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ABSTRACT

An analysis and characterization of seasonal changes in the atmospheric teleconnection between ENSO
and western European precipitation, as well as atmospheric conditions over the North Atlantic and Europe,
are presented. Significant ENSO-associated changes in precipitation are evident during the boreal spring and
fall seasons, marginal during boreal summer, and absent during boreal winter. The spring and fall pre-
cipitation anomalies are accompanied by statistically significant ENSO-related changes in large-scale fields
over the North Atlantic and Europe. These seasonal teleconnections appear to be mediated by changes in
upper tropospheric conditions along the coast of Europe that project down to the lower troposphere and
produce onshore or offshore moisture flux anomalies, depending on the season. Some ENSO-related changes
in storm activity are also evident during fall and winter. Analyses during boreal winter reveal little effect of
coincident ENSO conditions on either European precipitation or upper tropospheric conditions over Europe.

1. Introduction

A considerable body of literature exists documenting
the seasonal covariability between El Nifio-Southern
Oscillation (ENSO) and weather conditions over Eu-
rope. Observational studies indicate an association pres-
ent during boreal winter between ENSO variability and
European surface meteorological conditions, including
temperature, precipitation, and sea level pressure (van
Loon and Madden 1981; Fraedrich 1994; Pozo-Vazquez
et al. 2001; Moron and Gouirand 2003; Moron and Plaut
2003; Zanchettin et al. 2008; Ineson and Scaife 2009),
river flow (Niedzielski 2011), and upper tropospheric
conditions (Dong et al. 2000). Other studies have pro-
vided evidence for various teleconnections between re-
gional European conditions and ENSO during boreal
spring (Rodo et al. 1997), summer (Park 2004), and au-
tumn (Rodé et al. 1997; Mariotti et al. 2002; Park 2004;
Vicente-Serrano 2005; Shaman and Tziperman 2011).

Precipitation variability in association with ENSO is
the focus of this work, and this association with ENSO
varies both seasonally and regionally within Europe.
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During summer and fall increased precipitation over
southern Europe occurs when EI Nifio conditions prevail
in the equatorial Pacific (Mariotti et al. 2002; Park 2004),
whereas negative anomalies develop over the region
during spring (Shaman and Tziperman 2011). Over
Scandinavia, negative wintertime precipitation anomalies
have been shown to develop during coincident El Nifio
events (Fraedrich 1994). More recent studies have found
increased wintertime precipitation over Britain, France,
and Germany during an El Nifio, but decreased pre-
cipitation over Scandinavia (Zanchettin et al. 2008).

A second suite of studies has found lagged associations
between Northern Hemisphere wintertime ENSO con-
ditions and precipitation the following spring in a number
of regions, including southwestern Europe (Rodé et al.
1997; Knippertz et al. 2003), central Europe (Lloyd-
Hughes and Saunders 2002), and Scandinavia (Feddersen
2003). Evidence for lagged correlations between ENSO
and precipitation during other seasons has also been
observed (Efthymiadis et al. 2007). Some of these lag
associations may stem from the seasonal persistence of
SST anomalies in the tropical Pacific.

Here, observational analyses of seasonal teleconnec-
tions between ENSO and precipitation over the Euro-
pean continent are explored systematically for the entire
calendar year. Previous works have examined seasonal
ENSO teleconnections with precipitation around the
entire planet (Ropelewski and Halpert 1986; Mason and
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Goddard 2001); however, in this work the relationship of
both ENSO and European precipitation with upper
tropospheric variability, the level at which atmospheric
ENSO teleconnections mediated by tropospheric Rossby
waves are typically evident, is also examined explicitly. The
focus is on contemporaneous seasonal teleconnections—
that is, teleconnections expected to be mediated through
the atmosphere on intraseasonal time scales. As a con-
sequence, lagged associations are not investigated.
This work endeavors to document how the ENSO-
European precipitation teleconnection, as manifest dur-
ing 1950-2013, varies with season. A second article
(Shaman 2014) further examines the mechanisms of the
atmospheric teleconnection in the upper troposphere
using a suite of model experiments. Section 2 of this work
presents the data and methods. Section 3 presents ob-
servational analysis of precipitation and upper and lower
tropospheric conditions. The seasonal relationship be-
tween ENSO and the North Atlantic Oscillation (NAO)
is presented in section 4. Section 5 presents a maximum
covariance analysis of precipitation and upper tropo-
spheric conditions. Section 6 provides discussion.

2. Data and methods

Analyses of precipitation were performed using the
European Climate Assessment and Dataset (ECA&D).
Specifically, 1950-2013 0.5° regular gridded E-OBS daily
precipitation data (version 10.0) were used (Haylock
et al. 2008). Additional analyses were performed using
three monthly satellite-derived precipitation datasets:
1) the 1979-2011 National Oceanic and Atmospheric
Administration (NOAA) National Centers for Envi-
ronmental Prediction (NCEP) Climate Anomaly Mon-
itoring System (CAMS) Outgoing Longwave Radiation
Precipitation Index (OPI) (Janowiak and Xie 1999);
2) the 1979-2008 National Aeronautics and Space Ad-
ministration (NASA) Global Precipitation Climatology
Project (GCPC) version 2.1 (Adler et al. 2003); and
3) the 1979-2010 NOAA NCEP Climate Prediction
Center (CPC) Merged Analysis of Precipitation (CMAP)
(Xie and Arkin 1997). All three satellite-derived datasets
are gridded at 2.5° X 2.5° resolution. The CAMS OPI and
NASA GCPC precipitation are both derived from sat-
ellite and gauge estimates. The CMAP precipitation is a
merging of satellite estimates, gauge estimates, and nu-
merical predictions. The ECA&D data are land only and
derived from station observations.

A number of reanalysis fields were included in the
analysis. These fields were restricted to the 1950-2013
time period to match the period of the ECA&D pre-
cipitation data. In particular, monthly NCEP-NCAR
reanalysis (NNR) atmospheric fields (Kalnay et al. 1996),
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including relative vorticity, temperature, horizontal wind,
and specific humidity, were used. In addition, daily NNR
data were used to diagnose and analyze changes in storm
activity associated with ENSO. 1950-2013 monthly av-
erage sea surface temperature for the Nifio-3.0 region
(5°N-5°S, 150°-90°W) was the index of ENSO used for
this study (Kaplan et al. 1998).

European seasonal weather is strongly affected by the
NAO (Hurrell and van Loon 1997; Rodé et al. 1997;
Rimbu et al. 2001; Efthymiadis et al. 2007). Conse-
quently, the seasonal effects of the NAO on European
precipitation, as well as its covariability with ENSO,
were also explored. Two indices of the NAO were used
in this study: 1) a 1950-2013 monthly principal com-
ponent (PC)-based index of Hurrell (NCAR 2013),
and 2) a 1950-2013 monthly station-based index from
the Climate Research Unit (CRU) (Jones et al. 1997).
The first NAO index is the time series of the leading
empirical orthogonal function of sea level pressure
anomalies for 20°~80°N and 90°W°—40°E. Unlike station-
based measures, this form of the NAO is not derived from
fixed stations but instead flexibly tracks shifts in the
centers of action of the NAO. The CRU index is derived
from station sea level pressure observations in Gibraltar
and Rekyjavik, Iceland.

Both the Niflo-3.0 and NAO indices were used for
constructing seasonal composites of other fields. Specifi-
cally, for a given season (e.g., January—-March, April-
June, etc.), years for which the chosen index was in excess
of plus or minus one standard deviation were identified.
For a particular field (e.g., precipitation), seasonal com-
posites were then constructed by subtracting conditions
for that same season averaged for all negative phase (e.g.,
La Nifa) years from conditions for that same season
averaged for all positive phase (El Nifio) years. As an
example, positive precipitation anomalies would indicate
increased precipitation during an El Nifio event and/or
decreased precipitation during a La Nifia event.

The statistical significance of a given composite was
first assessed on a point-by-point basis through the gen-
eration of 5000 random composite maps. For instance, for
the January-March (JFM) season, there were 7 El Nifio
and 10 La Nifia =1 standard deviation years during the
1950-2013 period. Consequently, each of the 5000 ran-
dom composites was generated by averaging 10 randomly
selected years from the 1950-2013 JFM record and sub-
tracting this mean field from the average of 7 randomly
selected years. The generated distribution of 5000 ran-
dom composite values was then used to assess statistical
significance on a point-by-point basis; that is, a composite
point was deemed significant at p < 0.05 if it lay below the
2.5th or above the 97.5th percentiles of the generated
distribution of composite values for that respective point.
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In addition, the whole composite field statistical sig-
nificance for the North Atlantic/European sector (30°-
70°N, 60°W-40°E) was assessed, per the methods of
Livezey and Chen (1983). Specifically, 500 additional
random composites were generated and each of these
was assessed for statistical significance on a point-by-
point basis using the same distribution of 5000 random
composite values. The number of statistically significant
points was then tallied for each of the 500 additional
random composites to generate a bootstrapped distribu-
tion of field significance. Whole field statistical signifi-
cance for the observed composite was then assessed as
the total number of statistically significant points evalu-
ated against this second bootstrapped distribution.

As the atmospheric response to equatorial forcing
occurs on subseasonal time scales (i.e., planetary waves
reach the North Atlantic from the Pacific in less than one
week), the analysis was limited to simultaneous seasonal
comparison of Pacific and European conditions. Seasonal
lags were not examined nor were comparisons made to
a reference year of ENSO phase (e.g., as in Kiladis and
Diaz 1989). Rather, an ENSO event, either El Nifio or
La Nifia, merely reflects deviation in excess of *1 stan-
dard deviation from the seasonal mean.

Maximum covariance analysis (MCA) was also per-
formed to determine if the dominant modes of inter-
annual covariability among two fields would yield
spatial loading patterns similar to ENSO or NAO com-
posites of individual fields. This analysis was used to
validate the role of the upper troposphere over the
North Atlantic and Europe as an intermediary between
ENSO and European precipitation. MCA was used to
derive pairs of spatial patterns from the cross-covariance
matrix of the two fields (Bretherton et al. 1992; Von
Storch and Zwiers 2001). Both fields were standardized
prior to calculation of the cross-covariance matrix and
decomposition.

The leading spatial patterns were then spatially cor-
related with ENSO or NAO composites of the same
fields to determine if the dominant structures represent-
ing covariability between European precipitation and
upper tropospheric conditions over the North Atlantic
and Europe are themselves associated with ENSO or
NAO variability. To assess the statistical significance of
these spatial correlations, 5000 random seasonal ENSO
and NAO composites were again generated and used to
bootstrap distributions of spatial correlation.

3. Observational analysis

a. Analyses of precipitation

Seasonal ENSO-based composites of ECA&D preci-
pitation were made using Nifio-3.0 SSTs (Fig. 1). During
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the January—March season there is little ENSO-associated
change of precipitation over most of Europe, except for
a precipitation decrease during El Nifio events that
maximizes over southwestern Scandinavia and Scotland,
and some positive anomalies between 20° and 30°E over
northern Finland, Lithuania, Belarus, and Romania.
During April-June (AMJ) more pronounced positive
anomalies are evident over France and Britain. Positive
anomalies over Scandinavia are also manifest, as has been
documented previously (Feddersen 2003).

In boreal summer, July-September (JAS), statistically
significant negative precipitation anomalies are cen-
tered over northern Europe, including the Netherlands,
Germany, and Scandinavia. Positive anomalies are evi-
dent over Iberia and North Africa, which corroborate
previous findings (Park 2004). Lastly, during October—
December (OND), positive precipitation anomalies
are evident over Iberia, western and southern France,
northern Italy, the British Isles, and southern Scandi-
navia. These boreal fall anomalies over the Atlantic
coastal region of southern Europe are consistent with
previous findings for this region (Mariotti et al. 2002,
2005; Pozo-Viazquez et al. 2005; Shaman and Tziperman
2011).

Seasonal ENSO-based composites made using the
satellite-derived precipitation estimates reveal similar
patterns (not shown). Indeed, the spatial correlation of
the precipitation composites made using CAMS with
those made using the ECA&D data are r = 0.75 (JFM),
r =034 (AMJ), r = 0.71 (JAS), and r = 0.79 (OND).
Clearly, the spatial correlation during the AMJ season is
much weaker than in the other three seasons; however,
during 1979-2011, the period of the CAMS record, there
were only two AMJ La Nifia events. This limited sample
size likely explains the weak spatial correlation of the AMJ
composites made using post-1978 satellite-derived data
with those made using the longer 1950-2013 ECA&D
record, for which there were 11 AMJ La Nifia events.

Using the distributed precipitation composites (Fig. 1)
a number of regions were defined for further analysis.
The boundaries for these regions were designed to cap-
ture areas of significant precipitation modulation associ-
ated with ENSO variability. The regions are 1) The British
Isles, 50°-60°N, 12°W-2°E; 2) France and the western
Alps, 44°-50°N, 6°W-10°E; 3) the Baltic Sea region, 50°—
64°N, 2°-30°E; and 4) Iberia, 36°-44°N, 10°W—4°E.

Raw precipitation for each of these regions was spa-
tially averaged and compared throughout the year with
coincident ENSO conditions. Figure 2 presents running
3-month seasonal correlations of Nifio-3.0 with pre-
cipitation for the four regions. These correlations depict
the interannual covariability of ENSO and European
precipitation by season.
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FIG. 1. 3-month seasonal ENSO-based (EI Nifio minus La Nifia) composites of ECA&D precipitation made using
Nifio-3.0. Different seasons are presented in each panel: (a) JFM, (b) AMJ, (c) JAS, and (d) OND. Positive (negative)
values connote increased precipitation during El Nifio (La Nifia) events. Units are mm day ~'; areas with missing data
are omitted. Areas significance at the 95% level (p < 0.05) are dotted with black circles. Significance is based on
bootstrap confidence intervals estimated through the generation of 5000 random composite maps for each 3-month
period. Also shown in dashed bold are boxes outlining the four focus regions employed in this study: (a) the British
Isles (50°-60°N, 12°W=2°E); (b) France and the western Alps (44°-50°N, 6°W-10°E); (c) the Baltic Sea region Europe
(50°-64°N, 2°-30°E), and (d) Iberia (36°-44°N, 10°W—4°E).
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FIG. 2. Contemporaneous 3-month seasonal correlations of Nifio-3.0 with precipitation in four European regions:
(a) the British Isles (50°-60°N, 12°W-2°E); (b) France and the western Alps (44°-50°N, 6°W-10°E); (c) the Baltic Sea
region (48°-64°N, 2°-30°E); and (d) Iberia (36°-44°N, 10°W-10°E). The solid red line is ECA&D, the solid black line
is CAMS precipitation, the black dashed line is NASA precipitation, and the dashed-dotted line is CMAP pre-
cipitation. The red dashed line indicates statistical significance at p < 0.05 for the longer ECA&D dataset; the black
dotted line indicates statistical significance at p < 0.05 for the other precipitation datasets.

For three of the four regions there exists a positive
association with Niflo-3.0 during boreal fall. More spe-
cifically, for the longer 1950-2013 ECA&D dataset,
a statistically significant positive correlation with Nifio-
3.0 SSTs exists during AMJ, OND, and November—
January (NDJ) for region 1 (British Isles) and region 2
(France and the western Alps). For the British Isles, JAS
ECA&D precipitation and Nifio-3.0 are negatively cor-
related, but not quite at the p < 0.05 significance level.
The shorter record length satellite-derived precipitation
datasets exhibit similar tendencies.

For region 3 (the Baltic Sea region) the satellite-based
precipitation records and ECA&D precipitation record
diverge somewhat in their seasonal correlations with
ENSO. The satellite-based precipitation datasets (CAMS,
CMAP, and NASA) are negatively correlated with Nifio-
3.0 SSTs during June-August (JJA) and JAS, albeit not at
statistically significant levels. Similarly, positive correla-
tions during the AMJ and NDJ seasons near statistical
significance for the satellite-based products. The ECA&D
is less correlated with Nifio-3.0 throughout the year, al-
though it approaches statistical significance during the
March-May (MAM) season.

For region 4 (Iberia) seasonal correlations between
Nifio-3.0 SSTs and ECA&D precipitation are significant

and positive for the JAS through OND seasons. Sea-
sonal correlations of ENSO with the CAMS, CMAP,
and NASA datasets are also significant and positive at
this time of year.

Figure 1 shows that considerable spatial heterogeneity
exists in the seasonal precipitation anomaly patterns as-
sociated with ENSO variability. However, for the three
Atlantic coastal regions, running seasonal correlations
indicate a tendency toward increased precipitation during
fall El Nifio events in the Pacific. For all but region 4
(Iberia), there is a tendency toward more precipitation
during boreal spring. Over northern Europe there is re-
duced precipitation during boreal summer. In addition,
there is little precipitation change associated with ENSO
over western Europe during boreal winter.

b. Upper tropospheric response to ENSO

The effects of ENSO on upper tropospheric structure
are next examined in an effort to identify ENSO-
associated seasonal changes in the upper troposphere
potentially associated with the presence or absence of
precipitation anomalies over Europe. For brevity, only
four seasons (JFM, AMJ, JAS, and OND) are presented.
ENSO-based composites of JFM 200-hPa relative vor-
ticity and zonal wind (Fig. 3) reveal a Pacific-North



6428

JOURNAL OF CLIMATE

VOLUME 27

(o] Sty
960°vv 120°W

60°N
45°N
30°NT

15°N o R 2
o (:\ (P N A 059, 0 [ . N : 2 z
960°vv 120°W 80°W 40°W  0°  40°E 96o°vv 120°W 80°W 40°W  0°  40°E
JAS 200hPa U Composite

JAS 200hPa { Composite
>y ?—‘ 9;:—::;’

60°N 4
45°N P°—
300N ==

15°N T

B60°N bF—.
45°N
30°N S, g
15°N s o

SERIERN

0 E: & 0 ‘.\ N ‘\,,
960°vv 120°W 80°W 40°W  0°  40°E

o . ) > o
960°vv 120°W 80°W 40°W  0°  40°E

FIG. 3. 3-month seasonal ENSO-based composites of NNR 200-hPa (left) relative vorticity and (right) zonal wind
made using Nifio-3.0 SSTs. The contour intervals are 4 X 10 s ™! (left column) and 2ms ™! (right column). Negative
contours are dotted; the zero contour is omitted. Gray areas denote regions significant at the 95% level (p < 0.05)
based on bootstrap confidence intervals estimated by generation of 5000 random composite maps for each 3-month

seasonal period.

American (PNA)-like response over the North Pacific
and Canada (Horel and Wallace 1981), as well as a
Rossby wave train of alternately signed anomalies that
has propagated from the equatorial Pacific to North
America, reflected in the vicinity of the North American
jet over the continental United States, and moved
southeastward over the subtropical North Atlantic. This
Rossby wave train and teleconnection pattern has been
previously characterized and associated with changes in
the North African-Asian (NAA) jet and snowfall over
the Tibetan Plateau (Shaman and Tziperman 2005).
The JFM positive vorticity anomaly over the south-
eastern United States superimposes in latitude with the
North American jet core (near 30°N). Statistically

significant changes in both 200-hPa vorticity and zonal
wind extend from North America to the mid-Atlantic;
however, these changes fail to reach western Europe
north of 40°N. Similar upper tropospheric wintertime re-
sponses have been reported previously (Dong et al. 2000),
as well as analogous anomalies in mean sea level pressure
fields (van Loon and Madden 1981; Fraedrich 1994). In
some instances, for strong individual ENSO events (e.g.,
the 1997/98 El Nifio), these upper tropospheric anomalies
have extended eastward to western Europe (Dong et al.
2000); however, for these 1950-2013 ENSO composites,
no statistically significant anomalies occur over Europe,
nor is the whole field response statistically significant in
the immediate North Atlantic/European sector (Table 1).
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TABLE 1. Whole field statistical significance of various seasonal
composites for the North Atlantic/European sector (30°-70°N,
60°W—40°E). Significance was determined per the methods of
Livezey and Chen (1983) and as described in the text. Whole field
composites significant at p < 0.05 are shown in bold.

Season

Composite JFM AMJ JAS OND
200-hPa relative vorticity 0.876  0.172 0.890 0.974
200-hPa zonal wind 0.880 0.268 0.786 0.978
850-hPa zonal wind 0.892 0.306 0.576 0.960
850-hPa meridional wind 0.726 0.624 0.686 0.942
850-hPa specific humidity 0942 0.584 0.596 0.846
850-hPa zonal moisture flux 0.856 0.258 0.524 0.976
850-hPa meridional moisture flux 0.766 0.666 0.708 0.938
850-hPa v' T’ 0914 0.144 0.358 0.830

During AMJ, ENSO-related variability produces lit-
tle statistically significant change in the upper tropo-
sphere over the Atlantic, Europe, and North Africa,
except for some changes in the NAA jet (Fig. 3). How-
ever, there is a positive vorticity anomaly to the west of
France, which at its core is statistically significant. This
positive anomaly forms at the end of the North Atlantic
jet. Meridionally oriented dipole structures have been
shown to form at jet exit regions at seasonal to interannual
time scales and are indicative of zonal wind fluctuations
in these areas (Blackmon et al. 1984a,b); however, these
dipole structures have been more commonly noted dur-
ing winter seasons [e.g., December—February (DJF)].
Still, in this instance for the AMJ season, to the south of
the positive vorticity anomaly lies a weak negative vor-
ticity anomaly at the Straits of Gibraltar. This weak AMJ
dipole is similar to the stronger vorticity dipole observed
in response to ENSO variability for the OND season
(Mariotti et al. 2005; Shaman and Tziperman 2011);
however, the AMJ dipole anomaly is statistically signifi-
cant for only a limited area west of Ireland, and the North
Atlantic/European whole field response is not statistically
significant (Table 1).

During JAS, ENSO variability produces statistically
significant changes in the NAA jet (Fig. 3), which has
migrated to its most northern position. These anomalies
in the NAA jet include positive vorticity anomalies west
of North Africa and over the eastern Mediterranean.
Positive zonal wind anomalies stretch from the sub-
tropical Atlantic over North Africa, Arabia, and the In-
dian subcontinent. This boreal summer ENSO-associated
variability in the NAA jet has been previously docu-
mented (Shaman and Tziperman 2007; Shaman et al.
2009). However, the whole field vorticity response is not
statistically significant for the immediate North Atlantic/
European region (Table 1).
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To the north of the NAA jet, over the eastern Atlantic
and western Europe there is a negative vorticity anom-
aly centered over Scotland, which extends to the west
across the North Atlantic. To the northwest of this
negative anomaly, a positive anomaly lies over southern
Greenland, north of 65°N. These upper tropospheric
vorticity anomalies are associated with positive zonal
wind anomalies north of 60°N and increased flow toward
Scandinavia, as well as negative, offshore zonal wind
anomalies over the British Isles and France.

During the fall OND season, the ENSO-related vor-
ticity response lies at roughly the same latitude as during
the AMI season; however, the magnitude and statistical
significance of the anomalies are much greater and the
positive anomaly west of France is accompanied by a large
negative anomaly west of the Straits of Gibraltar (Fig. 3).
As shown previously for the September-December
season (Shaman and Tziperman 2011), these vorticity
anomalies are associated with increased onshore flow
from the Atlantic to Iberia and France. To the north
and south of this increased flow negative, offshore wind
anomalies are present. The whole field 200-hPa zonal
wind response is statistically significant (Table 1). These
OND dipole anomalies are similar in shape and position
to the eastern Atlantic pattern, which has typically been
defined for the DJF season (Wallace and Gutzler 1981,
Blackmon et al. 1984a), or individual winter months
(Barnston and Livezey 1987). The findings here indicate
that this pattern of interannual variability may arise or
modulate in part in response to variability in the tropical
Pacific.

Over the span of a year, the upper tropospheric re-
sponse to ENSO in the European sector changes sub-
stantially. During the winter, a wave train response is
clear; however, the wave train anomalies are located over
North America, the western Atlantic, and North Africa,
indicating little change in flow patterns over northern
Europe. In the other seasons, no clear stationary wave
train pattern is evident, yet vorticity anomalies are pres-
ent over the eastern Atlantic and western Europe. These
anomalies lie to the north of the NAA jet and at the exit
region of the North Atlantic jet. Indeed, model studies
indicate that the atmospheric response to tropical forcing
can be great in jet exit regions (Ting and Held 1990;
Hoerling and Ting 1994; Held et al. 2002). This interac-
tion with the North Atlantic jet may explain the large,
somewhat isolated responses during the JAS and OND
seasons over the North Atlantic, and even the weaker
response evident during AMJ (Fig. 3).

Zonal winds associated with the AMJ and OND vor-
ticity anomalies produce increased onshore flow from
the Atlantic Ocean over Iberia and France. During the
summer season, the vorticity dipole response is present
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but weaker and appears to shift considerably northward
and produces zonal wind anomalies that decrease on-
shore upper tropospheric flow from the Atlantic to
western Europe.

Onshore wind pattern anomalies between 36° and
48°N are loosely consistent with the observed ENSO-
related changes in precipitation over western and
northern Europe (Figs. 1 and 2). Specifically, onshore
flow increases during spring and fall at 45°N when and
where precipitation is significantly positively associ-
ated with Nifo-3.0 SSTs; offshore flow increases during
boreal summer when and where precipitation is nega-
tively associated with ENSO conditions. During boreal
winter, no clear change emerges. As will be shown next,
these changes to European precipitation in response to
ENSO are linked to lower tropospheric flow patterns
that manifest in association with these upper tropospheric
changes.

c. Lower tropospheric response

The seasonal upper tropospheric changes in the North
Atlantic-European sector due to ENSO appear to de-
rive from either a Rossby wave train emanating from the
equatorial Pacific (JFM) or development of a dipole
anomaly structure in the exit region of the North Atlantic
jet to the west of Europe (AMJ, JAS, and OND). It is
next examined whether these upper tropospheric changes
project to the lower troposphere and affect circulation
patterns, moisture advection, or storm activity.

Figure 4 presents Nifio-3.0-based composites of
850-hPa zonal wind, zonal humidity flux, and meridio-
nal humidity flux. During the JFM season, statistically
significant anomalies are predominantly offshore over
the Atlantic Ocean. These anomalies include easterly
winds and increased humidity at the latitude of France,
and southerly winds to the west of the Straits of Gibraltar.
Moisture flux anomalies tend to be collocated with wind
anomalies. A vector moisture flux composite (not shown)
reveals anomalous cyclonic flow centered near 36°N, 55°W
that contributes to the easterly moisture flux anomalies
along 48°N over the North Atlantic.

The JFM 850-hPa zonal wind anomalies (Fig. 4) are
located in the same positions as the 200-hPa zonal wind
anomalies (Fig. 3). This superposition with height is
indicative of an equivalent barotropic structure, and is
consistent with the dynamics of a tropical-to-extratropical
stationary barotropic Rossby wave train (Hoskins and
Karoly 1981).

The lower tropospheric anomalies during the AMJ
season are generally not statistically significant. The 850-hPa
zonal wind anomaly structure (Fig. 4) and position
matches the weak zonal wind dipole observed at 200 hPa
(Fig. 3) with negative zonal wind anomalies to the west
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of Ireland and positive wind anomalies at the Iberian
coast. The 850-hPa zonal humidity flux anomalies are
similarly positioned at the European coast.

The AMJ 850-hPa meridional humidity flux anoma-
lies are dominated by an east-west dipole along 48°N.
These anomalies together with the zonal wind and hu-
midity flux anomalies make up a cyclonic circulation
centered at 48°N, 15°W. The strongest onshore fluxes
of this circulation bring increased moisture onshore to
northwestern France and northward over the Bay of
Biscay and English Channel to the British Isles. Such
flow, though weak, is consistent with increased pre-
cipitation in this region.

During the JAS season, the lower tropospheric re-
sponse to ENSO is generally not statistically significant,
particularly north of 40°N. Easterly (negative) zonal
wind (humidity flux) anomalies are present at 850 hPa
over the British Isles, and westerly (positive) zonal wind
(humidity flux) anomalies lie to north over Iceland and
northern Scandinavia. Although these zonal moisture
flux composite anomalies are not statistically significant,
given the mean westerly flow for this region (not shown),
these anomalies are consistent with a reduction of on-
shore moisture advection to the British Isles and the
Baltic Sea and the reduced precipitation observed for
these regions (Figs. 1 and 2).

A statistically significant northward meridional hu-
midity flux is evident during the JAS season over the
western Mediterranean (Fig. 4). This flux brings anom-
alous moisture onshore to southern France and Italy,
and may explain some of the increased precipitation
during El Nifio observed for this coastal region (Fig. 1c).

The lower tropospheric response to ENSO during the
OND season is dominated by a cyclonic circulation
anomaly centered to the west of Ireland that generates an
anomalous westerly (positive) zonal wind (moisture flux)
toward France and Iberia and an anomalous southerly
(positive) meridional wind (moisture flux) over France,
Britain, the North Sea, and Scandinavia (Fig. 4). This
response is consistent with similar composites made
for the September—November (Mariotti et al. 2005) and
September-December seasons (Shaman and Tziperman
2011).

The anomalous circulation is superpositioned with the
positive pole of the upper tropospheric vorticity dipole
anomaly (Fig. 3). In the lower troposphere, this anom-
alous flow brings humid Gulf Stream air over much of
western Europe as far north as Norway and is consistent
with a moistening of the European continental boundary
layer and increased precipitation in the region, particu-
larly coastal, orographically induced precipitation over
areas including Iberia and southern Norway. Whole field
composite significance testing indicates that both the



1 SEPTEMBER 2014

JFM 850hPa U Composite

SHAMAN

JFM 850hPa UQ Composite

6431

JFM 850hPa VQ Composite

64°N
56°N
48°NS,
40°N| ..~
32°N

50°W 25°wW 0° 25°E

AMJ 850hPa U Composite

64°N 64°N
56°N 56°N
48°N 48°N
40°N - 40°N -

32°N 320N

64°N
56°N
48°N
40°N
32°N

25°E

50°wW 25°wW  Q°
JAS 850hPa VQ Composite

64°N
56°N
48N
40°N [z~

32°N

64°N
56°N
48°N
40°N .-
32°N

64°N
56°N
48°N
40°N
32°N

25°E

50°W 25°w  0°
OND 850hPa U Composite

0° 25°E

e~

64°N
56°N

64°N
56°N

48°N 48°N
40°N 40°N
32°N 32°N

64°N | -\
56°N N !
48°N

40°N'“\§§§¥,j/
32°NLa\) : -

50°W 25°wW 0° 25°E

50°W 25°wW  Q°

50°W 25°wW  0° 25°E

25°E

FIG. 4. 3-month seasonal ENSO-based composites of NNR (left) 850-hPa zonal wind, (middle) zonal humidity flux, and (right) me-
ridional humidity flux made using Nifio-3.0 SSTs. The contour intervals are 0.5ms ! (left column) and 1 X 10™* (ms~!) (kgkg ") (middle
and right columns). Negative contours are dotted; the zero contour is omitted. Gray areas denote regions significant at the 95% level (p <
0.05) based on bootstrap confidence intervals estimated by generation of 5000 random composite maps for each 3-month seasonal period.

850-hPa zonal wind and zonal moisture flux composite
anomalies are statistically significant (Table 1).

ENSO-associated changes in storm activity were next
assessed using seasonal composite maps of 850-hPa eddy
heat flux, v/7’". A Butterworth filter with a half-power
cutoff period of 8 days was used to high-pass filter the
daily NNR record and select for variability at synoptic
time scales. Individual seasonal averages were then com-
puted from these filtered data and ENSO-based com-
posites constructed (Fig. 5).

During the JFM season negative anomalies of 850 hPa
VT’ exist at 48°N along the North Atlantic storm track,
extending from the east coast of North America to the

mid-Atlantic. This reduced storm activity during El
Niflo events, though strong, is not statistically significant;
however, to the south and north significant increased
storminess occurs. Positive 850-hPa v/T’ anomalies
cover most of Europe but are weaker than those over the
North Atlantic.

During the AMJ and JAS seasons there is almost no
ENSO-related change in storm activity over Europe.
Over the North Atlantic, however, there are increases
(decreases) of storm activity associated with El Nifo
during AMJ (JAS).

ENSO composite storm activity for the OND season
reveals a southward shift of the North Atlantic storm
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intervals estimated by generation of 5000 random composite maps for each 3-month seasonal period.

track during El Nifio events (Fig. 5). Statistically sig-
nificant positive anomalies extend from North America
to the British Isles. To the north and east of this positive
anomaly, decreased synoptic activity extends over
Greenland, Iceland, Scotland, Scandinavia, and central
Europe.

The changes in synoptic activity associated with ENSO
variability do not appear spatially coincident with ENSO-
associated changes in precipitation (Fig. 1). For instance,
during the OND season, precipitation increases during
El Niflo events over much of western Europe, as well as
eastern Iceland, even though storm activity subsides
over much of this region (Fig. 5). This discrepancy may
stem from the incompleteness of the 850-hPa vT’
metric, which accounts for synoptic activity but does
not account for other rain forms, such as drizzle from
boundary layer clouds or orographically induced rain-
fall. Both of these rain types would potentially increase
with a simple increase of the onshore flow of moist air,
such as seen in Fig. 4.

4. NAO effects

The European continent lies directly downwind of the
NAO and is affected by NAO-associated changes in
storm activity and westerly flow. A strong association

between the NAO and precipitation over Europe has
been demonstrated (Hurrell and van Loon 1997,
Rodé et al. 1997; Rimbu et al. 2001; Zveryaev 2004;
Efthymiadis et al. 2007), and the NAO is a dominant
mode of variability over the North Atlantic on decadal
time scales (Hurrell 1995). Consequently, the NAO may
act as a possible confounder in the present analysis. In
particular, a strong correlation of ENSO and the NAO
could lead to a corruption of the composite plots pre-
sented in the previous section.

To examine whether the NAO and ENSO covary,
seasonal correlations between these two systems were
tabulated for the 1950-2013 period (Fig. 6). For the most
part these correlations fail to reach statistical signifi-
cance (p < 0.05). For the Hurrell index, a statistically
significant negative correlation is evident during late
spring/early summer. For the station-based CRU index
a statistically significant positive correlation with the
Nifio-3.4 appears during MAM. The two NAO indices
themselves are most strongly correlated (r > 0.8) during
late autumn and winter (OND through JFM) and are
most weakly correlated (r < 0.6) during summer. Similar
results are found when a shorter time period (1979—
2011) is examined (not shown).

Within atmospheric general circulation model
(AGCM) simulations, some studies have found evidence
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for a boreal winter coupling between ENSO and the
NAO that varies in significance on decadal time scales
(Sutton and Hodson 2003; Greatbatch and Jung 2007). In
addition, Pohlmann and Latif (2005) forced an AGCM
with Indo-Pacific SSTs and found that the sea level
pressure response over the North Atlantic projects onto
the NAO during boreal winter. Similarly, Li and Lau
(2012) found that late winter NAO conditions, defined as
January-February in observations, were coupled to win-
tertime ENSO phase during 1891-2008.

The analysis presented here finds little observational
evidence of any seasonally contemporary linear cou-
pling between the NAO and ENSO systems during the
1950-2013 study period. However, to provide a more
comprehensive analysis, NAO-based composites of
seasonal upper tropospheric conditions were computed
and included in the MCA analysis presented in the next
section.

5. Maximum covariance analysis

The analyses of precipitation (section 3a) demonstrate
that associations exist between ENSO and seasonal pre-
cipitation levels over areas of Europe during several
seasons. In this section, eigen techniques are used to
further examine the potential role of the upper tropo-
sphere in mediating seasonal ENSO-European pre-
cipitation teleconnections. Specifically, MCA is used
to identify seasonal patterns of covariability between
European precipitation and upper tropospheric vorticity
over the North Atlantic and Europe. The dominant pat-
terns of covariability are then spatially correlated with
ENSO- and NAO-based composites of the same fields.
Correlation between the composites and MCA patterns
constitutes evidence of 1) ENSO and/or NAO telecon-
nections to European precipitation mediated through
large-scale atmospheric variability over the North Atlantic
and Europe and 2) the degree to which either ENSO or
the NAO seasonally impacts precipitation in the region
through that atmospheric teleconnection.

MCA was performed on seasonal precipitation and
200-hPa relative vorticity fields for various regions over
Europe. All fields were normalized prior to calculation
of the cross-correlation matrix. The MCA findings are
here presented using the region 10°-70°N, 50°W-50°E
for 200-hPa relative vorticity and the region 36°-64°N,
12°W-30°E for precipitation; however, results were not
sensitive to the precise domain size of either the relative
vorticity or precipitation fields.

Table 2 gives the percent squared covariance for the
three leading modes derived from each seasonal MCA,
as well as whether those mode patterns for both pre-
cipitation and relative vorticity achieve statistically sig-
nificant spatial correlation with respective composites
of either ENSO or the NAO. The JFM leading mode
patterns of relative vorticity and precipitation were both
significantly spatially correlated with NAO composites
for these fields. These findings are consistent with pre-
vious studies, which have shown that the NAO is the
dominant signal in the wintertime variability of pre-
cipitation over Europe (Rimbu et al. 2001; Efthymiadis
et al. 2007). This leading JFM mode (not shown) repre-
sents increased (decreased) precipitation over the north-
ern British Isles and Scandinavia in conjunction with
decreased (increased) precipitation over southern Europe
during JFM, depending on the sign of the NAO.

For the AMJ season, the leading MCA mode patterns
are significantly correlated with the ENSO composites

TABLE 2. Percent squared covariance for the three leading
modes of each seasonal MCA of ECA&D normalized precipi-
tation and 200-hPa NNR normalized relative vorticity. Modes for
which both the precipitation and vorticity fields exhibit statistically
significant (p < 0.05) spatial correlation with ENSO (NAO) com-
posites are shown in bold (italics).

Mode 1 Mode 2 Mode 3
JFM 52.8 29.4 1.6
AMIJ 25.7 22.5 13.6
JAS 51.3 16.8 10.5
OND 53.8 19.0 10.8
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of both precipitation and 200-hPa relative vorticity
(Table 2; Fig. 7). This mode captures the increased pre-
cipitation over France, England, the Netherlands, Den-
mark, and Sweden, as well as the decreased precipitation
along the Norwegian coast and the Mediterranean.

None of the three leading modes during the JAS
season was spatially correlated with either ENSO or
NAO composites at statistically significant levels. For
the OND season, the second MCA mode patterns are
significantly correlated with the ENSO composites and
the third MCA mode patterns are significantly corre-
lated with the NAO composites (Table 2; Fig. 8). The
second mode depicts coherent changes in precipitation
over Iberia, France, and England, and an opposite
signed response over coastal Norway and eastern Eu-
rope. The third mode pattern for precipitation captures
a north—south pattern of variability with anomalies of
one sign over Great Britain and the Baltic region co-
incident and anomalies of the other sign over southern
Europe.

Opverall, portions of the seasonal covariability of Eu-
ropean precipitation and the upper troposphere over the

North Atlantic and Europe during AMJ and OND ap-
pear to represent ENSO-related variability. Specifically,
leading MCA patterns match ENSO-based composites
of those fields. These findings indicate that over the last
60 years ENSO has had a pronounced role in modulating
the interannual variability of large-scale atmospheric
conditions and precipitation in the European region
during the AMJ and OND seasons.

The NAO is associated with the interannual covari-
ability of European precipitation and the upper tropo-
sphere over the North Atlantic and Europe during the
fall and winter seasons. Given that the domain used for
the MCA includes much of the region used to define the
NAO this pronounced linkage is not surprising. ENSO,
on the other hand, is geographically remote from the
domain of the MCA analysis.

6. Discussion

The analyses of observations presented here indicate
that ENSO affects precipitation over western Europe
throughout much of the year. This relationship varies
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with both the magnitude of the precipitation anomaly and
the sign of the anomaly changing seasonally. The pre-
cipitation changes appear to be linked to changes in up-
per tropospheric conditions over the North Atlantic and
Europe. In particular, during the spring and fall seasons,
ENSO is associated with a dipole of vorticity anomalies in
the exit region of the North Atlantic jet along the Euro-
pean coast. These anomalies project to the surface and
alter onshore winds and moisture fluxes. A similar dipole,
but of the opposite sign, manifests during boreal summer.

The seasonal upper tropospheric changes over the
North Atlantic-European region appear to derive from
either a clear eastward propagating Rossby wave train
emanating from the equatorial Pacific (JFM) or the more
isolated development of a dipole anomaly structure in
the exit region of the North Atlantic jet to the west of
Europe (strongly for OND, weakly for AMJ). For the
OND and AM]J seasons, simulations with a simple line-
arized barotropic model indicate that the dipole response
may also derive from an eastward propagating Rossby
wave train (Shaman 2014). The source of the JAS sea-
sonal response over the North Atlantic and Europe is less
clear, although previous work indicates that ENSO ex-
cites westward propagating ultra-low-frequency Rossby

waves within the NAA jet during boreal summer that
reach the North Atlantic (Shaman et al. 2009). This
summer season response to ENSO is also explored more
fully in the companion modeling study (Shaman 2014).

Onshore moisture advection seems to be a principal
driver of ENSO-related precipitation changes over west-
ern and northern Europe. Primarily, this anomalous ad-
vection stems from projections of anomalies in the upper
troposphere to the lower troposphere and attendant
changes in near-surface wind flow and moisture fluxes.
ENSO appears to have less effect on synoptic activity over
Europe during boreal spring and summer. During fall
and winter, there are some ENSO-associated changes,
including increased storm activity during El Nifio events
over southern Europe; however, while this certainly can
contribute to precipitation in this region, over the exam-
ined domain (32°-70°N, 18.75°W=30°E) the pattern of the
anomalous storm activity (Fig. 5) is not well correlated
with ENSO-related precipitation changes (Fig. 1); for ex-
ample, during the OND season the correlation coefficient
between composite precipitation anomalies and composite
storm activity is 7 = 0.15. Overall, the findings indicate that
ENSO primarily affects precipitation over Europe through
the modulation of low-level moisture advection.
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From season to season the teleconnection changes
considerably. A negligible precipitation response to
ENSO exists on average over western Europe during
boreal winter (Fig. 2). ENSO variability during JFM
does produce a profound upper tropospheric response
over the western and central North Atlantic (Fig. 3; see
also Shaman and Tziperman 2005); however, the induced
Rossby wave train passes to the west of Europe and thus
does not appear to affect European precipitation. Instead,
the MCA analysis indicates that European winter pre-
cipitation variability is primarily coupled with changes in
the NAO (not shown), which is consistent with results
from previous studies (Hurrell and van Loon 1997; Rimbu
et al. 2001; Zveryaev 2004; Efthymiadis et al. 2007).

During AMJ, ENSO variability is associated with a
dipole along the coast of Europe (Fig. 3) that, though
relatively weak, projects to the surface producing an
anomalous cyclonic circulation to the west of France
(Fig. 4). This circulation brings increased moisture to
northern France and Britain, and may explain the sta-
tistically significant increase in precipitation over this
region (Fig. 2). The MCA analysis also indicates there
is some spring season linkage to ENSO variability.

During JAS, negative precipitation anomalies over
northern Europe are only tenuously associated with
El Niifio events in the Pacific (Fig. 1c). ENSO-based
composites indicate that anomalous offshore moisture
advection develops in the lower troposphere. Some link-
age with ENSO-mediated changes to upper troposphere
over the North Atlantic and Europe is seen in composites;
however, no robust linkage is revealed through MCA
analysis.

The findings here indicate that boreal fall is the season
for which ENSO variability has the largest impact on
precipitation conditions over the European continent.
Indeed, boreal fall is the season in which, on a global
basis, the greatest land area exhibits a statistically signifi-
cant association between precipitation rates and ENSO
phase (Mason and Goddard 2001).

The analysis also indicates that the NAO and ENSO
are not well correlated; however, both phenomena,
depending on the season, can affect precipitation rates
over western Europe. Should these phenomena be ap-
propriately phased, their combined influence on Euro-
pean weather may lead to more enhanced seasonal
precipitation anomalies. However, it is not clear how the
NAO and ENSO combine. Zanchettin et al. (2008)
found evidence of an ENSO influence on European
precipitation during winter when NAO conditions were
simultaneously weak or neutral. Alternatively, Seager
et al. (2010) found that the combination of an El Nifio
event and a negative (not weak) NAO leads to increased
snowfall over northern Europe, such as happened during
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the winter of 2009/10. These combined effects of ENSO
and the NAO need to be explored further.

A number of prior studies have found associations
between ENSO and European temperature or SLP (e.g.,
van Loon and Madden 1981); however, only a few studies
have found some association between wintertime ENSO
and European precipitation, and here we found none.
Efthymiadis et al. (2007) found a weak effect of ENSO
on rainfall within the European Alps, which is a much
smaller region than examined here. Zanchettin et al.
(2008) found an association between ENSO and winter-
time European precipitation when the phase of the NAO
and/or PDO is factored; however, their definition of
winter spanned October—March, and thus included the
fall period for which there is evidence of a robust link.

Previously, boreal winter teleconnections between
ENSO and European—-North Atlantic near-surface fields,
including sea level pressure (van Loon and Madden 1981;
Greatbatch et al. 2004), temperature, and precipitation
(Efthymiadis et al. 2007; Zanchettin et al. 2008), have
been shown to vary on decadal time scales. This vari-
ability may be due to changes in the spatial manifesta-
tion of ENSO during a given decadal period, as the
extratropical response to tropical forcing can be sensitive
to the patterns of that forcing (Branstator 1985; Mathieu
et al. 2004), or due to changes in downstream mean at-
mospheric fields, such as caused by the state of the Pacific
decadal oscillation (Zanchettin et al. 2008), which may,
during a particular phase, interfere with or reinforce
Rossby wave propagation. In addition, volcanic activity
(Bronnimann et al. 2007), stratospheric sudden warmings
(Ineson and Scaife 2009), and tropical Atlantic sea sur-
face temperatures (Park 2004) may also interact with the
ENSO-North Atlantic teleconnection. The mechanisms
of such interference, as well as decadal-scale variability,
need to be explored further.

Future work might also examine the response of
North Atlantic synoptic activity to ENSO in more detail.
Analysis on these time scales might identify changes in
storm activity along the North Atlantic storm track that
support or intensify the observed dipole anomalies, per
Fraedrich (1994). It should also be noted that the com-
posite analysis employed here assumes that the European
precipitation response to ENSO is symmetric. Evidence
exists in the literature both for (Bronnimann et al. 2007)
and against (in analysis of sea level pressure; Wu and
Hsieh 2004) this assumption. Future analysis should be
performed to examine this issue further.

The work presented here provides a baseline observa-
tional examination of the ENSO-European teleconnec-
tion throughout the calendar year. It gives evidence of the
nature and seasonal variability of the atmospheric pro-
cesses mediating this teleconnection. A second article
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(Shaman 2014) explores the mechanisms underpinning
these seasonal teleconnections in more detail.
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