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1. INTRODUCTION AND MOTIVATION

The El Nifio-Southern Oscillation (ENSO) phenomena is primarily
a coupled ocean-atmosphere phenomenon with effects that ex-
tend either via standing patterns over the entire tropics or via
coherent large-scale low-frequency patterns over the midlatitudes
(Cassou anD Terray, 2001). Numerous studies have been de-
voted to documenting and understanding the impact of the ENSO
phenomenon on global climate variability since the early 1980's
(TrenBerTH ET AL., 1998). An important finding made in recent
years is that the extratropical climate response to the tropical
Pacific sea surface temperature (SST) anomalous forcing is
nonlinear (HoerLING ET AL., 1997, 2001; Hannachr, 2001; Wu anp
Hsien, 2003). As an example, observational studies and numeri-
cal models have demonstrated that North America wintertime
climate has asymmetric response patterns during opposite phases
of ENSO (e.g. SHaeearR ET AL., 1997; HoerunGg ET AL., 1997,
2001). In fact, a distinctive characteristic of North America cli-
mate response to ENSO is that there is an eastward phase shift
of the circulation anomalies between the composites of warm
ENSO episodes and the composites of cold episodes, with the
two wave trains originating from different tropical sources (Wu
anD Hsien, 2003; Hoerung eT AL, 1997).

There is ongoing evidence about the role of ENSO on the
Euro-Atlantic climate, although its impact seems weaker and
less robust than the corresponding on the Pacific region (Hu-
RRELL ET AL., 2003; Sutton anp Hopson, 2003). Pozo-VAzqQuez
T aL. (2001) pointed out that the search of ENSQO signals in
the North Atlantic area presents many difficulties. Firstly, there
are different types of El Niflo and La Nifia events, with diffe-
rent forcing characteristics that can lead to different responses
of the extratropical atmospheric circulation. Second, climato-
logical planetary atmospheric waves, natural noise and the
complexity of the numerous feedbacks taking place can hide
the signal of ENSO in the extratropics (TrengerTH, 1997).

Some studies suggest that the relationship between ENSO
Sea Surface Temperatures (SSTs) and North Atlantic climate
is both non-stationary (Sutrton anp Hopson, 2003; MeLo-
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GongaLves ET AL., 2005) and non-linear (Wu anp Hsiexn, 2004).
More specifically, Sutton ano Hooson (2003) have found evi-
dence that the influence of the ocean on the interannual
variability of North Atlantic climate has been non-stationary
over the ninetieth Century. During the period 1910-1960 At-
lantic SSTs were the dominant influence, whereas at other
times ENSO was relatively more important. Wu anp Hsien (2004)
discovered that while the linear impact of ENSO on the Euro-
Atlantic winter Sea Level Pressure (SLP) is weak, the Neural
Networks (NN) projection reveals statistically significant SLP
anomalies over the Euro-Atlantic sector during both extreme
cold and warm ENSO episodes. Several authors have argued
that the impact on the North Atlantic can be characterized,
at least in part, in terms of changes in the North Atlantic
Oscillation (NAO) (FraebpricH, 1994; Pozo-VAzQUEZ ET AL.,
2001; Terray anp Cassou, 2002). Though there is some discre-
pancy in the location of the atmospheric winter circulation
anomalies, the studies by Pozo-VAzquez er aL. (2001) and
Cassou anD Terray (2001) both found no statistically signifi-
cant SLP anomaly patterns in the North Atlantic area associa-
ted with warm ENSO episodes, but both found a statistically
significant SLP anomaly pattern resembling the positive phase
of the NAO during cold episodes, suggesting a nonlinear asso-
ciation between Euro-Atlantic climate and ENSO. Moron AND
Warp (1998) and Moron anp Goutranp (2003) mention that
the relationships between ENSO and Euro-Atlantic climatic
anomalies are weak and appear to have been unstable through-
out the 20™ Century. Concerning surface meteorological pa-
rameters, there is agreement on the existence of an impact of
the ENSO phenomenom on the spring and autumn precipita-
tion in the European area (Pozo-VAzquez T aL., 2005) but on
the other hand, although several studies are discussing the
relationship between ENSO and European winter precipitation,
there is no a general agreement in evaluating the importance
of this influence. The impact of ENSO on the atmospheric
circulation in the North Atlantic region and the temperature in
Europe has been examined by some authors (e.g. Rocers,
1984; HuanG ET AL., 1998; DonG et aAL., 2000) but these stu-
dies show different results (Wu ano Hsied, 2004).
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In this context, one of the key purposes of this work is to
try to assess a likely link between some selected hemi-
spheric patterns in the Atlantic like the NAO and the
Scandinavian (SCAND), and in the Pacific with the Pacific-
North American (PNA), and the West Pacific (WP) patterns
to ENSO polarity. Although traditionally, the impact of ENSO
on circulation in the North Atlantic region has been re-
stricted by some authors to the study of its association
with the NAO, we extend the analysis study to other pat-
terns like the SCAND pattern.

To give insight into the relation between ENSO events and
the selected patterns, we evaluate the relative frequency
of occurrence of the positive and negative phase of the
teleconnections for El Nifio and La Nifna events together
with the probability density function (PDFs) of the climate
patterns during the cold and warm ENSO phases. Special
emphasis is put on various aspects which may point to the
non-gaussian behaviour of the climate patterns variability
associated with each ENSO phase, such as the skewness
and kurtosis of the patterns.

The paper begins with a description of the data sets in Sec-
tion 2. Section 3 contains the methodology, while the main
results are presented in Section 4. A summary and concluding
remarks follow in Section 5.

2. DaTa

Gridded daily (12 UTC) 500-hPa geopotential height data from
two quasi-independent reanalysis datasets over the period
1961-2000 have been used: the European Centre for Medium-
Range Weather Forecast dataset (ERA-40 henceforth, UppaLa
ET AL., 2005) and the National Centers for Environmental Pre-
diction Climate Prediction Center dataset (NCEP CPC, KalnAy
ET AL., 1996). Daily anomalies are computed by removing the
mean seasonal cycle at each grid point. The mean seasonal
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cycle is estimated as the sum of the annual average and the
first four Fourier harmonics of the daily climatology. The analysis
has been carried out for the extended winter season Decem-
ber-to-March, (DJFM henceforth). This season has been se-
lected since the boreal winter shows the largest variability
over the extratropical latitudes (e.g. KusHNIR AnD WALLACE,
1989; Biackmon ET AL., 1984). The spatial domain extends
north of 20°N.

To illustrate the influence of ENSO signals onto the patterns,
every dataset has been subdivided into cold ENSO (La Nifa)
winters and warm ENSO (EI Nifio) winters according to the list
of ENSO events created by the Canadian Meteorological Ser-
vice. This list is available on http:/www.msc-smc.ec.gc.ca/
education/lanina/comparing/enso1950_2002_e.html. These
ENSO warm and cold winters are slightly different from other
classifications such as provided by Thompson eT aL. (2002),
although there is a general agreement.

3. MEeTHODOLOGY

A standard empirical orthogonal function (EOF) analysis based
upon the computation of the covariance matrix has been per-
formed on the winter unfiltered Z500 daily anomalies (Wiiks,
1995) to obtain the main modes of variability. A shortcoming
of EOF analysis is that eigenvectors are mathematical cons-
tructions, constrained by their mutual orthogonality and the
maximization of variance over the entire analysis domain. The
use of EOFs can predispose the analysis to merging or blen-
ding patterns of variability that would be otherwise indepen-
dent (Riciman, 1986). An alternative to reduce the effect of
this drawback consists in rotating the empirical orthogonal
functions and the corresponding orthonormal principal compo-
nent time series (PC). This way, the areas where the maxima
of variability occur tend to be more concentrated. Prior to the
eigenvector analysis, the height anomalies were weighted by
the square root of the cosine of latitude in order to ensure
equal weight to equal area.
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Following this procedure we have used the varimax orthogonal
rotation (RicHman, 1986) to obtain the corresponding climate
patterns and we have considered 6 EOFs to rotate. This is the
most widely used rotation technique and has been shown to
produce statistically stable patterns (CHeng er aL., 1995).
The EOFs have been previously renormalized following the rule
suggested by von STorcH anND Zwiers (1999). The renormalized
EOFs then carry the units of the field and the PCs have va-
riance 1.

A probability density function (PDF) was calculated for the
different daily time coefficients associated to each mode. Each
PDF is calculated with a Gaussian kernel density procedure
using an algorithm based on the fast Fourier transform
(Siverman, 1986). The kernel density algorithm has a smooth-
ing parameter, h, which is determined by a least squares cross-
validation procedure. The impact of the smoothing parameter
in the results has been assessed using a range of values
(0.25nY5 <h < 1.5nY% where n is the number of data). For
each climate mode, we have estimated the PDF for all years,
and for all cold and warm ENSO years.

Moment measures of skewness and kurtosis to assess the
non-Gaussian characteristics of the patterns have been em-
ployed. These measures present the advantage of their sim-
plicity but nevertheless they are non-resistant and non ro-
bust and can be sensitive to outliers (Hosking, 1990).

The standard \/b1 and b, tests have been used for evaluating
skewness and kurtosis. Nevertheless, as some authors have
pointed out there are several studies that have demons-
trated that this test is not very reliable for discriminating
between symmetric and asymmetric distributions in the
presence of excess kurtosis. The main reason for the
failure of the standard \/b1 test is that its variance formula
is derived under the assumption of no excess kurtosis. We
plan to use in a future work more robust and resistant
techniques based on quantiles and L-moments (Hosking,
1990).

8
LOw~FREQUENCY CLIMATE PATTERNS AND ENSO EVENTS
FOR THE PERIOD 1961-2000



4. REsuLTS

4.a. Characteristics of the climate patterns

The set of wintertime northern extratropics teleconnection
patterns commonly identified in the literature (WacLLace anp
GurzLer, 1981; BarnsToN AnND Livezey, 1987; BEeLL anp
Harpert, 1995) has been found in both datasets studied
here. The main patterns identified are: North Atlantic Oscil-
lation (NAOQO), Pacific North American (PNA), West Pacific
(WP), Scandinavian (SCAND) and East Atlantic (EA). For
the sake of simplicity, the following description focuses on
the corresponding NCEP NAO, SCAND, PNA and WP pat-
terns. ERA-40 patterns show similar features.

The NAO consists of a north-south dipole of anomalies, with
one center located over Greenland and the other center of
opposite sign spanning the central latitudes of the North
Atlantic between 359N and 40°N. Both phases of NAO are
associated with basin-wide changes in the intensity and
location of the North Atlantic jet stream and storm track,
and in large-scale modulations of the normal patterns of
zonal and meridional heat and moisture transport (HuRRELL,
1995), which in turn results in changes in temperature and
precipitation patterns often extending from eastern North
America to western and central Europe (R0OGERS AND VAN
Loon, 1979). The NCEP NAO pattern (figure 1) differs from
the corresponding obtained by the Climate Prediction Center
(CPC henceforth), Barnston anp Livezey (1987), in a west-
wards shift of the northern part of dipole meanwhile the
southern part of dipole shows a northeastern displacement.

The Scandinavian pattern (SCAND) consists of a primary
circulation center over Scandinavia, with weaker center of
opposite signs over southwestern Europe and eastern Russia-
western Mongolia. The SCAND pattern has been previously
referred to as the Eurasian-1 pattern by BarnsTon anD
Livezey (1987). The positive phase of this pattern is asso-
ciated with positive height anomalies, sometimes reflecting
major blocking anticyclones, over Scandinavia and western
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Russia, while the negative phase of the pattern is asso-
ciated with negative height anomalies in these regions. The
NCEP SCAND pattern (figure 2) differs from the correspon-
ding CPC in a northwestern displacement of the southern
centre. Less variability is associated in the location of the
Scandinavian and Mongolian centers.

The PNA is a major pattern of the atmospheric low-frequency
variability over the Northern Hemisphere which has centers of
action near the North Pacific subtropical high, the Aleutian
low, northwestern North America, and the Florida panhandle.
The importance of the PNA for the North American climate
arises from the fact that this pattern represents a departure
from the mean tropospheric flow over the continent (Robionov
anD AsseL, 2001). The pattern has been found throughout the
cool season (BarnsTon AnD Livezey, 1987) and at various le-
vels in the troposphere (Hsu ano Watiace, 1985).The NCEP
PNA pattern (figure 3) differs from the corresponding CPC in a
less extended Aleutian low.

125w 180 135°E

ASTW [ 4 45°E

Figure 1. NCEP NAO climate pattern. Contour interval is 0.6 hPa.
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The WP is a primary mode of low-frequency variability over
the North Pacific in all months, and has been previously des-
cribed by both Barnston anp Livezey (1987) and WALLACE AND
Gutzier (1981). During winter and spring, the pattern con-
sists of a north-south dipole of anomalies, with one center
located over the Kamchatka Peninsula and another broad center
of opposite sign covering portions of southeastern Asia and
the western subtropical North Pacific. Therefore, strong posi-
tive or negative phases of this pattern reflect pronounced
zonal and meridional variations in the location and intensity of
the entrance region of the Pacific (or East Asian) jet stream.
The NCEP WP pattern (figure 4) differs from the corresponding
CPC in a less extended southern dipole, shifted eastwards
northern dipole exhibiting some kind of blending between East
Pacific (EP) and WP CPC patterns.

The likely differences found with the CPC patterns may be mainly
due to the different number of EOFs considered to rotate,
while CPC takes into account 10 EOFs we have considered 6.

135°wW 108 135%E

(e

as*w [0 45°E

Figure 2. NCEP SCAND climate pattern. Contour interval is 0.6 hPa.
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Figure 3. NCEP PNA climate pattern. Contour interval is O.
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4.b. Relationships between ENSO events and climate
patterns ’

In this study we first evaluate the relative frequency of oc-
currence of the positive and negative phase of the patterns
during El Nifio and La Nifia winters. Secondly we assess the
shape of the PDFs of the corresponding climate patterns of
NCEP and ERA-40 together with the analysis of skewness and
kurtosis (Table 1).

Climate [ skewness Kurtosis

patterns | NCEP ERA-40| NCEP ERA-40| Tapje 1. Skewness and Kurtosis

PNA | -0.17 -0.15|-0.47 -0.49 | for the selected leading climate

WP 2026 -0.25 -0.08 -0.04 patterns of NCEP and ERA-40 re-

analyses for the period 1961-

BES 1049 : -0.43 | 0.08 0.08| 5000, Al the values are signifi-
SCAND | 0.08 ' 0.08 | -0.28 -0.24 | cant at 99%.

As summarized in Figures 5 and 6, during El Niflo winters the
positive phase of the PNA, WP and patterns tends to occur
more frequently than the negative one as was pointed out by
several authors (HoreL anD Walace, 1981), while the nega-
tive phase of NAO is more frequent than the positive one,
especially noticeable in ERA-40. The behaviour of the nega-
tive phase of NAO is consistent with some published works
where it has been observed that in case of strong El Nifio
phases, the North Atlantic storm track is shifted southward
leading to positive pressure anomalies over northern Europe
and negative ones over Central Europe (FrRAEDRICH AND MULLER,
1992). These observational findings are also confirmed in mode-
lling studies (May anp Benctsson, 1999; Cassou AND TERRAY,
2001). As far as SCAND pattern is concerned, while the posi-
tive phase tends to occur more frequent than the negative
for NCEP, the reverse is true for ERA-40. During La Nifia win-
ters the negative phase of PNA tends to occur more fre-
quently than the positive in agreement with Mo et AL. (1998)
who emphasized that strong PNA patterns can be produced in
non-ENSO years, while a strong warm or cold event does not
always give the expected PNA response.
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More recently, Ropronov anp AsseL (2001) mention that ENSO
is not the only responsible for exciting the PNA. As far as NAO
is concerned, in ENSO cold events, the positive phase of NAO
tends to be favored in agreement with the literature. Different
behaviour regarding SCAND is reported for ERA-40 and NCEP.

NCEP

35
30 (E El Nifio |
| B La Nifia i

25

N
o

Percentage of occurrence
(%)

+ i I + ! + !

< £ ¢ g <o 2 g ¢

=

= & = S =z 5 3
] [%2]

Climate patterns

Figure 5. Percentages of frequencies of the positive and negative phases
of the climate patterns corresponding to El Nifio and La Nifia events for
NCEP dataset.

ERA-40

Percentage of occurrence

a
z

+
<
=
a.

PNA-
WP+
NAO+
NAO-
SCAND+
SCAND-

Climate patterns

Figure 6. Same as Figure 5 but for ERA-40 dataset.
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Our results indicate that the effects of La Nifia are not exactly
opposite to those associated with El Nifio, which may be a con-
sequence of the non-linear effect of ENSO on teleconnection
pattern dynamics. As in Cassou eT AL. (2004), El Nifio events
might have less impact on the North-Atlantic European varia-
bility compared to La Nifia events. The NAO-ENSO relationship is
still an open question (Cassou anp Terrav, 2001) since it may
well depend on the strength and the sign of the Pacific epi-
sodes. Also the effect of ENSO on the frequency of positive and
negative patterns seems consistent with Palmer's (1999) hy-
pothesis that the response of the atmosphere to external for-
cing is mainly a change in the frequencies, in his case of regimes.

We now analyze the shape of the PDFs of the considered
climate patterns for NCEP (Figures 7a-7d) and for ERA-40
(Figures 8a-8d) together with the skewness and kurtosis pa-
rameters (Table 1). As it becomes clear, a different behaviour
of climate patterns in warm and cold ENSO years is detected.

The daily NCEP PNA (Figure 7a) time series is asymmetric with
negative skewness, so more extreme values are found when
the mode is negative. This implies less variability in the posi-
tive PNA mode in agreement with the suggestion of Palmer
(1988) that the atmosphere is more barotropically stable when
is in this phase. During La Nifia winters, there is a slight shift
of the distribution to negative values, with reduction in the
proportion of positive values and an increase in the number of
negative values in agreement with RensHaw eT AL. (1998) who
report also a shift in the PNA PDF toward more negative va-
lues during cold events. During El Nifio winters, there is a
distributional change with an increase in the number of posi-
tive cases. However, RensHaw ET aL. (1998) obtained little
change in the observed PNA PDF. Working with daily data, less
skewness for ERA-40 has been detected compared with NCEP
data (Table 1). In case of ERA-40 El Nifio (Figure 8a), a kind of
bimodality has been observed.

The daily NCEP WP (Figure 7b) time series is asymmetric with
a strong negative skewness. During El Nifio, the PDF presents
a secondary maximum in moderate negative values while in La
Nifla the PDF depicts a maximum corresponding to positive
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values. It shows a stronger response in El Nifio for the WP
compared with the PNA, a consistent result because this cli-
mate mode is strongly influenced by tropical Pacific SSTs.
Compared with RensHaw eT AL. (1998), the negative phase of
WP is not favored in La Nifia years. As a consequence, there
is a notorious separation in the percentage of occurrence of

a) NCEP PNA

Smoothed PDF

Smoothed PDF

Figures 7a-7b. PDFs for the PNA and WP climate patterns for NCEP.
Green line is calculated using all winter daily data, red line uses data
from all El Nifio winters and blue line uses data from La Nifia winters.
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positive and negative WP for El Nifio winters (Figure 5). There
is, thus, bimodality in El Nifio in a direction, and bimodality in
La Nifia in the reverse direction. The link between El Nifio
events and the positive phase of WP pattern in nature has
been identified in earlier studies such as Livezey ano Mo (1987)
and HoreL anp WaLlace (1981).

) NCEP NAO
0.6 T T 1
o5 | -
(= pu—
Y v |
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(] —
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d) NCEP SCAND
0.6 T & 5 T
0.5 |— e
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s
= 0.3 |
40
3
=
w2 0.2 T
o1 —
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—4 -2 (o] 2 4

Figures 7c-7d. PDFs for the NAO and SCAND climate patterns for NCEP.
Green line is calculated using all winter daily data, red line uses data
from all El Nifio winters and blue line uses data from La Nifia winters.
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The daily NCEP NAO (Figure 7c) time series depicts the
largest negative skewness. Juncg (2000) pointed out that
the negative skewness of the NAO is also significant for
monthly data. A large impact of La Nifia is detected. There
is a slight separation between El Nifio and La Nifia curves,
mainly for negative values. Our results suggest bimodality
in the cold ENSO phase while no such bimodality is found
during the warm ENSO phase. There is apparentily a re-
verse situation compared with MeLo-GONGALVES ET AL.

a) ERA-40 PNA
0.6 T T T

Smoothed PDF

o
~

Smoothed PDF

Figures 8a-8b. As Figures 7a-7b but for ERA-40 dataset.
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(2005). They used winter mean (DJFM) 850 hPa geopotential
height field over the Atlantic European Sector for the 1948-
2001 period.

The daily NCEP SCAND (Figure 7d) time series presents almost
no asymmetry. During La Nifia, small shift to the left is de-
tected compared with El Nifio. There is more separation be-
tween the percentage of occurrence of frequencies of the
negative and positive phases for La Nifa.

c) ERA-40 NaOo

Smoothed PDF

=}
~

Smoothed PDF

Figures 8c-8d. As Figures 7c-7d but for ERA-40 dataset.
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5. SumMmmMaARY AND CONCLUSIONS

We analyzed here a 40-winter set of Z500 daily unfiltered
anomalies from two datasets: ERA-40 and NCEP, to estimate
first the impact of ENSO on a series of Northern Hemisphere
climate patterns, isolated by REOF analysis and second the
likely impact of the reanalysis used.

Our strategy is based on daily data, contrarily to the more
usual method based upon monthly or seasonal data. The use
of daily data is, in principle, beneficial because monthly data
can hide important signals or processes. Furthermore, the exis-
tence and complexity of numerous non-linear feedbacks can
hide the signal of ENSO in the extra-tropics when using averaged
data.

Sensitivity to tropical SSTs associated with ENSO is analyzed
first in terms of the shift in frequency of the occurrence of
the opposite phases of a mode between warm or cold events.
A change in the frequency of occurrence of the selected pat-
terns as a function of ENSO phases has been detected. More
influence of La Nifa is detected for NAO, and in general for
those patterns which have a signal in the Atlantic area while
El Nifio has more influence on the PNA pattern. Although as a
general rule there is a noticeable similarity between the ERA-40
and NCEP datasets, some discrepancies appear mainly with
the SCAND pattern.

The PDFs show a non-Gaussian shape in dipolar patterns like
NAO and WP. It seems very plausible that this non-gaussianity
is extremely important when considering the sensitivity to the
ENSO phase, making these patterns especially sensible to the
ENSO influences.

A predominant La Nifia influence on European climate when
compared with El Nifio is observed. The physical mechanisms
responsible for the asymmetry between El Nifio and La Nifia
are still unclear. A need of investigating the dynamical causes
behind the larger skewness of the dipolar patterns like NAO
and WP, which may point to the non-linear character and the

20
LOw-FREQUENCY CLIMATE PATTERNS AND ENSO evenTs
FOR THE PERIOD 1961-2000



influence of ENSO is highlighted. The Euro-Atlantic climate
anomalies have asymmetric responses to ENSO because they
are non-linearly connected to it. How the Euro-Atlantic cli-
mate anomalies are physically linked to the tropical Pacific
variability is still an open question. The PNA teleconnection
may play a key role in the connection between the tropical
forcing and the extratropical circulation response in the North
Atlantic area. A possible mechanism could be attributed to
the wave-wave interaction in the midlatitudes, e.g. the synop-
tic eddies and stationary waves.

As Wu anD Hsien (2004) recently insisted, it seems that unlike
the response of North American climate to ENSO, where the
linear component is important, the response of the Euro-At-
lantic climate to ENSO is mainly non-linear. Our results seem
to support those by Lau anp Natn (2001) who showed that
the influence of ENSO is not limited to the tropical Pacific but
is also significant in the extra-tropical North Atlantic, a resuit
that further supports the idea that the PNA mechanism plays
an important role in the Atlantic response to ENSO.

These are preliminary results, in a next future we plan to
extend the work evaluating the sensitivity of the results when
more teleconnection patterns are taken into account.
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