TRENDS AND DIRECTIONS IN CLIMATE RESEARCH

The Impact of North Atlantic Wind and
Cyclone Trends on European Precipitation
and Significant Wave Height in the Atlantic

Ricardo M. Trigo,”® Maria A. Valente,"* Isabel F. Trigo,*¢
Pedro M. A. Miranda,” Alexandre M. Ramos,” Daniel Paredes,
and Ricardo Garcia-Herrera®

“Centro de Geofisica da Universidade de Lisboa, Faculdade de Ciéncias, Lisbon, Portugal
b Departamento de Engenharias, Universidade Lusdfona, Lisbon, Portugal
¢Instituto Geofisico do Infante Dom Luiz, Universidade de Lisboa, Lisbon, Portugal
4 Instituto de Meteorologia, Lisbon, Portugal

¢Departamento Fisica de la Tierra II, Facultad de Fisicas,
Universidad Complutense de Madrid, Madrid, Spain

An analysis of the frequency of cyclones and surface wind velocity for the Euro—Atlantic
sector is performed by means of an objective methodology. Monthly and seasonal trends
of cyclones and wind speed magnitude are computed and trends between 1960 and 2000
evaluated. Results reveal a significant frequency decrease (increase) in the western
Mediterranean (Greenland and Scandinavia), particularly in December, February, and
March. Seasonal and monthly analysis of wind magnitude trends shows similar spatial
patterns. We show that these changes in the frequency of low-pressure centers and the
associated wind patterns are partially responsible for trends in the significant height of
waves. Throughout the extended winter months (October-March), regions with positive
(negative) wind magnitude trends, of up to 5 cm/s/year, often correspond to regions of
positive (negative) significant wave height trends. The cyclone and wind speed trends
computed for January—-March are well matched by the corresponding trends in signif-
icant wave height, with February being the month with the highest trends (negative
south of lat 50°N up to —3 cim/year, and positive up to 5 cim/year just north of Scotland).
Trends in European precipitation are assessed using the Climatic Research Unit data
set. The results of the assessment emphasize the link with the corresponding tendencies
of cyclone frequencies. Finally, it is shown that these changes are associated, to a large
extent, with the preferred phases of major large-scale atmospheric circulation modes,
particularly with the North Atlantic Oscillation, the eastern Atlantic pattern, and the
Scandinavian pattern.
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Introduction

Observational studies indicate significant cli-
mate trends at different time scales over the en-
tire North Atlantic basin and associated large
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climatic changes in the two adjacent conti-
nents North America and Europe.! The anal-
ysis for the entire 20th century reveals positive
trends in temperature for both land masses and
also over the majority of the Atlantic Ocean
area, with the exception of the area south of
Greenland (which was characterized by a cool-
ing trend). However, if one restricts the analysis
to the last three decades, the positive trend is
steeper and affects the entire North Atlantic
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Ocean and European continent, in every sea-
son of the year, particularly over Europe.? Con-
cerning precipitation, the last century was char-
acterized by a positive trend for the eastern half
of the North American continent and north-
ern Europe.! Southern Europe (Mediterranean
basin), however, suffered a slight decrease in
rainfall.>* In recent decades, the asymmet-
rical trends of precipitation in Europe have
been enhanced, i.e., northern (southern) Eu-
rope is under a positive (negative) precipitation
trend.’ Spatial patterns of precipitation trends
are more difficult to characterize than those
obtained for temperature trends, as the pre-
cipitation regime can vary considerably over
relatively short distances. Moreover, precipita-
tion trends can present significant discrepancies
within each season that can easily undermine
any trend analysis performed at the seasonal
scale.’ For example, in recent decades a sig-
nificant decrease (increase) in spring precipita-
tion in southwestern (northwestern) Europe has
been detected and described.”>’ However, it
has now been shown that such trends are mostly
concentrated in the month of March, particu-
larly the outstanding decline of March precip-
itation throughout the western Mediterranean
sector, which does not occur in April and May. '

Linear trends of Significant Wave Height
(SWH) for the period 1950 to 2002 have been
shown to be statistically significant and pos-
itive over most of the mid-latitudinal North
Adantic.!! These results have been confirmed
with hindcasts of waves for the Atlantic Ocean
that have shown an increase in mean SWH and
also an increase in SWH extremes during the
last four decades.!> ' Naturally these changes
in SWH are linked to changes to the two main
sources of SWH, namely a) the local surface
wind speed and b) the swell component that is
largely determined by the frequency and inten-
sity of remote storms.!

The physical processes responsible for these
trends and changes seem to be acting on a
hemispheric to global scale, including exter-
nal forcings and changes in large-scale atmo-
spheric circulation, with a negligible role be-
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ing played by local and regional factors, such
as changes in land use. It is now widely ac-
cepted that changes in atmospheric circula-
tion imply significant changes in: wind pat-
terns, favored storm track routes, precipitation
patterns, oceanic wind-driven waves, and sur-
face fluxes.!'!? In particular, several studies have
shown that cyclone activity over the northern
Atlantic has changed throughout the second
half of the 20th century with a poleward shift
in storm track location and increased storm in-
tensity, but a decrease in total storm numbers,
e.g., Refs. 16, 17. The magnitude and spatial
pattern of trends in cyclone activity are sensi-
tive to the storm tracking methodology as well
as to the reanalysis data set used.'®

Station pressure data over the North
Atlantic-European sector (NAE, defined be-
tween lat 25-70°N and long 75°W-20°E)
shows a decline in storminess from high lev-
els between the late 19th century to lower lev-
els during the 1960s, followed by an increase
to maximum levels around 1990 and dropping
slightly subsequently.!??! Recent results from
studies of the long-term variability of stormi-
ness affecting the Azores archipelago have cor-
roborated this picture, although the minimum
activity was found during the 1950s.2%2% On
the other hand, several studies have provided
evidence for a similar temporal evolution of
surface wind extremes over western Europe
where the late 1980s and 1990s were charac-
terized by more frequent storms and high wind
speeds,™2%2> which were responsible for high
losses of insured property.?*2° We intend to as-
sess trends of cyclonic activity based on the ob-
jective methodology developed by one of us to
detect and track all mid- and high-latitude At-
lantic (and Mediterranean) cyclones.>*”-? This
approach enables the evaluation of interannual
variability and trends of cyclone frequencies for
the NAE region and relates these with con-
tinental climate trends and changes of ocean
wave height.

It is now widely accepted that most large-
scale modes of atmospheric circulation in
the Northern Hemisphere have already been
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described in the existing literature.?% Tt
should be stressed that the relevance of these
modes 13 seasonally dependent, i.e., they only
have a signature during part of the year.?? Dif-
ferent approaches have been developed over
the last decade to assess the impact of the
most relevant modes on the European climate,
mostly in terms of precipitation and temper-
ature fields. Generally speaking, these stud-
ies can be clustered within two different ap-
proaches®!:

a) Studies based on atmospheric circulation
indices independently from surface climate
parameters. These include the pioneering
work on blocking episodes by Refs. 32-34
and, more recently, on the North Atlantic
Oscillation (NAO) pattern.*>*® At shorter
spatio—temporal scales, there are various re-
gional classification schemes, such as the
Lamb Weather Types for the UK.?7:3% and
the Grosswetterlagen catalogs®® for central
Europe.

b) Methods that incorporate both atmo-
spheric circulation and surface climatic
fields, often based on eigenvalue techniques
(e.g., canonical correlation analysis and sin-
gular value decomposition). Some of these
works have focused on the link between at-
mospheric circulation over the NAE area
and the climate of Europe, e.g., Refs. 4,
40-42.

Despite their different methodologies, these
studies tend to agree that the most impor-
tant modes of atmospheric circulation at the
monthly/seasonal timescale are: a) the NAO,
b) the eastern Atlantic (EA) pattern, sometimes
identified as the eastern Atlantic/Western
Russia pattern (EA/WR; EU2 of Ref. 29), and
c) the Scandinavian pattern (SCAND; EU1 of
Ref. 29). We will focus our analysis on the im-
pact of the modes that most significantly affect
the climate of Europe and Atlantic wave height,
and these are: NAO, EA, and SCAND. While
these modes are defined throughout the year,
their strength varies considerably, being more
prominent in winter and less well defined in the
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summer months.?** Moreover, the impact
of these major circulation modes upon the pre-
cipitation of Europe is also greater during the
winter months.*!"*3 Therefore, our analysis will
be restricted to the extended winter season that
spans between October and March.

The main objectives of this paper are twofold
and can be summarized as follows:

a) to analyze monthly trends in cyclone activ-
ity and wind speed and relate such changes
with the corresponding trends in European
precipitation and SWH over the North At-
lantic basin;

b) to evaluate the link between the interan-
nual variability of these variables and ma-
jor large-scale circulation modes, namely
the NAQ, the EA pattern, and the SCAND
pattern.

Data Sets and Methodology

European Precipitation

Monthly values of precipitation between
1960 and 2000 for the entire European con-
tinent and part of North Africa were obtained
from the high resolution (0.5° latitude by 0.5°
longitude) data set developed by New et al.***
at the Climatic Research Unit (CRU). This data
set uses a dense network of observations, par-
ticularly over Europe. The spatial patterns of
monthly average precipitation over Europe can
be seen in Figure 1.

Storm Tracks and Wind

The analysis of atmospheric circulation at
the monthly and synoptic scales over the NAE
sector (lat 20-75°N, long 85°W-70°E) was
based on the European Centre for Medium-
Range Weather Torecasts (ECMWT) reanaly-
sis (ERA-40) data set from 1960 until 2000.%°
Geopotential height at 1000 hPa, wind com-
ponents (zonal («) and meridional (v)), and sea
level pressure (SLP) fields have been extracted
from the 1.125° x 1.125° regular grid. The
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Figure 1. Monthly averages of precipitation (mm/month) for individual winter months,

computed for the period 1960-2000.

average extended winter (October—March)
wind speed pattern can be appreciated in
Figure 2. Monthly and seasonal trends for the u
and v components and 10-m wind speed were
also computed.

A number of distinct objective method-
ologies have been developed to track paths
of individual storms.'®*” 5! These differ-
ent approaches and the availability of
several reanalysis comprehensive data sets
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Figure 2. Seasonal average of 10-m wind speed
(m/s) obtained for the extended winter (October—
March) for the period 1960-2000.

have enabled the compilation of long-term
climatologies.”!7-245293  Several approaches
have compared cyclonic tracking methods as
well as original data set resolution.!®5+3
Here, the detection and tracking of North At-
lantic cyclones is based on the algorithm first
developed for the Mediterranean region by
Trigo et al.?®>! and recently adapted to the en-
tire North Atlantic area.”>® For storm-tracking
purposes we have used the reanalysis full spatial
resolution 1.125° x 1.125° grid for the entire
NAE sector. Cyclones are identified as minima
in geopotential height fields at 1000 hPa, ful-
filling a set of conditions regarding the central
pressure and the geopotential gradient. The
tracking is based on a nearest neighbor search
in consecutive charts, assuming that the speed
of individual storms is less than 50 km/h in the
westward direction and 110 km/h in any other.
Further details on the cyclone-detecting and
tracking methodology may be found in Trigo
et al?®>! and Trigo.’ For the purpose of this
study, only lows lasting a minimum of 24 h
and presenting minimum pressure values be-
low 1010 hPa throughout their life cycle were
considered.

As an example, we show in Figure 3 the
complete trajectories of every cyclone with a
minimum life span of 3 days detected during
February 2000 in the NAE. The dots within
individual storm tracks correspond to the cy-
clone centers that were detected on 6-h SLP
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fields. It is important to keep in mind that this
type of algorithm identifies and follows cyclone
centers. Therefore, the cyclone’s associated im-
pact on precipitation extends to the south of
cach path, accompanying the main fronts asso-
ciated with the synoptic systems tracked by the
algorithm.”’

Long-term averages of cyclone counts were
computed at both monthly and seasonal scales
for the period 1960-2000, and the individ-
ual winter monthly averages between October
and March can be observed in Figure 4. EA
monthly averages of cyclone counts are asso-
ciated with the corresponding monthly precip-
itation observed over the European continent

(Fig. 1).

Significant Wave Height

The monthly SWH presented here was ob-
tained from the ERA-40 reanalysis through
the Koninklijk Nederlands Meteorologisch In-
stituut (KINMI). These data, obtained initially
from the original 6-h global fields, were used to
elaborate the KNMI ERA-40 wave atlas avail-
able at http://www.knmi.nl/waveatlas.!8
The horizontal resolution of the global fields
used here 1s 1.5° x 1.5°. The ERA-40 reanal-
ysis used a coupled atmosphere—wave model
[Integrated Forecasting System (IFS)] with vari-
ational data assimilation.’”® IFS is a state-of-
the-art model, very similar to the one used op-
erationally by ECMWT for weather forecasts,
though with lower resolution. The wave model
used in IFS is WAM,® a third-generation
model in which the wave spectrum is computed
by integration of the energy balance equation
without any prior restriction of the spectral
shape.!® From the full spectrum, integral quan-
tities, such as SWH or mean wave frequency,
are calculated.

The SWH is equivalent to the average of the
highest one-third of waves in a sea state, corre-
sponding to what an experienced sailor would
report to characterize the wave height. The
SWH is computed as four times the square-
root of the 0-order spectral moment, with the
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Figure 3. Path of individual cyclones detected by applying the storm-track methodology developed by
Trigo® for the month of February 2000. Dots within individual storm tracks correspond to the cyclone centers
that were detected on 6-h sea level pressure fields. Only cyclones lasting at least 3 days are depicted.

directional wave spectra being calculated by
the ERA-40 wave model. According to Ref.
13, among the caveats of the ERA-40 SWH
data presented in the KINMI wave atlas is the
fact that the estimates are based on data aver-
aged on a 1.5° x 1.5° area and time averaged
on 6 h. The approximate time a long wave
would take to cross the diagonal of such a grid
cell at mid-latitude is about 3 h. Therefore, for
short time or space scales, waves can be higher
than those represented in ERA-40. Moreover,
tropical storms are not properly resolved on a
1.5° x 1.5° grid. In regions of tropical cyclones,
extreme wave heights are, therefore, expected
to be higher than in the ERA-40 data set. It
should be noted also that the ERA-40 model
does not account for shallow water effects and,
therefore, the ERA-40 ocean wave data is only
valid in deep water regions.

The SWH data was subjected to a validat-
ing procedure using buoy observations and al-
timeter measurements. This validation process
encountered deficiencies in the ERA-40 SWH
data set. The problems found with the ERA-40
SWH data are the existence of heterogeneities
in time, which limits the use of the data for stud-
ies of climate variability and trends, and the
underestimation of high wave heights.'"® The
data was corrected by KNMI through a non-

parametric method that predicts the bias be-
tween SWH ERA-40 data and TOPEX altime-
ter measurements,”® and the corrected new
global 6-h data set C-ERA-40 was the end
result. Comparison of the C-ERA-40 data set
with SWH measurements from buoy observa-
tions and global altimeter data shows clear im-
provements in both biases, scatter and quan-
tiles in the whole range of SWH values, as well
as the removal of the heterogenities that were
caused by changes in altimeter wave height
assimilation.'® The KNMI has supplied a
31-year subset of the ERA-40 and C-ERA-
40 data for the period 1970-2000. The 1970
2000 climatology of the extended winter SWH
in the NAE region is presented in Figure 5
for the original (left) and corrected (right) data.
Corrected ERA-40 values are higher than non-
corrected ones. Maximum values, which are
located south of Greenland and Iceland at the
British Isles’ latitude, are just above 4 m in the
original data and are just below 5 m in the C-
ERA-40 data set. The Mediterranean Sea has
wave heights below 2 m during the 6-month
cold season.

Large-scale Circulation Patterns

Different approaches have been developed
to derive the main atmospheric circulation
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Figure 4. Monthly averages of cyclone counts for individual winter months. Statistics were
computed for cell boxes with 9° longitude by 9° latitude for the period 1960-2000.
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Figure 5. Mean significant wave height (m) for the é months October-March (1970~
2000) (left, original ERA-40 values; right, corrected ERA-40 values).
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patterns (also referred to as teleconnections)
that characterize large-scale circulation over
the entire Northern Hemisphere?%3 as well as
their impact on European climate, e.g., Refs.
61-63. Readers interested in a comprehensive
description of the different methodologies
to obtain these patterns and their associated
impact in European climate can refer to Refs.
36 and 64. Here, the teleconnection indices
were obtained from the Climate Prediction
Center (CPC) from the National Oceanic
and Atmospheric Administration (NOAA)
(http://www.cpc.noaa.gov/data/teledoc/nao.
shtml) for the period that spans between 1960
and 2000. The methodology employed by
CPC to identify the Northern Hemisphere
teleconnection patterns is based on rotated
principal component analysis?® applied to
monthly mean standardized 500-mb geopo-
tential height anomalies. Spatial patterns of
the three main teleconnections over the NAE
region can be seen in Figure 6 and represent
the NAO (top), EA (middle), and SCAND
(bottom) patterns. This figure represents the
temporal correlation between the monthly
standardized height anomalies at each point
and the monthly teleconnection pattern time
series from 1960 to 2000.

Trend Analysis

Wind and Cyclone Trends

Long-term decadal trends of cyclone den-
sities were computed at both monthly and
seasonal scales for the period 1960-2000.
Graphics were computed on cell boxes with
9° longitude by 9° latitude for the period 1960
2000. Results obtained for the individual ex-
tended winter months can be seen in Figure 7
and are shown only for cells with the most pro-
nounced trends (>5% per decade). Further-
more, results are restricted to grid boxes with
atleast 1 cyclone count on average for the whole
study period, which eliminates a large section
of the subtropical Atlantic. The corresponding

219

NAO

-0.8 -0.7 -0.6 -0.5 -0.25 0.[25 0!5 0!6 0.7 0.8

Figure 6. Spatial patterns of teleconnection in-
dices North Atlantic Oscillation (NAO), eastern At-
lantic (EA), and Scandinavia (SCAND) computed for
December—February within the period 1960-2000.

trends of near surface wind speed are repre-
sented in Figure 8. The two figures appear to
be generally in good agreement, showing con-
sistent trends for both variables. In particular,
the Iberian Peninsula and the Mediterranean
basin show a decline of both cyclonic activity
and wind speed throughout the entire extended
winter period. Looking at these two figures, it is
possible to distinguish a different behavior for
each winter half. The months between October
and December are generally characterized by
an increase in wind speed and some cyclonic
activity in several sectors of the Northern At-
lantic basin. The second part of winter, be-
tween January and March, presents a very dis-
tinct pattern with different trend signals being
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Figure 7. Decadal trends (% relative to the mean over the studied period) of the average
number of cyclones detected in each winter month (October-March). Results are shown only
for cells with the most significant trends. Statistics were computed for cell boxes with 9°
longitude by 9° latitude for the period 1960-2000.

organized within latitudinal bands. The north-
ern (southern) sector of the North Atlantic, be-
tween Greenland and Scandinavia (Azores and
Mediterranean) presents an important increase
(decrease) of both cyclonic activity (Fig. 7) and
wind speed (Fig. 8).

The decline in cyclonic activity in Febru-
ary and March between Newfoundland and
the Iberian Peninsula is particularly impressive.
In fact, the negative trend extending from the
Azores archipelago, in the mid-Atlantic Ocean,
to the west of Iberia is significant at least at

10%. The average decline in cyclone count
per decade reaches values over 20% over the
Azores and north of Iberia (February) and at the
northwest of Iberia (March). Such values per
decade represent a decrease of over 60% of cy-
clonic centers between the first and last decades
on record (relative to the first decade). In con-
trast, the area between Scotland, Iceland, and
Scandinavia reveals a strong increase (signif-
icant at 10%) during February and March
of more than 15% per decade at its maxi-
mum (relative to the period’s average), which
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Figure 8. Trends of 10-m wind speed (m/s/year) defected in each winter month (October—

March) for the period 1960-2000.

corresponds to an increment of roughly 50%
between the first and last decades.

European Precipitation

Significant changes in the frequency of At-
lantic cyclones aiming for Europe will in-
evitably lead to significant changes in the
precipitation regime of the adjacent conti-
nental areas, including northern Africa, the
Mediterranean basin, and central and north-
ern Europe. Previous works have dealt with
this link between long-term tendencies of cy-
clonic activity and precipitation, particularly
for winter months, e.g. Ref. 5. This link has

been well documented for the month of March,
which is characterized by a steep decline
(increase) in precipitation in southwestern
(northern) Europe and associated cyclonic ac-
tivity.'%>” Here we extend this analysis to the
remaining winter months, using the high reso-
lution precipitation data set from the CRU to
compute the monthly precipitation trends for
the extended winter season between 1960 and
2000 (Fig. 9). We have highlighted those regions
that are characterized by statistically significant
trends at less than 10% significance level (after
applying a Mann—Kendall test). Despite some
patchiness, it is possible to assert the following
conclusions:
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Figure 9. Relative change in monthly precipitation (%) over Europe for the period 1960-
2000, computed from the Climatic Research Unit (CRU) monthly precipitation data set by
applying a linear model. The black solid lines highlight those regions with statistically signifi-
cant trends at less than 10%, obtained through a Mann-Kendall test.

a) Overall, there are more areas presenting a although a large region over the northeast
statistically significant decrease in precipi- of Africa in November also shows significant
tation than those characterized by an incre- decreases.

ment. This is particularly evident for south-  b) There is a clear symmetrical division be-
ern Europe between January and March, tween northern and southern Europe in
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terms of precipitation trends, particularly
so during January—March. In fact, south-
ern Europe is strongly affected by impor-
tant decreases in precipitation from January
to March in contrast to the significant in-
creases over northern European countries
during these months.

¢) The northern European area, in particular
the UK. and Scandinavia, presents signifi-
cantincrements in precipitation throughout
most of the considered months (with the ex-
ception of November).

For the purpose of performing an analysis of
storm track activity and associated impact on
precipitation, it is important to keep in mind
that the algorithm used to track storms identi-
fies and follows cyclone centers and the anoma-
lies described in Figure 7 correspond to densi-
ties of storm centers. Therefore, the associated
impact on precipitation extends to the south
of regions where changes in cyclonic activity
are verified and accompany the main fronts as-
sociated with the synoptic systems tracked by
the algorithm. Despite this consideration, the
combined analysis of cyclone trends and large-
scale precipitation over land gives a very useful
and complementary perspective to the main is-
sue under analysis in this work. Both Figures 7
and 9 effectively show that changes in the loca-
tion of cyclones are highly related to contem-
poraneous changes in precipitation averaged
over the adjacent areas. This is clearly evident
for northern Europe throughout all of the wet
season months. Statistically significant cyclone
positive trends over the region between Green-
land and Scandinavia are reflected in signifi-
cant increased precipitation over land. More-
over, the strong decreasing cyclone activity over
the Atlantic area during February and March
had a notable impact on Mediterranean pre-
cipitation, particularly over Iberia where win-
ter core average precipitation is mainly related
to low-pressure transient systems with an At-
lantic origin.!®% Thus, it is possible to assert
that the northern—southern European pattern
of precipitation trends during the 1960-2000
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core winter months was mainly related to sim-
ilar changes in cyclone activity along the NAE
sector.

Significant Wave Height
in the Atlantic

A time linear regression was applied to the
two 1970-2000 SWH data sets (original and
corrected); however, in this paper we only
present the results obtained with the corrected
version (Fig. 10). A Mann—Kendall significance
test was applied to the SWH trends presented in
Figure 10. Most trends that are larger than 2 cm
per year (either positive or negative) are statis-
tically significant at the 5% level. We note that
in the North Atlantic region, trends computed
for the original ERA-40 data set show larger
significance values (lower Mann—Kendall test
values) than the corrected trends from October
to December, a period dominated by positive
trends in this region.

Once again monthly trends present a
marked difference between the earlier and later
winter period. Between October and Decem-
ber the vast majority of the North Atlantic
Ocean 1s characterized by positive trends with
maximum values (<2.5 cm/year) occurring be-
tween the UK. and Iberia (October), west of
Iberia (November), and close to the Azores in
the mid-Atlantic (December). During the fol-
lowing 3 months (January to March) a differ-
ent pattern emerges with positive values being
found in the most northerly latitudes and nega-
tive trends positioned to the south at the Iberian
Peninsula latitude and in the Mediterranean
basin. Maximum positive trends (>3 cm/year)
take place close to Greenland (January) and
between the U.K. and Iceland in the following
2 months. February is the month that presents
the largest negative trends south of lat 50°N,
between —2 and —3 cm/year in the corrected
data set. The SWH also increases in February
with values of up to 5 cm/year just north of
Scotland.

We would like to emphasize the agreement
between the SWH trend results and those
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Figure 10. Monthly significant wave height trends (cm/year] for the period 1970-2000.
Data correspond to the corrected ERA-40 values.

obtained for wind (Fig. 8) and cyclones (Fig. 7).
In fact, throughout the extended winter
months, regions with positive (negative) wind
magnitude trends almost always have positive
(negative) SWH trends. Nevertheless, in some
cases this correspondence does not occur. For
mstance, in November and December the wind
magnitude shows a weak negative trend to the
northwest of the Iberian Peninsula that is not
mirrored by the wave height trends. For the
core winter months (January to March) the
correspondence is well marked and both cy-
clone, wind magnitude, and SWHs show a dis-
tinct dipole of negative trends at lower latitudes
and positive trends at higher latitudes in the
North Atlantic. However, whereas February is

the month with the largest wave height trends in
the Atlantic, March is the month for the highest
wind magnitude. We emphasize that the ana-
lyzed periods are not the same for the variables,
with the wind period (1960-2000) being longer
than the wave height period (1970-2000).

Large-scale Atmospheric Patterns

Impact on Wind and Cyclones

We have computed the monthly/seasonal
spatial correlation pattern for the wind speed
and the corresponding monthly/seasonal in-
dices of major atmospheric circulation patterns
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Figure 11. Correlation  between  winter
(October-March) values of wind speed and the
corresponding winter (top) NAO, (middle) EA, and
(bottom) SCAND indices for the period 1960-2000.

that affect the NAE area. A similar procedure
was applied to the corrected SWH fields for the
entire North Atlantic basin and the indices of
those same atmospheric circulation patterns.
Results obtained at the seasonal scale can be
seen in Figures 9 and 11 (SWH and wind, re-
spectively). We have restricted the presentation
of results to the aggregated winter (October—
March) patterns for the sake of space and also
because the corresponding individual monthly
patterns are very similar (figures not shown). To
facilitate the analysis of these two figures, SWH
(wind) correlation values above 0.4 (0.3) and
below —0.4 (—0.3) are statistically significant at
the 5% significance level.
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The highest correlation values are found (for
both variables) with the NAO index, particu-
larly over northern latitudes. The wind speed
patterns present three latitudinal bands with
different correlation signals, with the positive
bands stretching between Newfoundland and
Scandinavia in the north and a subtropical
band reaching the West African coast (Fig. 11,
top). The mid-latitude band located in between
shows a negative trend pattern, particularly on
the western side of the Atlantic and some scat-
tered areas in the Mediterranean. The cor-
responding NAO correlation pattern for the
SWH presents an area with very high positive
correlation values in the north between Green-
land and the UK. (R > 0.7), while the cen-
tral sector of the North Atlantic shows negative
values that are slightly smaller in magnitude
(R <0.6). Negative values are also found within
the Mediterranean Sea (Fig. 12, top).

Correlations between wind and the EA in-
dex are less strong than those found with the
NAO index, with values never surpassing 0.6
(Iig. 11, middle). The same assessment applies
to the EA-SWH pattern with the highest val-
ues ranging from slightly below —0.5 to just
above 40.7 (Fig. 12, middle). However, the
EA-SWH correlation presents a much more
coherent positive spatial configuration, unlike
the typical dipole observed in the NAO-SWH
pattern. A relatively small pattern of negative
(positive) correlation values is found for both
variables with maxima located between Iceland
and the UK. (Mediterranean Sea).

It is worth mentioning that the location of
maximum correlation values for these two in-
dices (NAO and EA) and the SWH fields is
usually east of the corresponding maximum
values obtained for the wind pattern. This re-
sult 1s to be expected because the magnitude
of SWH depends not only on the local wind
speed but also on the magnitude of the swell
associated with distant storms,'>!* which con-
tribute to the upward or downward pile effect
close to the European and African coasts. The
link between the patterns obtained in these
two figures now becomes obvious because the
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Figure 12. Correlation  between  winter
(October—March) values of significant wave height
(corrected values) and the corresponding winter (top)
NAO, (middle) EA, and (bottom) SCAND indices for
the period 1970-2000.

surface winds and associated cyclones at mid- to
high-latitudes blow with mainly a westerly com-
ponent.!! This is not the case at subtropical lat-
itudes where the easterly trade winds prevail,%
impeding the appearance of a third region with
high values of correlation with the NAO index.

The correlation pattern between the wind
and the SCAND index is relatively weak and
almost confined to the northeastern sector of
the Atlantic, between Greenland and Scan-
dinavia (Fig. 11, bottom). Similarly, the high-
est correlation values observed between SWH-—
SCAND are dominated by a north—south neg-
ative/positive dipole (Fig. 12, bottom). Positive
correlations are relatively high close to Iberia
and the North African coast, while negative val-
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ues can be mostly observed north of the British
Islands and also close to Newfoundland (for
the wind). It should be remembered that the
SCAND circulation pattern is the most conti-
nental teleconnection pattern used in this work
(Fig. 5) and its impact in both the wind and
SWH fields is expected to be confined to the

ocean sector close to Europe.

Impact on European Precipitation

We have also computed the monthly/
seasonal spatial correlation pattern be-
tween European precipitation (high resolu-
tion CRU data set) and the corresponding
monthly/seasonal indices of the three atmo-
spheric circulation patterns considered. How-
ever, in this section we present the entire set
of results obtained for each winter month.
This approach was necessary to take into ac-
count the large spatial and temporal variability
that characterizes the precipitation field over
Europe. We have only shown those grid boxes
characterized by correlation values statistically
significant at least at the 10% significance level
(Figs. 10-12). No precipitation information is
available from the oceans as our data set is
constructed with precipitation values from rain
gauges. In agreement with the work developed
by other authors, our data show that other
modes besides NAO play an important role
in shaping European precipitation variability,
e.g., Refs. 61-63, 67, 68. While the NAO pat-
tern is one of the three leading causes of vari-
ability in the Northern Hemisphere SLP, at the
monthly scale, throughout the whole year (ex-
cept in September), the remaining modes used
are less important. As a consequence, some of
these modes have a smaller amplitude and re-
gional characteristics during part of the year,*
therefore the intensity of their impacts is slightly
reduced compared with the NAO pattern.

The typical winter NAO—precipitation pat-
tern shown in Figure 13 is in agreement with
the results obtained recently by many authors,
e.g., Refs. 5, 35, 36, 40. The most promi-
nent correlations can be observed between
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Figure 13. Correlation values between monthly European precipitation (CRU data sef)
and the corresponding monthly value of NAO index for the period 1960-2000.

December and March (Fig. 13), with large neg-
ative values over Iberia (r < 0.7), northern
Africa, and the central Mediterranean; positive
values dominate over northern Europe, albeit
with a smaller magnitude (r < 0.6). However,
a different pattern emerges in October and

November with weak but significant negative
correlation values for most of Europe between
Iberia and southern Scandinavia; positive val-
ues remain confined to small scattered patches
of the U.K., Scandinavia, and most of northern
Africa (Fig. 13).
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Figure 14. Correlation values between monthly European precipitation (CRU data set)
and the corresponding monthly value of EA index for the period 1960-2000.

Recent works have shown that the EA pat-
tern represents a significant contribution to pre-
cipitation over northern Iberia®»’" as well as
parts of the eastern Mediterranean areas.*61:57

The EA—precipitation correlation pattern that
we show 1s less pronounced (lower values) and
less consistent throughout the winter months
when compared with the NAO—precipitation
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Figure 15. Correlation values between monthly European precipitation (CRU data sef)
and the corresponding monthly value of SCAND index for the period 1960-2000.

pattern, being almost negligible in March
(Fig. 14). Nevertheless, significant positive
values dominate the western European fa-
cade with higher values (r > 0.5) being found
from the UK. to Scandinavia in October and
November and between the UK. and Iberia be-

tween December and February. Negative cor-
relation values prevail in northern Africa and
the central Mediterranean, with scattered sec-
ondary centers being observed in eastern Eu-
rope (October and December) and Norway
(November and December).
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Interestingly, results obtained with the cor-
responding SCAND—precipitation correlation
monthly patterns present higher correlation
values than those obtained with the EA pat-
tern (Fig. 15). These results are in agreement
with those of previous authors that have shown
that the SCAND pattern is associated with im-
portant precipitation anomalies in both west-
ern and eastern Mediterranean regions,**-01:71
With the exception of December, all the re-
maining months are characterized by signif-
icant positive correlation values covering the
Mediterranean basin. On the contrary, the
western half of the Scandinavian peninsula
(Norway) presents a persistent, large, negative
value, lower then —0.6 over some grid boxes.
The region between Germany and Poland is
also characterized by negative values, particu-
larly between January and March (Fig. 15).

Conclusions

The first part of this study presented an inte-
grated analysis of the frequency of cyclones and
near surface (10-m) wind speed over the NAE
sector using the ERA-40 reanalysis data for the
extended winter and covering the 1960-2000
period. A comprehensive comparison between
these trends and those of SWH [computed
by the KNMI'® from the ERA-40 reanalysis
(1970-2000)] and the CRU land precipitation
data set* was then made. Previous papers have
evaluated the impact of both cyclones and wind
patterns on either SWH, e.g., Ref. 14, or precip-
itation, e.g., Ref. 5. However, to the best of our
knowledge, none of these previous works have
provided an all-encompassing impact analysis
of the weather systems upon the ocean waves
(SWH) and the climate of adjacent continental
areas (precipitation) as we have presented here.

Our results revealed large changes in cyclone
frequencies for the last four decades, particu-
larly during the late winter months when signif-
icant decreases were found between the Azores
archipelago and the western Mediterranean.
In contrast, the Artic sector of the northern
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Atlantic (between Greenland and Scandinavia)
suffered a significant increase in cyclones. In
February and March the density of cyclones
declined at an average rate of 20% per decade
in some regions, corresponding to more than a
60% decrease between the first and last decades
on record. On the other hand, the northern
NAE region was marked by increments of up to
50% in January—March cyclone frequencies be-
tween the first and last decades during the same
period. These results indicate that the opposite
cyclone trends observed in southern and north-
ern Europe are not restricted to March as previ-
ously hypothesized,!” but are more widespread
in time. Trends for wind speed obtained in this
work (reaching up to 5 cm/year) were shown
to be in good agreement with the trends for
corresponding cyclone frequency, with a close
match being found between regions affected by
negative and positive trends for both variables.

Using the CRU high resolution land pre-
cipitation data set, it was possible to confirm
the link between precipitation trends and cy-
clone frequencies for the extended winter sea-
son. It must be stressed that such an association
is harder to establish for anumber of reasons. In
particular, the impact on precipitation extends
to the south of each main minimum of pres-
sure tracked by the algorithm used here. Nev-
ertheless, there is a spatial coherence between
both trend patterns obtained in this work, with
decreases (increases) in precipitation appear-
ing close to areas characterized by negative
(positive) cyclone frequency trends. Precipita-
tion trends over Europe during January—-March
reveal a contrasting latitudinal band structure
between northern and southern Europe, with
southern (northern) Europe presenting impor-
tant decreases (increases) in precipitation.

The computation of SWH trends for the
North Atlantic revealed very well-marked re-
gions with variations that were almost always
coincident with the cyclone and wind speed
trend patterns. In particular, the early winter
months are characterized by a wide region of
positive wave height trends in the North At-
lantic that is more widespread spatially than
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in the cyclone and wind speed case. As for cy-
clone frequencies and wind speed, a dipole of
positive/negative SWH trends for January—
March was also detected between the
Greenland—Scandinavian latitudes and south
of lat 50°N, with the largest trends occurring in
February (—3 cm/year and 45 cm/year).

In the final part of this study we focused on
the connection between the previous changes
and the preferred phases of major large-scale
atmospheric circulation modes or teleconnec-
tions (NAO, EA, and SCAND). Correlations
between these indices and both wind speed and
SWH were presented for the aggregated winter
months October-March. Absolute correlation
values higher than 0.7 with the NAO and the
EA patterns were obtained over certain sectors
of the North Atlantic basin. As expected, NAO
was found to be positively correlated with wind
speed and SWH at high to mid-latitudes and
negatively correlated at mid- to low latitudes.
On the other hand, negative correlation values
were computed between EA and wind speed
and SWH for high latitudes, whereas an exten-
sive area of positive correlations was obtained
for the mid- to low latitudes. We found that
maximum correlation values for SWH with the
NAO and EA indices were generally located
to the east of maximum correlation values for
the wind. Minor but still significant correlation
values were also obtained for SCAND, partic-
ularly at high latitudes close to the NAE area
where negative correlations lower than —0.6
were computed.

The impact of the three large-scale circula-
tion modes on European precipitation was eval-
uated at the monthly scale, in order to address
the large spatial and temporal variability that
is a trademark of the precipitation field. The
signature on precipitation of the three corre-
sponding modes analyzed is clearly noticeable
for the whole European continent. Although
the NAO is the most prominent teleconnec-
tion for the entire North Atlantic region and,
consequently, explains the highest fraction of
precipitation variability over Europe, the EA
and SCAND patterns also present notable in-
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fluences on European rainfall. Naturally, the
intensity and the aspect of their spatial impact
in the precipitation patterns differ from one to
another. While the NAO signature on precip-
itation is reflected in the consistent and well-
known positive (Northern Europe) and nega-
tive (Iberia) European precipitation dipole from
December to March, the influences of EA and
SCAND present a higher intramonthly inten-
sity and spatial variability. Nevertheless, the
SCAND pattern explains a higher fraction of
precipitation variability compared with the EA
mode. This is mainly reflected in the larger
negative correlated area covering the whole
Mediterranean basin throughout the winter
season, while the EA influence is reduced to
central and northern Europe for some winter
months. Thus, a comprehensive analysis of sev-
eral large-scale modes is a key factor for assess-
ing the precipitation—circulation relation and
providing the physical mechanisms responsible
for the large winter precipitation trends found
in Europe.

Finally, we would like to address the possible
impact of anthropogenic climate change in cy-
clonic activity caused by increased greenhouse
gases in the atmosphere. The current gen-
eration of global circulation models (GCMs)
has shown a reasonable capacity to reproduce
the spatial pattern of cyclones for current cli-
mate.””? According to these authors®7? we
can expect significant changes in the win-
ter mid-tropospheric storm tracks indepen-
dently from the emissions scenario adopted,
with particularly large activity increases down-
stream of the Atlantic storm track over western
Europe.?® However, the magnitude of this sig-
nal is largely dependent on the imposed change
in forcing. A common feature of all investigated
GCMs is a reduced track density over central
Europe under climate change conditions if all
systems are considered.”? If only extreme cy-
clones are considered, increased cyclone activ-
ity for western parts of central Europe prevails.
With respect to extreme wind speeds, signifi-
cant positive changes in intensity and frequency
are obtained over certain areas of Europe.’?
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