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ABSTRACT

The characteristics of winter monthly mean extratropical circulation associated with El Nifio, including pre-
cipitation and surface temperature over the United States, are examined for nine El Nifio events during 1950—
94. Precipitation and surface temperature over the United States, also the 500-mb geopotential height and sea
level pressure over the North Pacific and North America, are significantly different between early winter (No-
vember and December) and late winter (January to March). The typical El Nifio-related U.S. precipitation and
surface temperatures identified in many previous studies, aswell as the Pacific—North American (PNA) circulation
pattern, emerge in January and persist through February and March. The PNA patterns during these late winter
months are coupled both with the tropical El Nifio sea surface temperature (SST) variation and with the North
Pacific SST variation. In contrast, the PNA patterns in the early winter months correlate only with the North
Pacific SST. The tendency for the PNA pattern to occur during El Nifio yearsis much lessin early winter months
than in late winter months. An ensemble analysis of 12 45-yr (1950-94) integrations of the National Center for
Atmospheric Research Community Climate Model forced by the observed time-varying SST shows that the
model 500-mb heights display a PNA-like pattern in both early and late winters of El Nifio. The ensemble model
response to the El Nifio SST is thus unable to reproduce the observed differencesin the extratropical atmospheric
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circulation between early and late winter months.

1. Introduction

Substantial progress has been made during the past
two decades toward understanding the wintertime ex-
tratropical atmospheric response to the tropical forcing
associated with El Nifio sea surface temperature (SST)
anomalies (Trenberth et al. 1998). Both observational
and theoretical studies demonstrate that Rossby wave
dynamics link the changes in the extratropical circula-
tion to the tropical SST (e.g., Wallace and Gutzler 1981,
Horel and Wallace 1981; Hoskins et al. 1977; Hoskins
and Karoly 1981). Associated with the tropical El Nifio
SST, the most prominent teleconnection pattern is the
Pacific—North American (PNA) pattern (Horel and Wal-
lace 1981). This pattern is very reproducible in atmo-
spheric genera circulation models (AGCMs) when El
Niflo-like SSTs are prescribed in the tropical Pacific
(e.g., Blackmon et al. 1983; Lau 1985).
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In addition to the fundamental Rossby wave propa-
gation from the tropical heating source, there are other
basic mechanisms that are important in determining the
extratropical atmospheric response to atropical forcing.
As reviewed by Trenberth et al. (1998), these mecha-
nisms include the normal-mode instability of zonally
varying climatological mean flow (Simmonset al. 1983)
and the influence of midlatitude transient eddies asso-
ciated with storm tracks (Kok and Opsteegh 1985; Held
et al. 1989; Hoerling and Ting 1994). The two mech-
anisms are shown to be more effective than the tropical
El Nifio SST in governing the structure and geographic
locations of the PNA pattern. These studies focused on
identifying the energy sources of the wintertime tele-
connection pattern. Given the fact that anomal ouswarm
tropical SSTs during El Nifio exist prior to winter, little
is known about the timing of the PNA pattern associated
with the tropical SST.

An observational study by Wallace and Jiang (1987)
demonstrates that the atmospheric PNA pattern corre-
lates more closely with the North Pacific SST anomalies
than it does with the tropical SST. Several modeling
studies, including Alexander (1990, 1992) and Lau and
Nath (1996), suggest that the observed North Pacific
SST anomalies during El Nifio are primarily due to the
oceanic response to atmospheric circulation forced by
the tropical SST. Using an AGCM coupled with an
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ocean mixed layer model, Lau and Nath (1996) further
illustrated that the extratropical air—sea interaction re-
inforces the atmospheric anomalies in the PNA pattern.
This suggests that the North Pacific SST might be in-
volved in the extratropical atmospheric response to the
tropical forcing.

The extratropical atmospheric response to the tropical
El Nifio SST strongly influences U.S. precipitation and
surface air temperatures in the winter season, as doc-
umented in many studies (e.g., Ropelewski and Halpert
1986, 1987; Halpert and Ropel ewski 1992; Wang 1997).
In these studies, the winter season generally refers to
the months of December—February, and sometimes No-
vember—March. Averaged over November—March, both
U.S. precipitation and temperature respond to ElI Nifio
in away consistent with the PNA pattern, namely: wetter
conditions over the Gulf Coast states, southern plains,
southern Northwest, and California; drier conditions
over the Ohio River valley and northward to the east
of the Great Lakes; and warmer temperatures over most
of the United States, except for the Southeast where
temperatures are below normal. On amonthly timescale,
however, precipitation and temperature anomalies may
deviate from the typical El Nifio—related seasonal
means. During the 1982/83 El Nifio, for example, large
positive rainfall anomalies extended all the way from
the Gulf states to the Great Lakes in December. In the
same month, cold temperature anomalies covered Cal-
ifornia, southern Arizona, New Mexico, and Texas, rath-
er than the Southeast, and warm anomalies dominated
the east of the country. The significant differences in
monthly precipitation anomalies over the central and
eastern United States between early (November and De-
cember) and late winters (January—March) of El Nifio
are also identified in Montroy (1997) and Montroy et
a. (1998).

Livezey et al. (1997) conducted a series of composites
on monthly mean U.S. precipitation and surface tem-
perature and 700-mb height based on warm SST anom-
alies in the tropical Pacific. Their analysis reveals the
distinctionsin U.S. precipitation anomalies between ear-
ly and later winters of El Nifio. They also found that
associated with El Nifio, there are no significant 700-
mb height signals in early winter months, but well-de-
fined PNA patterns in later winter. The PNA pattern is
one of the most frequently occurring extratropical cir-
culations throughout the winter months (Barnston and
Livezey 1987), and is highly correlated with the North
Pacific SST (Wallace and Jiang 1987). The evidence
naturally poses one question, that is, what SST patterns
tend to occur simultaneously with the prominent extra-
tropical circulation anomalies.

This study is aimed at examining the characteristics
of El Nifio—related monthly mean U.S. precipitation and
surface air temperature, as well as the PNA pattern and
itsrelation to both tropical and North Pacific SST anom-
alies. In particular, the present work complements the
contribution of Livezey et a. (1997) et a. by consid-
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ering midlatitude SST patterns that tend to accompany
the prominent atmospheric anomalies. In the next sec-
tion, the data and statistical methods are described. Sec-
tion 3 describes monthly (November—March) U.S. pre-
cipitation and temperature anomalies and corresponding
atmospheric circulation patterns during ElI Nifio. The
covariability between extratropical circulation and Pa-
cific SST is examined in section 4. Section 5 analyzes
an ensemble atmospheric response to the Pacific SST
from 12 45-yr (1950-94) integrations of the National
Center for Atmospheric Research (NCAR) Community
Climate Model (CCM3), forced by the observed time-
varying SST, and compares the model results to the
observations. Conclusions are given in section 6.

2. Data and methods

The observational data used in this study consist of
monthly mean U.S. precipitation and temperature, Pa-
cific SST, Northern Hemisphere 500-mb geopotential
height, and sea level pressure (SLP) from 1950 to 1994.
An anomaly is defined as the deviation of monthly mean
from its climatological mean value. The precipitation
data are from the Global Historical Climatology Net-
work for 1950—90 (Vose et al. 1992) and from the Grid-
ded Hourly Precipitation Data Base for the United States
for 1991-94 (Higgins et al. 1996), and are processed
into a 2.5° X 2.5° latitude—-longitude grid. The surface
air temperatures are from the Climate Anomaly Moni-
toring System developed at the National Centers for
Environmental Prediction (NCEP) on a 2° X 2° grid.
The SSTs are from the NCEP-reconstructed SST dataset
(Smith et al. 1996) on a2° X 2° grid. The 500-mb height
and SLP are from the NCEP operational analyses. The
data are analyzed on a 2.5° latitude by 5° longitude grid
over the Northern Hemisphere from 20° to 90°N. A more
detailed description of the data and their quality can be
found in Ting and Wang (1997).

Composite and singular value decomposition (SVD)
(Bretherton et al. 1992; Wallace et al. 1992) analyses
are applied to the atmospheric circulation for nine El
Nifio winters during 1950-94 and to the 45-yr 500-mb
height and Pacific SST, respectively. The composite pro-
vides amplitudes of atmospheric anomalies associated
with El Nifio. The El Nifio years are chosen based on
adefinition of El Nifio in Trenberth (1997) that 5-month
running mean SST anomalies in the Nifio-3.4 region
(5°S-5°N, 120°-170°W) are greater than 0.4°C and last
for 6 months or more. The nine events are the winters
of 1957/58, 1965/66, 1968/69, 1969/70, 1972/73, 1982/
83, 1986/87, 1987/88 and 1991/92. The SVD objec-
tively identifies pairs of spatial patterns with maximum
temporal covariance between the atmospheric circula-
tion and the SST.

The statistical significance of both composite anom-
alies and correlations is estimated by the Monte Carlo
technique. The basic ideaisto construct many new time
series with the same size as the original one by resam-
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pling the temporal points at random order from the orig-
inal data. The composites and correlations using these
new data produce a pool of reference test statistics. If
avalue calculated using the original datais high enough
tofall into the top 5% rank in thereferencetest statistics,
then it is defined to exceed the 95% significance level.

3. Monthly mean U.S. precipitation, surface
temperature, and circulation anomalies during
El Nifio

a. Composites of precipitation and surface
temperature

Figure 1 presents the composite of monthly mean U.S.
precipitation anomalies for the nine EI Nifio winters. In
November and December (Figs. 1a and 1b), wetter con-
ditions dominate the eastern, central, and southwestern
United States. The largest positive rainfall anomalies
are found in the lower Mississippi River basin. In Jan-
uary through March (Figs. 1b—e), precipitation is below
normal in the Ohio River valley and above normal in
the Gulf Coast and some parts of the southern plains
and the Southwest. Figure 1 indicates that precipitation
in late winter is similar to the typical El Nifio—related
seasonal mean pattern, as identified in many previous
studies (e.g., Ropelewski and Halpert 1986, 1987; Wang
1997), while precipitation in early winter is not.

The composite of surface air temperature anomalies
is shown in Fig. 2. In November, temperature is below
normal over most of the nation though insignificant. In
contrast, warm temperature anomalies are found every-
where in December, except California. In January—
March, temperature anomalies show a dipole structure,
with warmer temperatures in the north and colder tem-
peratures to the south. The pattern resembles the El
Nifio—related seasonal mean (Ropelewski and Halpert
1986).

Both U.S. precipitation and temperature anomalies
during El Nifio show apparent differences between early
and late winters, especially between December and Jan-
uary-March. Similar differences are found in the com-
posites by Livezey et al. (1997) and Montroy et al.
(1998), though the El Nifio years chosen in their anal-
yses are slightly different from those in this study. The
composite signals in Figs. 1 and 2 are statistically sig-
nificant. They suggest that different processes may be
responsible for the anomalous patterns in the early and
late winters.

b. Composites of 500-mb height and SLP

To ascertain the physical processes responsible for
the differences in U.S. precipitation and temperature
between early and late El Nifio winters, the composites
of monthly mean 500-mb height anomalies for the nine
El Nifio years are shown in Fig. 3. The circulation il-
lustrates clearly different patterns between early and late
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Fic. 1. Composite of monthly mean U.S. precipitation anomalies
for the nine El Nifio winters. The contour interval is 0.2 mm day*,
and negative values are dashed. Dark (light) shading indicates the
statistical significance of positive (negative) values at the 95% con-
fidence level using Monte Carlo test.
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Temperature Anomaly (Deg. C) 500mb Height Anomaly (gpm)
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Fic. 2. Composite of monthly mean U.S. surface air temperature Fic. 3. Composite of monthly mean 500-mb height anomalies for
anomalies for the nine El Nifio winters. The contour interval is0.2°C,  thenine El Nifio winters. The contour interval is 10 gpm, and negative
and negative values are dashed. Shadings are the same as in Fig. 1.  values are dashed. Shadings are the same as in Fig. 1.
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winter months, consistent with those of U.S. precipi-
tation. In November there is a center of negative height
anomalies over the central North Pecific. The height
anomalies are weak over North America. The December
circulation pattern shifts toward the east relative to No-
vember. There are significant positive anomalies over
the central North Pacific and Canada, and negative
anomalies along the West Coast, indicating a telecon-
nection pattern. In January both negative and positive
anomalies over the eastern North Pacific and Canada
are intensified. In the meantime, large negative height
anomalies emerge and dominate over the southern
states, Gulf of Mexico, and North Atlantic. The PNA
pattern is clearly identified in January and persists
through February and March. Associated with these cir-
culation anomalies, there are southerly winds over the
southern plains and the Southeast in November and De-
cember. The circulation thus favors low-level moisture
transport inland and enhances rainfall in these regions
(Figs. laand 1b). In January—March there are westerly
anomalies in the Gulf of Mexico and northern Mexico,
and easterly to the north in company with the negative
height anomalies. Consequently, the upper-level jets
shift to the south.

The SLP anomalies in each month (Fig. 4) display a
spatial pattern similar to the corresponding 500-mb
height. The isobars over the United States are largely
zonal in November but become meridional in December.
Since winter mean temperature is dominated by astrong
meridional gradient with warm (cold) temperatureinthe
south (north), anomalous southerly surface winds are
generally associated with warm advection. This may
account for the differences in temperature anomalies
between November and December (Fig. 2). In January—
March, a PNA-like pattern can be seen in the SLP field.
The temperature anomalies in these months (Fig. 2) are
consistent with the thermal advection associated with
the SLP patterns.

The composites of both upper- and low-level circu-
lation reveal distinctions between early and late winters
of El Nifio. A PNA patterniswell established in January
and persists in the following two months. The circu-
lation patterns are consistent with the monthly mean
precipitation and temperature anomalies over the United
States. The results illustrate the timing of the extra-
tropical circulation during El Nifio winters.

4. Relationships of the extratropical circulation to
Pacific SSTs

a. Results from the SVD analysis

The composite analysis suggests a coupling between
the PNA pattern and El Nifio. The strength of the cou-
pling can be quantitatively examined using the SVD
method, based on the cross-covariance matrices of
monthly mean 500-mb height (20°-90°N, 150°E-30°W)
and Pacific SST (20°S-60°N, 120°E-80°W). The first
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Fic. 4. Composite of monthly mean sea level pressure anomalies
for the nine El Nifio winters. The contour interval is 0.5 mb, and
negative values are dashed. Shadings are the same as in Fig. 1.
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SVD mode in each winter month, except for November,
captures the El Nifio SST variability coupled with the
500-mb height. The homogeneous correlation maps
(Wallace et a. 1992) for the SST, which are the spatial
patterns of the SST projected onto the SVD SST ei-
genvectors, display atypical El Nifio SST pattern (not
shown). The largest positive correlations are found in
the eastern and central equatorial Pacific, with negative
correlations in the central North Pacific and positive
correlations along the North American coast. The
month-to-month autocorrelations of the SST time series
of the first SYD modes all exceed 0.9, indicating a
strong persistence of the El Nifio SST throughout the
cold season.

The SST anomalies that are actually related to the
500-mb heights in the first SVD modes can be seen in
heterogeneous correlation maps (Wallace et al. 1992),
which are the correlations of SST anomalies (Fig. 5,
left) with the time series of the 500-mb height SVD
modes. In November the first SVD mode shows that
only the North Pacific SST anomalies are relevant. The
500-mb height (Fig. 5, right) displays a wave structure,
but different from the PNA pattern. In December both
tropical and North Pacific SSTs are involved. The SST
displays an El Nifio-ike pattern. In January—March the
SST patterns consist of large negative correlations in
the central North Pacific along 30°N and positive cor-
relations in the eastern North Pacific and in the Tropics.
The PNA patterns are found only in January—March and
correlate more closely with the North Pacific SST than
the tropical SST. The first SVD modes indicate that the
SST anomalies of different regions dominate the cou-
pling with the extratropical circulation in different
months. The occurrence of the PNA pattern is strongly
related to the North Pacific SST.

The homogeneous correlations of the November SST
in the second SVD mode also display an El Nifiolike
pattern (not shown). The heterogeneous correlations
(Fig. 6a) indicate that only the eastern tropical Pacific
SST anomalies are involved in coupling with the ex-
tratropical circulation. The SVD analysis thus effec-
tively separates the relation of the November 500-mb
circulation to the tropical SST from its relation to the
North Pecific SST. The circulation associated with the
North Pacific SST (mode 1) is stronger than that as-
sociated with the tropical SST (mode 2).

The strength of the coupling between Pacific SST and
extratropical atmospheric circulation and their contri-
bution to the total variability are examined using some
SVD statistics. Table 1 lists the squared covariancefrac-
tion (CVR) explained by each SVD mode, the temporal
correlation (r) between each pair of SVD time series,
and the percentage of variance (VR) in individual fields
explained by their corresponding component in each
SVD mode. The values in parentheses are the percent-
ages when only the nine El Nifio years are taken into
account. In November the first SVD mode explains 56%
of the total squared covariance (CVR) between SST and
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500-mb height, much higher than the EI Nifio—related
second mode (21%). The first mode explains 36% of
the variance (VR) in the 500-mb height for the whole
period, but only 6% for the nine El Nifio years. This
indicates a strong link between the North Pacific SST
and atmospheric circulation in November, and little con-
tribution from the tropical El Nifio SST. The strongest
coupling between 500-mb height and El Nifio SST oc-
cursin January—March with the total squared covariance
(CVR) exceeding 50% and temporal correlation coef-
ficients (r) greater than 0.60. In general, the warm trop-
ical SST anomalies during El Nifo reach their maxi-
mums in December or January, then decrease in the
following months. This is consistent with the largest
percentages of the SST variance (VR) explained by the
SVD modesin these two months, especialy for the nine
El Nifio years. The percentages of the 500-mb height
variance, however, arerelatively small in December and
January, but increase in late winter after the maturity
of the EI Nifio SST. Moreover, the increases in the per-
centages of variance in the 500-mb height, when con-
sidering only the nine ElI Nifio years, are not as large
as those for the SST. The results suggest that the El
Nifio SST influence on the extratropical circulation is
limited. Other processes, such as atmospheric internal
variability and extratropical air—sea interaction, may
also contribute to the variation of the PNA pattern.

b. Associations between the PNA pattern and El Nifio
in early and late winter

Zhang et al. (1996) demonstrated that the PNA pattern
in 500-mb height is coupled with the North Pacific SST
when the variability linearly associated with El Nifio is
removed from the height field. In this section, we ex-
amine the relationships between the PNA pattern and
El Nifio in early and late winter months. We performed
an empirical orthogonal function (EOF) analysis on the
monthly mean 500-mb height over the PNA regions.
The PNA pattern (not shown) is well selected by the
first EOF modes in November—February and by the sec-
ond mode in March. If we define the EOF expansion
coefficients exceeding 0.5 standard deviation as an oc-
currence of the PNA pattern, then Table 2 presents the
numbers of months with PNA patterns in the 45 years
(1950-94) and in the nine El Nifio years, respectively.
The frequency of occurrence of the PNA patternismuch
lower during non—El Nifio years than during El Nifio
years. The total number of the months with the PNA
pattern during the 45-yr period, aswell asthe percentage
of the variance explained by the PNA-like EOF mode,
does not vary too much from November to March. How-
ever, less PNA patterns are found in November and
December of the El Nifio years (<30%), and more are
found in January—March (>40%). This is consistent
with the composite and SVD analyses, in which the PNA
patterns coupled with the El Nifio SST are found only
in January—March. The number of monthsin Table 2 is
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SVD: Pacific SST (20S—60N) — 500mb Height (PNA Regions)
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Fic. 5. Heterogeneous correlation patterns of SST (left) and 500-mb height (right) of the first SVD modes for Nov—
Mar. The contour interval is 0.1, and negative values are dashed. Shadings are the same as in Fig. 1.
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SVD: Pacific SST (20S~-60N) — 500mb Height (PNA Regions)
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Fic. 6. Same as Fig. 5, but for the second SVD mode of Nov SST and 500-mb height.

sensitive to the criterion we define for the occurrence
of the PNA pattern, but the tendency in the percentage
of occurrence in the El Nifio years is not.

The relationship between the PNA pattern and Pacific
SST can aso be examined in the correlations of SST
with the expansion coefficients of the PNA-like EOF
modes, as shown in Fig. 7. In November and December
the PNA patterns significantly correlate with the North
Pacific SST. There are also positive correlations with
the tropical SST centered between 10° and 20°S in the
eastern Pacific in November and in the western tropical
Pacific in December. The correlations with the eastern
and central tropical Pacific SSTs are relatively weak in
December. The correlation patterns of SST in January—
March are very similar to the heterogeneous one (Fig.
5). The correlation coefficients are significant in both
the Tropics and extratropics, but stronger in the extra-
tropics. Figure 7 reveals that both tropical and North
Pacific SSTs are strongly related to the PNA pattern in
al five months, but with distinctions in the Tropics be-
tween early winter and late winter. This confirms the
results in the SVD analysis.

5. Atmospheric response to Pacific SST in the
NCAR CCM3

The above observational analyses are limited in their
ability to separate atmospheric external variability driv-
en by the SST from the internal. This shortcoming can
be partially overcome by analyzing ensemble results of

TaBLE 1. Summary of the statistics of the first SVD modes between
the 500-mb height and Pacific SST, including Mode 2 in Nov. The
percentages in parentheses are those when only the nine El Nifio
years are taken into account.

AGCM simulations with appropriate SST prescribed as
a boundary condition. The atmospheric responses to the
observed global SST from 1950 to 1994 in the NCAR
CCM3 are adopted for our purpose. A detailed descrip-
tion of the CCM3 was given in Kiehl et al. (1998). The
NCEP reconstructed SST used in the above analyses
was prescribed as a boundary forcing to drive the model
(Saravanan 1998). Twelve parallel integrations subject-
ed to identical time-varying SSTs have been performed
by the Atmosphere Model Working Group at NCAR.
Each realization starts from a different initial condition.
Our analyses focus on the ensemble averages of 500-
mb heights in the 12 simulations. The results will pro-
vide a clear indication of the atmospheric response to
SST forcing.

a. 500-mb height composites

Figure 8 shows the composite of monthly mean 500-
mb height anomalies in CCM3 for the nine El Nifio
winters. Despite some minor differencesin thelocations
of maximum anomalies, the model response to El Nifio
SST displays a PNA-like pattern in all five months. The
pattern correlations between the height anomaliesin ob-
servations (Fig. 3) and in CCM3 (Fig. 8) are 0.65, 0.74,
0.68, 0.49, and 0.76, respectively, from November to
March. In early winter the model circulation patterns
disagree with observations in North America (Figs. 3a
and 3b). The pattern correlation isrelatively low in No-
vember (0.65). A high pattern correlation in November
(0.74) is due to the coincidence of centers of anomalies
in the North Pacific and Canada between observations

TABLE 2. Number of months with the PNA pattern.

500-mb height

Month CVR r SST VR VR
Nov (Mode 1) 56%  0.46  19% (20%)  36% (6%)
Nov (Mode 2) 21% 0.40 25% (39%)  13% (12%)
Dec (Mode 1) 45% 053  45% (61%) 9% (12%)
Jan (Mode 1) 58% 0.64 39% (51%)  15% (18%)
Feb (Mode 1) 65%  0.62  28% (32%) 28% (29%)
Mar (Mode 1) 52% 0.62 30% (44%)  18% (21%)

Percentage of
occurrence in the 9
El Nifio yr

27%
14%
43%
43%
40%

Percentage of 45yr 9 El Nifio
variance (1950-94)  yr

Nov 23% (Mode 1) 18
Dec 24% (Mode 1) 14
Jan 28% (Mode 1) 14
Feb 29% (Mode 1) 14
Mar 21% (Mode 2) 15

oo N U
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Fic. 7. Correlation patterns of the SST with the expansion coef-
ficients of the PNA-like EOF mode of the monthly mean 500-mb
height. Contours and shadings are the same as in Fig. 5.
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Fic. 8. Composite of monthly mean 500-mb height anomalies in
the model simulations for the nine El Nifio winters. The contour
interval is 10 gpm, and negative values are dashed. Shadings are the

same as in Fig. 1.
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and the model. In late winter (January—March) the mod-
el circulation is weaker than that in observations (Figs.
3c—e), but their patterns are similar to each other. In
February the shift of two centers of negative height
anomaliesin CCM 3 relative to observations leads to the
|lowest pattern correlation (0.49) among the five months.
In January and March the pattern correlations (0.68 and
0.76) are highly significant. The result indicates that the
ensemble model circulation does not adequately capture
the observed timing of the extratropical circulation pat-
terns during El Nifio. A similar problem also existsin
the ensemble analysis of the NCEP Medium-Range
Forecast Model (see Fig. 18 in Livezey et al. 1997).

b. Extratropical circulation variability forced by the
Pacific SST

To quantify the SST-forced extratropical circulation
variability in the model, an SVD analysisis performed
on the observed monthly mean Pacific SST and the
model 500-mb height over the PNA regions. The het-
erogeneous correlation patterns of the first SVD mode
for SST display an El Nifio SST distribution in all five
months (Fig. 9, left), suggesting that El Nifio dominates
the variability of the SST forcing in the model. Unlike
observations (Fig. 5, |eft), the correlations of SST (Fig.
9) are stronger in the Tropics than in the North Pacific.
A close inspection reveals some differences in SST be-
tween early and late winter months. Both centers of
positive correlations in the tropical Pacific and negative
correlations in the central North Pacific are located far-
ther westward in November than in any other months.
In particular, there are positive correlationsin the eastern
North Pacific around 50°N in November.

The heterogeneous correlation pattern of the Novem-
ber 500-mb height in Fig. 9 (top right) resembles to
some extent both the first and second SVD modes in
observations (Figs. 5 and 6) that are coupled with the
North Pacific SST and eastern tropical Pacific SST, re-
spectively. Since strong SST signals are found in both
the Tropics and extratropics (Fig. 9, top left), the first
SVD mode of the November circulation in the model
captures the extratropical circulation associated with
both tropical and North Pacific SSTs. From December
to March, the 500-mb height circulation in thefirst mode
(Fig. 9, right) displays very similar structures, that is,
the PNA pattern. The centers of action in these months
shift slightly toward the east relative to November. This
may be a response to the shift of the SST patterns be-
tween November and the following months (Fig. 9, left).
Among the five winter months, the largest disagreement
between the model circulation and observations (Figs.
5 and 9) is found in December. The December circu-
lation in the model is more closely correlated with the
North Pacific SST than it is in observations. Consistent
with the composite analysis, the SVD analysis on the
ensemble model response does not distinguish the dif-
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ferences between early and late winter circulation as-
sociated with El Nifio either.

Parallel to Table 1, Table 3 examines the strength of
coupling between Pacific SST and model 500-mb height
in the first SVD mode and their contribution to the total
variance simulated by the CCM 3. Those in parentheses
are the corresponding values when only the nine EI Nifio
years are taken into account. Both the percentages of
covariance (>75%) and the temporal correlations
(>0.75) between SST and 500-mb height indicate that
the model circulation is dominated by the response to
the El Nifio SST variation throughout the winter months.
In particular, the percentages of the 500-mb height var-
iance during El Nifio years are between 40% and 70%.
The El Nifio SST is thus responsible for alarge amount
of forced circulation variability.

c. Relationship between occurrence of the PNA
pattern in CCM3 and El Nifio

Similar to the observational analysis, the frequency
of occurrence of the PNA pattern in CCM3 during El
Nifio is also examined. We conducted the EOF analysis
on the ensemble model 500-mb heights. The PNA pat-
tern is picked out by the first EOF mode in each month.
Table 4 shows the numbers of months with the PNA
pattern, using the criterion of the relevant EOF expan-
sion coefficients greater than 0.5 standard deviation for
an occurrence of the PNA pattern. The ensemble-av-
eraged model circulation has higher percentages of oc-
currence of the PNA pattern during ElI Nifio than the
observed circulation in all five months. Since an en-
semble average reduces the internal variability of the
atmosphere, the above result is biased toward the ex-
ternal response. To compensate for this, the EOF method
is applied to individual CCM3 runs. The numbers of
months with the PNA pattern averaged from 12 CCM3
runs are also listed in Table 4 (in parentheses). On av-
erage, the numbers of months with the PNA pattern in
individual runs are greater than the ensemble meansfor
the 45-yr period, except for February, but they aresmall-
er than the ensembl e averages for the nine El Nifio years.
Thisindicatesthat theinternal variability tendsto reduce
the percentages of occurrence of the PNA pattern in El
Nifio years. A comparison between the percentages in
Tables 2 and 4 may suggest that the El Nifio SST is
more responsible for the PNA patterns in later winter
than it isin early winter.

6. Conclusions

Using monthly mean data, we showed that the U.S.
precipitation and temperature anomalies in the early
winters of El Nifio are significantly different from the
well-identified, El Nifio—related seasonal means. Dif-
ferences also exist in the 500-mb height and SLP be-
tween early (November and December) and | ater winters
(January—March), consistent with those in U.S. precip-
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SVD: Pacific SST (20S—60N) — 500mb Height (PNA Regions) CCM3
SST November November 500mb Z

e T
N

180 160W  140W  120W
December December
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January January
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Fic. 9. Heterogeneous correlation patterns of SST (left) and model 500-mb height (right) of the El Nifio—related SVD
modes for Nov—Mar. The contour interval is 0.1, and negative values are dashed. Shadings are the same as in Fig. 1.
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TABLE 3. Summary of the statistics of the first SVD modes between
the 500-mb height in CCM3 and Pacific SST. The percentages in
parentheses are those when only the nine El Nifio years are taken
into account.
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TABLE 4. Number of months with the PNA pattern in CCM3. The
values in parentheses are the averages of EOF analyses of individual
CCM3 runs.

Percentage of
500-mb height Percentage of 45yr 9 El Nifio  occurrence in the

Month CVR r SST VR VR variance (1950-94) yr 9 El Nifio yr
Nov (Mode 1) 92% 0.76 45% (60%) 35% (43%) Nov 38% (Mode 1) 13 (14.7) 5 (4.3) 38% (29%)
Dec (Mode 1) 9% 079  46% (66%)  38% (66%) Dec 41% (Mode 1) 13 (15.1) 6 (4.4) 46% (29%)
Jan (Mode 1) 87% 0.75 44% (62%) 35% (47%) Jan 38% (Mode1) 13 (15.8) 6 (4.9 46% (30%)
Feb (Mode 1) 84% 078  37% (56%)  37% (69%) Feb 48% (Mode 1) 16 (14.3) 8 (4.5) 50% (32%)
Mar (Mode 1) 78% 0.76 34% (53%) 33% (55%) Mar 40% (Mode 1) 13 (13.4) 6 (3.8) 46% (28%)

itation and temperatures. The PNA circulation pattern,
associated with El Nifio, is not completely established
until January, suggesting the timing of the extratropical
response to tropical forcing. Thus, from a statistical per-
spective, it would be more consistent to consider Jan-
uary—March as a winter season, in terms of the El Nifio
influence on extratropical circulation.

The different characteristics of the PNA pattern be-
tween early winter and late winter documented in this
study are consistent with some previous studies. Using
monthly mean 700-mb heights over the Northern Hemi-
sphere, Barnston and Livezey (1987) found that the
PNA pattern is selected by one of the two leading EOF
modes in January and February but by the sixth EOF
mode in December. Livezey and Mo (1987) illustrated
that the extratropical responses to the El Nifio—related
tropical heating, including the PNA pattern, are stronger
in January and February but weaker in December. Re-
cently, Newman and Sardeshmukh (1998) examined the
impact of the annual cycle of the background flow on
the linear extratropical response to tropical forcing.
They suggested that it is not always appropriate to use
seasonal mean data in the study of the low-frequency
circulation. The dependence of the extratropical atmo-
spheric response on the climatological mean flow may
be one of the reasons for the differences in the PNA
pattern between early winter and later winter. One aspect
of this study, whichis new relative to the previouswork,
is that the occurrences of a PNA pattern in early winter
are primarily associated with the North Pacific SST,
while in later winter they are associated with both the
El Nifio-related tropical SST and the North Pacific SST.
Theresultsindicate a seasonality of Pacific SST in com-
pany with the prominent atmospheric circulation anom-
aies.

The atmospheric circulation associated with the var-
iability of Pacific SST was also assessed by analyzing
the 12 NCAR CCM3 simulationsforced by the observed
time-varying SST. The ensembleresponseto the El Nifio
SST displays a PNA-like pattern in both early and late
winter. Therefore, the SST-forced circulation is unable
to describe the differences between early and late winter
circulation patterns. The EOF analysis on the individual
CCM3 runs suggests that the internal variability of the
atmosphere tends to decrease the frequency of occur-
rence of the PNA patternin El Nifio years. Asmentioned

earlier, there are some other mechanisms responsiblefor
generating and maintaining the PNA pattern, including
climatological mean flow and storm tracks (Simmons
et al. 1983; Kok and Opsteegh 1985). The observed
correlations between the PNA pattern and the North
Pacific SST may be the manifestation of the interactions
between the North Pacific SST and these atmospheric
processes, including theinternal atmospheric variability.
Given a strong association of the PNA pattern with the
North Pacific SST, the climate predictions based on en-
semble model response to the tropical SST should be
interpreted with caution.

Nonlinearity is another issue in the influence of trop-
ical SST on the extratropical circulation. Hoerling et al.
(1997) revealed the existence of nonlinear extratropical
responses between El Nifio and La Nifia events. In ad-
dition to the polarity of the SST, the differences in at-
mospheric responses to weak and strong El Nifio also
reflect one aspect of the nonlinearity. Even in a single
El Nifio event, the magnitudes of the SST anomalies
vary with time. It would be interesting to extend this
study to the influences of both intensities and evolution
of the El Nifio SST on the extratropical circulation, and
to the La Nifia case as well.
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