions Category
Extremely wet SPEI>2.0
Severely wet 1.5<SPEI<2.0
Moderately wet 1.0<SPEI<1.5
Mildly wet 0<SPEI<1.0
Mild drought -1.0<SPEI<0

Moderate drought -1.5<SPEI<-1.0
Severe drought  -2.0<SPEI<-1.5
Extreme drought SPEI<-2.0

2.1.2 Identification of hydrological drought conditions

The hydrological drought conditions for the NR were quantified at the Koulikoro (12.86 °N,
7.55 °W) and Niamey (13.52 °N, 2.08 °E) gauging stations from 1980-2011 using the Standardised
Streamflow Index (SSI) [43]. Hydrological drought indices are generally based on streamflow, as this
variable essentially summarises every hydrometeorological process taking place in the watersheds
and river basins [37]. The relationship between the SPEI and SSI makes it possible to understand the
impact of climatic droughts on the hydrological conditions. The recorded data at the Koulikoro
station permitted the assessment of the hydrological drought conditions for the western part of the
NRB, in particular, the Upper Niger Basin, while the Niamey fluviometric station located in the
western-centre of the basin allowed the assessment of the middle NRB.

2.1.3 Computation of the source moisture contributions

Outputs from a global Lagrangian particle dispersion model FLEXPART v9.0 experiment were
used to compute the moisture contribution from the SAtl and from the same basin to the P over itself
[18, 19]. The experiment was carried on at the Environmental Physics Laboratory (EPhyslab) at the
University of Vigo. FLEXPART considers the atmosphere homogeneously divided into
approximately 2 million "particles" (or "parcels") evenly distributed over the entire globe and tracks
them backward and/or forward in time. Along the trajectories it is possible to compute the rate of
moisture increases (through evaporation from the environment, e) or decreases (through
precipitation, p) along the trajectory of the parcels calculated by changes in the specific humidity (g)
over time (t) by Equation (1), assuming a constant particle mass (im):

(e —p) =m[]] (1)

By integrating the (e — p) values for all parcels in a vertical column over an area A, it is possible
to obtain the surface freshwater flux, hereafter denoted (E — P) in Equation (2):

ke -
E_P”W )
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where E represents the evaporation and P the precipitation per unit area (A). As a
consideration, in this calculus, the average time that water vapour resides in the atmosphere was set
to 10 days [44]. The air masses residing over each source (Figure 1) were tracked forward in time.
This permits the budget of the (E-P) over the NRB to be computed. Negative budget values are
considered as moisture losses, while positive values are moisture gains. Along the text, the moisture
losses over the NRB are assumed to be a contribution to P, and are denoted as |(E - P)i10 < 01.
FLEXPART has been applied to investigations of the hydrological cycle in several river basins [19], but
most extensively for the Amazon River Basin [45], the Yangtze River Basin [46], the Danube River
Basin [47] and as stated, the NRB itself [5]. The model makes it possible to establish the moisture
source-receptor relationship along suitably defined trajectory ensembles. This main strength is one
that permitted the development of this study. Nevertheless, along with individual trajectories, q
fluctuations can occur for nonphysical reasons (e.g. because of q interpolation or trajectory errors), a
limitation that is partially compensated for by the presence of so many particles in an atmospheric
column over the target area [18].

2.2. Data

The analyses were carried out for a 37-year period (1980-2016), ensuring good climatological
results. To compute the SPEI, we employed monthly data of the P and PET available from the
Climatic Research Unit (CRU TS v. 4.01) [48] with a 0.5° longitude and latitude resolution. For the SSI,
the discharge measurement data of the NR at the fluviometric stations located in Koulikoro and
Niamey were freely provided by the Global Runoff Data Centre [49] for the period 1980-2001. This
period was selected based on the longest continuous period without missing data at both locations.

FLEXPART uses data from the ERA-Interim reanalysis [50] every 6 h with a resolution of 1° in
longitude and latitude on 60 vertical levels from 1000 to 0.1 hPa, with approximately 14 model levels
below 1500 m and 23 below 5000 m [18, 19]. Compared with another reanalyses (such as MERRA
[51] or CFRS [52]), the ERA-Interim has both a comparatively reasonable closure of the terrestrial
and atmospheric water balances and a reasonable agreement with the observation datasets [53] that
fits very well with the purpose of this study.

3. Results and discussion
3.1 Annual cycle of P, PET, and NR discharge

The annual cycles of the P and PET in the NRB and the NR discharge data registered at the
Koulikoro and Niamey hydrological station are plotted in Figure 2. The P annual cycle mean is
characterised by minimum values in December-January-February, and reaches its maximum during
August with 6 mm/day. After August, the P decreases and reaches a minimum value in December
[4, 5]. The PET, as expected, increases when P decreases, and in August (the rainiest month) P
exceeds PET. At the Koulikoro hydrological station in the Upper Niger Basin (see location in Figure
2) the annual cycle of the NR discharge is characterised similar to the precipitation regime, but it
reflects a lag of one month showing a maximum discharge in September (~ 30000 m?/s), a month
after the maximum P. In Niamey, positioned in the Middle Niger hydrological sector, the discharge
volume was less than the Koulikoro station and does not reflect the same annual cycle. This could be
because the P values are calculated for the entire basin and hence, could not exactly match the real P
values at the Niamey station. However, here, the discharge cycle seems to be modulated by the
whole P after a lag of more than one month. This suggests that a similar analysis at the sub-basin
scale would reveal more accurate results.
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Figure 2. The annual cycle of the P and PET at the NRB and the NR discharge at the Koulikoro and Niamey
stations between 1980 -2001.

3.2. Identification of the dry and wet conditions

The temporal evolution of the SPEI at temporal scales of 1 and 6 months from 1980-2016 are
shown in Figure 3. In addition, the SSI on a one-month temporal scale (SSI1) at hydrological stations
located in Koulikoro and Niamey during 1980-2001 is also shown. According to SPEI1-6, dry
conditions were more intense for the majority of 1981-1988. In particular, special attention is
deserved by the 1983-1984 period that was documented as the most extreme drought that occurred
in the Sahel during the last 50 years [8]. In 2010-2011, the SPEI also reached intense negative values,
evidencing dry conditions in the NRB. In accordance, the SSI1 obtained at both fluviometric stations
revealed the hydrological drought starting in these years but also extending an additional few
months. For the 2010-2011 period, it has been documented that the Eastern Sahel and the Horn of
Africa were notoriously affected by a precipitation deficit, and consequently, an intense drought [54,
8]. The SSI1 in both locations also reflects the impact of wet conditions that prevailed in the NRB
from 1991-1999. Documented in other studies, from 2003 during the 2000 decade it seemed that a P
recovery occurred.
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Figure 3. Temporal evolution of the SPEI at 1-6 month temporal scales (1980-2016) and SSI 1-month temporal
scale for the Koulikoro and Niamey locations (1980-2001). a) Monthly correlations among SSI1 in the

Koulikoro and b) Niamey with SPEI1 to SPEI24. The black line identifies the statistically significant values.

The SSI1 in both locations was correlated with the SPEI1 to 24 months’ temporal scales (Figure
2a, b). The results were very similar to those previously described; the evolution of the hydrological
regime was consistent with the meteorological rainfall deficit (excess) state over the basin. This is
explained by negative correlations between the first temporal scales of the SPEI during the months
characterised by less rainfall (November to April, approximately). From July and August onwards,
when the P is at the annual maximum, the correlations increase from the first SPEI temporal scales
and become negative in December with the SPEI1, when P is almost zero. As the dry season
progresses, the correlations become negative at major time scales of the SPEI. Pearson correlations
between SSI1 and different accumulation periods of the SPEI (1-24 months) showed that the
hydrological responses at Koulikoro were shorter than in Niamey. It seems that the NR streamflow
in Niamey during the rainy season may be more affected than Koulikoro by previous dry season
water balance conditions. The Niamey fluviometric station is located in the Middle Niger. This
section of the Niger receives six tributaries from Benin and Burkina Faso and the mean annual flow
entering the lower Niger in Nigeria is 36 km?3. With the contribution of its main tributary, the Benue
River in Nigeria, and heavy rainfall, the mean annual discharge at the mouth exceeds 180 km3[55].
Authors such as Oloruntade et al. [56] applied two meteorological drought indices, the SPI and SPEI
and a hydrological drought index, the Standardized Runoff Index (SRI) [57], to investigate the
occurrence of droughts in the Niger-South Basin (NSB), a sub-catchment of the NRB in Nigeria, from
1970-2008. They obtained very similar results to those presented here. They also found a higher
agreement between the SRI and SPEI, suggesting that hydrological droughts are more affected by
temperature (warming) than precipitation (drying) in this basin.
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3.3. Moisture contribution from the SAtl and NRB

From each source the moisture contribution to P over the NRB was computed. The annual cycle
of P over the NRB and the |(E — Pi10) < 0| over the NRB were computed in air masses forward
tracked from the SAtl and the NRB itself. As expected, the maximum moisture supply occurred from
the SAtl, and followed the P annual cycle. This occurs because during the peak monsoon season
(July-September), the southerly transport weakens, but the westerly transport is enhanced and
extends to 20.8 °N owing to the strengthening West African jet off the west coast [58-60]. The
moisture contribution from the basin for the P over itself is enhanced in the monsoonal months,
confirming the well documented intense recycling in WA.

The correlation between both the P and [(E — Pi10) < 0l appear in Table 2. During the dry
season, the r-value obtained for the SAtl was 0.81, while for the NRB it was 0.90. During the rainy
season, the correlations decreased to 0.60 and 0.76 for the SAtl and NRB, respectively. This could be
explained because during the rainy season normally the P variability increases. Major r-values for
the correlation between the |(E — Pi10) < 0lvalues obtained for air masses over the basin and the P
over itself are easily understood to be a locally associated process. The conjunction of the |(E — Pi10)
<0l values from the SAtl and NRB can explain 84% and 58% percent of the P values over the NRB
(see R2in Table 2).

12
—E=P

| —I(E-P)i10<0I (SAtl)
— |(E-P)i10<0I (NRB)

10

(mm/day)

1 2 3 4 5 6 7 8 9 10 11 12
Months

Figure 4. Annual cycle of the precipitation (P) (light blue bars) and the moisture contribution |(E — Pi10) <0l
from SAtl (blue line) and the NRB (green line). Period 1980-2016.

Table 2. Monthly significant correlations (at p < 0.05) between P and |(E — Pi10) <0| during the dry and
rainy season at the NRB from 1980-2016

Season Moisture sources Multiple Regression

SAtl NRB
R R R?
Dry 0.81 0.90 0.84
Rainy 0.60 0.76 0.58

3.4. Role of the sources during dry and rainy seasons under severe and extremely dry conditions

Utilizing the SPEI6, the seasons under severe and extremely dry and wet conditions in the NRB
(according to the SPEI threshold of +/-1.5) were identified. The results appear in Table 3. It is worth
mentioning that during the period under study and for different time scales the SPEI could reach
values greater than or less than those that appear in this table. Nevertheless, our aim was to focus the
analysis at the seasonal scale where the climatological moisture sources of the basin are available.
The dry season from November, 1982 to April, 1983 was affected by severely dry conditions that
which furthermore affected the 1983 rainy season, the dry season from 1983-1984, and the rainy
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season of 1984. The 1980s have been documented as one of the driest decades in WA during the
twentieth century.

The 1983-1984 dry season was extremely dry. During this period, a reduction in the moisture
contribution from SAtl and the NRB itself occurred (Table 3). During the period from November,
1982 to April, 1983, the severely dry conditions occurred together with negative anomalies on the
moisture contribution from the SAtl, but the moisture contribution of the basin to P over itself was
positive. For the severely dry season of 1986-1987, it seems that was a reduction in moisture from the
Western Sahel, an important source during this period. For the rainy season May-October of 1983,
1984, and 1987, the NRB was affected by severely dry conditions. Contrary to the expected, in the
rainy season of 1983 and 1987 the moisture contribution from the SAtl source was positive.
However, from the basin it was negative. Despite to being the most important NRB moisture source
during the rainy season, Sori et al. [5] found that moisture uptake from the SAtl by air masses in
transit to the NRB only represented the 35.3% of the total. Thus, other sources may be responsible for
the P reduction during that season. During the rainy season of 1984 the opposite occurred, there was
a moisture supply reduction from the SAtl, but an increase from the basin itself; suggesting that the
basin itself is not capable of increasing the P over itself without contribution from external sources.

Table 3. Monthly anomalies (in mm/day) of the total |(E — Pi10) < 0| during the dry and rainy seasons
affected by severe and extremely dry conditions in the NRB from 1980-2014. Numbers shaded in blue highlight
the negative anomalies.

Moisture sources Dry season

Date SPEI6 Apr SAtl NRB
1983/1984 -2.0 -45.0 -11.0
1982/1983 -1.92 -37.2 17.7
1986/1987 -1.57 16.0 15.6

SPEI6 Oct SAtl NRB

1983 -1.84 120.7 -33.8

1984 -1.75 -32.8 91.3

1987 -1.75 129.0 -33.3

To support the results of Table 3, for the dry and rainy seasons the spatial anomalies of the
VIMF divergence and the OLR over the 40° - 50° N and 40° W - 60° E, were calculated (Figure 5, 6).
In particular, the I(E - P)i10 < Olanomalies in air masses forward tracked from the SAtl were
calculated (Figure 5, 6). For the 1982-1983 dry season (Figure 5), the |(E - P)i10 < 0l anomalies in the
air masses tracked forward in time from the SAtl were positive within the basin and the most
intense positive anomalies formed a longitudinal belt approximately positioned between -10° S and
the Equator. The P over this region may be the most favoured by the SAtl moisture contribution.
Negative |(E - P)i10 < Olanomalies were mainly located northward of the SAtl source and to the
south of the WA coast. Negative values indicate a decrease in the moisture contribution (which
occurs over the NRB in this season). In accordance, over the same region positive anomalies of the
VIMF divergence and the OLR were observed. This means that the atmospheric dynamics in the
region do not favour vertical motion, cloud formation, and finally the P. During 1983-1984, the
driest dry season, the situation was approximately the same. However, the pattern of |(E - P)i10 <
Olanomalies shows most intense negative values northward the SAtl, which support that lees
moisture reached the NRB. In November, 1986 to April, 1987, the pattern of [(E - P)i10 <
Olanomalies were in fact very similar to those described before; however, they differed to the south
of the WA coast, where the positive anomalies occurred. This suggests that during this season the
moisture contribution from this source favours more the WA zone, in accordance with the positive
anomalies over the NRB. In the equatorial zone, the Intertropical Convergence Zone (ITCZ) plays a
key role. In November-April (the austral summer), it moves southward and a rainfall deficit occurs
over the NRB. An anomalous position northward may favour the contribution of humidity from the
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South Atlantic Ocean to WA. An important mechanism explains how positive Sea Surface
Anomalies (SST) anomalies in the South Atlantic Ocean weaken the sea level pressure gradient
between the ocean and land and hence produces a weaker ITCZ shift displaced southward during
dry years over the Sahel decreasing the rainfall over the Sahel and WA [61, 62].

Anomalies Dry Season
VIMF divergence
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Figure 5. Anomalies of |(E - P)i10 < 0| on air masses tracked forward in time from SAtl and the Vertically
Integrated Moisture Flux (VIMF) divergence and Outgoing Longwave Radiation (OLR). November-April
seasons under severe and extremely dry conditions according to dates listed in Table 3. The pink line represents
the boundaries of the SAtl sources and the brown line represents the boundaries of the sources for the rainy
season (see Figure 1).

During the rainy season, the SAtl source is larger and comprises the whole Gulf of Guinea
(Figure 1). As described previously, this source has been widely documented for its crucial role in
the development of WA monsoons. During the rainy season of 1983 and 1987, both affected by
severely dry conditions, the positive anomalies on the moisture contribution from the SAtl mainly
occurred over the equatorial Atlantic Ocean in western and southern WA also affecting the south
half of the NRB, confirming the results in Table 3. The continental region to the southeast of the NRB
that may be part of Central Africa also benefits from moisture transported from the SAtl. In both
years, the regions with positive |(E - P)i10 < Olanomalies generally overlapped with the VIMF
divergence negative anomalies and suggests their association with the ITCZ position. The OLR
anomalies indicated there was more irradiation from the Sahel in 1983 than in 1987. Indeed, the rainy
season of 1983 was drier and cloud cover may have been lower. In both seasons, the moisture
contribution anomaly from the basin itself was negative, supporting the idea that a reduction in the
moisture income from important external moisture sources in this season such as from North East
Africa (NEA) and the Mediterranean Sea may be responsible for the P reduction. Contrary to the
observations in 1983 and 1987, in May-October of 1984 the positive anomalies of |(E - P)i10 < 0l

133



356
357
358
359
360
361
362
363
364
365
366
367

368

369
370
371
372

373

374
375
376
377
378
379

Water 2018, 10, x FOR PEER REVIEW 11 0f 16

covered the northern areas of the source itself and the negative anomalies prevailed inside the NRB,
confirming a negative contribution of moisture from this source to the basin. The belt of negative
anomalies of the VIMF divergence and the OLR along the Atlantic Ocean close of the WA coast
indicate that the ITCZ position that season may have been located southward with respect to the
1983 and 1987 seasons, acting as a moisture sink for moisture transported from the SAtl. Further, the
increased moisture contribution from the basin itself (when it diminishes from the SAtl) indicates
that during the rainy season the recycling process may be favoured if the ITCZ moves southward.
However, this should be also studied for the rainiest seasons, since some authors [63, 64] argue that
wet soil moisture conditions increase the net surface radiation and the total heat flux from the
surface. Therefore, a larger boundary layer with moist static energy (or entropy) favours the rainfall
at a local scale and the strength of the monsoon circulation at greater scales.

Anomalies Wet Season
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Figure 6. Anomalies of the |(E - P)i10 < 0l on air masses tracked forward in time from the SAtl, the
Vertically Integrated Moisture Flux (VIMF) divergence and the Outgoing Longwave Radiation (OLR).
May-October seasons under severe and extremely dry conditions according to the dates listed in Table 3. The
pink and green lines represent the boundaries of the SAtl and NRB, respectively.

3.5. Impact of the driest seasons on the river discharge

The seasonal rainfall deficit over the NRB leading to droughts also impacts the NR discharge.
In Figure 7, some basics statistics of the SSI1 along the hydrological year at Koulikoro (a) and
Niamey (b) locations are presented. The temporal evolution of the median, the extreme values, and
the 10t and 90t percentiles did not show large differences, but a major variability at the Koulikoro.
Taking advantage of the coincidence that the dry and rainy seasons affected by severe and extreme
dry conditions complete a hydrological year (see dates in Table 3), the cumulative SS1s were
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calculated from the first month of the dry season. This allows the analysis of the impact of dry
conditions on the propagation of hydrological drought from one season to another. The
accumulated SSI1 showed that hydrological drought conditions do not recover from negative
values to positive values at the end of the hydrological year and thus, also impact periods after
those considered. This can be easily observed for the period between November, 1983 to October,
1984, when the accumulated SSI1 reached more intensely negative values due to previous dry
conditions affecting the same period in 1982-1983. In Niamey, at the middle sectors of the NRB, the
impact of droughts seemed have a greater effect on the hydrological conditions.

. - K?ulilforcvl _ I Ni?mely I
2 L - - -
0 L - - -
2t {1 L J
4 F 4} J
6 F 4 I i
-8 | — Nov 1982/ 0ct 1983 o Median 11 -
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Figure 7. Box plot diagram of the SSI at a 1-month temporal scale (SSI1) for the NRB hydrological year
(from November to October). The smaller boxes represent the median, the major boxes identify the 10t
and 90t percentiles, and the whiskers extend from the minimum to maximum SSI1 value. The colour lines
represent the evolution of the accumulated 1-month time scale SSIs.

4. Conclusions

In this study, we identified the dry and also wet conditions in the NRB using the SPEI and the
hydrological streamflow conditions using the SSI from 1980-2016. The NRB was more affected by
dry conditions during 1982-1988, 1998-2002, and 2009-2011. Particularly, in 1983, 1984, and 1985 the
rainfall deficit produced the most intense dry conditions. This clearly affected the hydrological
streamflow regime. A time lag between the impact on the water balance conditions in the basin and
the hydrological regime were found to be shorter in the Upper NRB sectors than in the middle
sectors. An analysis at subbasins scale will provide more accurate results. Considering the seasonal
precipitation cycle over the Niger Basin, those seasons affected by severe and extremely dry
conditions were identified as November-April of 1982-1983, 1983-1984, and 1986-1987, and
May-October of 1983, 1984, and 1987.

To further investigate the possible causes of the seasons being affected by intense droughts, the
moisture contribution to precipitation over the NRB was computed from the climatological source
located in the eastern SAtl considered to be an important source of moisture particularly during the
rainy season for the WA monsoon. The analysis was also performed to determine the role of the
basin itself because of the important role of recycling in WA. This was implemented using a
Lagrangian method widely employed to diagnose atmospheric moisture transport. Despite its
importance, the anomaly of the contribution of moisture from the SAtl source was positive during
the 1986-1987 dry season and the rainy seasons in 1983 and 1987. In the rest of the seasons affected
by severe and extremely dry conditions, the anomalies were negative. The explanation for this
behaviour is that the ITCZ located south of the Guinean coast acts as a moisture sink for air masses
in transit from the SAtl source to WA. Thus, the position of the ITCZ determines the effectiveness of
the SAtl source for the NRB. Further research is ongoing to determine the role of other regions
considered as moisture sources for the Niger basin as well as to determine any possible impact of the
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variability of climate influences such as the El Nifio-Southern Oscillation, North Atlantic Oscillation,
Madden-Julian Oscillation, and others on moisture transport to the NRB.
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Conclusions

In this thesis the principal aim was to investigated the role of the atmospheric branch
of the hydrological cycle as a bridge between ocean and land evaporation and
precipitation over the Negro and Madeira River Basins in the Amazon; the Congo River
Basin in Central Equatorial Africa; the Niger River Basin in West Africa, and the Indus,
Ganges, and Brahmaputra in the Indo-Gangetic region in Southeast Asia. These basins
are located in regions characterised by monsoonal climates. The study was carried out
individually for each river basin. To accomplish the aims the Lagrangian model
FLEXPART was used, a robust tool used to diagnose atmospheric motion widely
implemented to investigate the transport of moisture in the atmosphere. Several crucial
aspects of the hydrological cycle such as the characterisation of annual cycles of
precipitation, runoff, river discharge, and river water levels were also investigated. The
period of analyses was heterogeneous among the study for each basin, taking into account
the geographic availability of data. Afterward, the principal global sources of moisture
for each basin were identified and the role of oceanic and continental sources on the
moisture contribution to precipitation over the basins was determined separately. In
general, the dry and wet conditions were diagnosed for each basin. Specific objectives for
each basin were determined according to the location and availability of the datasets. The
results obtained for each river basin, particularly, the principal results (moisture source
locations, moisture contribution from the sources to the precipitation over the basin ((E -
P) < 0), dry and/or wet conditions in the basins, and the role of the sources) are listed
below. However, the articles describe with the full details the specific results obtained for
each basin such as the onset of the rainy season for the Negro, Madeira, Indus, Ganges,
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and Brahmaputra Basins and the effectiveness of the sources for the Congo River Basin

etc.

Congo River Basin:

Moisture source locations: Nine regions were identified and considered to be the most
important moisture sources; five continental and four oceanic. The five continental
regions are located as follows: central and north-eastern Africa, the equatorial-western
section of the continent on both sides of the Equator and at the river mouth, the eastern
Congo River Basin along the coast of Africa from the north of Somalia and Ethiopia to
approximately 20° N, and the Congo River Basin itself. The four oceanic sources are in
the Red Sea, the Arabian Sea, the eastern tropical equatorial South Atlantic Ocean along
the coast of Africa, and the tropical western Indian Ocean.

Moisture contribution from the sources to the precipitation over the basin (£ - P) < 0: The

Congo River Basin receives humidity from both hemispheres. It is remarkable that the
basin itself provides more than 50% of the total atmospheric moisture contribution to
precipitation. The result confirms the high evaporation recycling occurring in Central
Equatorial Africa that has been well documented by other authors. Additionally,
throughout the climatological year, the surrounding continental regions and the eastern
tropical South Atlantic Ocean play a key role in the moisture supply. In contrast, the Red
Sea that is considered a source is merely important despite its high evaporation rate.

Dry and/or wet conditions in the basins; the role of the sources: The temporal evolution

of the 1- and 12-month SPEI series calculated for the Congo River Basin showed dry
conditions prevailing during the periods 1980-1985, 1992-1998, and 2004-2006. The
prevalence of wet conditions can be seen from 1985-1991 and from 2007-2010. During
the period from 1980-2010, 1995 and 1996 were characterised by severe and extreme
drought conditions, respectively, while 1982 was characterised as severely wet. The
moisture contribution from the sources confirms the crucial role of the Congo River Basin
in modulating the water balance within itself. During wet (dry) years, the contribution of
moisture ((E- P)i10<0) from the Congo River Basin to precipitation over itself increased
(decreased). On average, the water balance in the atmosphere over this basin was not

homogenous during these years, indicating a distinct role within itself. This result
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confirmed that research on the hydrological cycle should not be performed for the entire

basin as a whole.

Indus, Ganges, and Brahmaputra River Basins:

Moisture sources location: The principal moisture sources identified for these basins are

positioned in oceanic and continental (including the basins themselves) regions. There
were two main climate seasons identified for the region, the Monsoonal Precipitation
Regime (MPR) period from May to October and the Westerly Precipitation Regime
(WPR) that occurs from November to April. The sources are divided into continental and
oceanic and named according to their geographical location. The main regions where the
three basins receive moisture are the surrounding continental region and the Indian Ocean.
However, in the case of the Indus River Basin the air masses uptake humidity from the
eastern Mediterranean, while the Indus and Ganges Basins are the sources of humidity
for the Brahmaputra River Basin. The spatial extension of the sources increases during
the MPR period as expected, it is best observed in the Indian Ocean.

Moisture contribution from the sources to the precipitation over the basin (£ - P) < 0: In

both the WPR and the MPR periods, the moisture contribution from continental sources
to precipitation over the Indus and Ganges River Basins is major from continental
sources. However, moisture input occurs first during the monsoon onset from the Indian
Ocean. These results suggest the importance of recycled precipitation over the basins. For
the Ganges River Basin, the Bay of Bengal is the most important oceanic source during
the WPR. For the Brahmaputra River Basin, the most important moisture sources in the
WPR are on the continent itself and the Indian region, while in the ocean for the Bay of
Bengal and the Indian Ocean. For the MPR, the Indian Ocean is the most important
moisture source, and overall, the oceanic sources are the mostly responsible for the
moisture loss over this basin.

Dry and/or wet conditions in the basins; the role of the sources: The longest and intense
dry conditions affected the Indus River Basin from 1998-2002 and 2009. The longest
period under wet conditions occurred during 1995-1996 and after 2011. In the Ganges

River Basin, the 2000-2010 decade was very frequently affected by intense dry
conditions, whereas from 1981-1991 by wet conditions. In the Brahmaputra River Basin
in the dry conditions prevailed in 1981-1986, 2003-2010, and 2012-2015, while wet
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conditions prevailed during 1987-1991, 1998, late 1999-2000, and 2007. The 6-month
SPEI at the end of October (April) was used to diagnose dry and wet conditions it the
basins over the MPR (WPR) season.

The roles of the sources in the moisture contribution to precipitation during severe and
extremely dry and wet conditions it the basins were assessed for the WPR and MPR in
composited seasons affected by severe and extremely dry and wet conditions. The
composites confirmed the crucial role of the most important moisture sources (e.g. the
Indian region, Indian Ocean, Bay of Bengal, and the basins themselves) in providing less

(more) humidity during dry (wet) conditions in both the WPR and MPR periods.

Negro and Madeira River Basins

Moisture sources locations: We divided the sources into oceanic and continental

considering the origin of the air masses that uptake the major amount of humidity before
arriving at the basins. The location of the oceanic sources for the Negro and Madeira
River Basins are almost similar in the Tropical North and South Atlantic. Over the
continent, the moisture sources of the Negro River Basin are mostly to the northeast of
the basin. Conversely, the continental moisture sources of the Madeira River Basin extend
into the north half of the Amazon River Basin and the north in South America. Besides,
to the south of the basin are two regions considered important moisture sources.

Moisture contribution from the sources to the precipitation over the basin (E - P) < 0: For

the Negro River basin, the most important moisture sources are the Tropical North and
South Atlantic, but also the basin itself. The role of the oceanic sources on the moisture
contributions differs across the year because they are located in different hemispheres,
providing more moisture during the wintertime.

For the Madeira River Basin, the rest of the Amazon River Basin plays a crucial role on
the total moisture loss over the basin. The basin itself and the Tropical North and South
Atlantic are also important sources of moisture. Between the oceanic sources, the Tropical
South Atlantic on average supplies more humidity to the Madeira Basin from April to
November.

Dry and wet conditions; the role of the sources: The Negro River Basin was mostly
affected by dry conditions from 1980-1993, 1991-1992, and from 2013-2016. Wet
conditions prevailed in the period between 1996-2007. In the Madeira River Basin, the
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intense and longest periods affected by dry conditions occurred approximately in 1995—
1996, 1998, 2003-2005, and 2015-2016. Wet conditions in this basin were frequent and
intense during 1980-1986 when the Negro Basin was affected by drought. As reported
here and by several authors, there are northern-southern water budget differences and
consequently, the rainfall annual cycles vary as well as the hydrological extremes.
However, the impact of the EI Nifio phenomenon reduces the precipitation
homogeneously over all of the Amazon River Basin.

Niger River Basin

Moisture sources location: Throughout the year, the NRB main moisture sources are

located on the tropical eastern North Atlantic Ocean near Africa, the tropical eastern
South Atlantic Ocean in the Gulf of Guinea, in the regions surrounding the Sahel, and in
the Mediterranean Sea. The extension of the sources changes between the dry
(November—April) and rainy (May—October) seasons.

Moisture contribution from the sources to the precipitation over the basin (£ - P) < 0: In

this study the moisture uptake (E — P)i10 > 0 was computed over the sources by air masses
in transient to the basin. In the dry season (November—April), the greatest moisture uptake
takes place in the Niger River Basin itself, followed by the East Sahel and the eastern
South Atlantic Ocean. In the rainy season (May—October), when the major precipitation
occurs over the Niger River Basin, the (E — P)i10 > 0 values over the Niger River Basin
itself decrease and the atmospheric circulation associated with the West African monsoon
favours greater moisture transport to the basin from regions located to the north-east, east,
and south of the basin. Particularly the moisture contribution from the source located in
the eastern South Atlantic Ocean was computed.

Dry and wet conditions; the role of the sources: This assessment was conducted for the

dry and rainy seasons separately through the SPEI at a temporal scale of six months
obtained for April and October. The role of the South Atlantic Ocean was not
homogeneous for all the seasons affected by the severe and extremely dry conditions due
to the Intertropical Convergence Zone position. A detailed analysis will be performed

in future (on-going work) to clarify the role of the rest of the sources.
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More research should be done to investigate the influence of the different modes of
climatic variability, and the role of the same basins as sources of moisture for remote
regions. In addition, new questions arose regarding the impact of the water vapour

residence time in the calculus of (E — P).
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Appendix A: Supplementary Material
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Supplementary Materials: The Niger River Basin
Moisture Sources: A Lagrangian Analysis

Rogert Sori, Raquel Nieto, Anita Drumond and Luis Gimeno

(E-P)i10 NDJFMA (E-P)i10 MJJASO (mmliday)

60°Nf| = 60°NA 4

30°N 30°N
0° 0°
30°S 30°S

60°S 60°S

135°W  90°W  45°W 0° 45°E 90°E 135°E 135°W  90°W  45°W 0° 45°E 90°E 135°E
e P80 90 p95

Figure S1. Average pattern of (E — P) backward results integrated from the Niger River Basin for all
10 days for the dry (a) and wet season (b). The lines red, purple and green represents the 80th, 90th
and 95th percentile of the (E — P)i10 > 0 values for every season.
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