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ABSTRACT

The impacts of the El Nifio-Southern Oscillation (ENSO) on the Antarctic region are of special importance
in evaluating the variability and change of the climate system in high southern latitudes. In this study, the ENSO
signal in modeled precipitation over West Antarctica since 1979 is evaluated using forecast precipitation from
several meteorological analyses and reanalyses. Additionally, a dynamical retrieval method (DRM) for precip-
itation is applied. Over the last two decades, the Southern Oscillation index (SOI) has an overall anticorrelation
with precipitation over the West Antarctic sector bounded by 75°-90°S, 120°W-180° while it is positively
correlated with precipitation over the South Atlantic sector bounded by 65°-75°S, 30°-60°W.

Decadal variations are found as the relationship between the SOI and West Antarctic precipitation is stronger
in the 1990s than that in the 1980s. The polar front jet stream, West Antarctic precipitation, and the SOI show
a well-ordered correspondence during the 1990s as the jet zonal speed is negatively correlated to the SOI and
positively correlated to West Antarctic precipitation. These relationships are weaker during the 1980s, consistent
with the changein sign of the correlation between the SOI and West Antarctic precipitation. The decadal variations
are apparently related to changes in the quasi-stationary eddies that determine the local onshore and offshore
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flow over West Antarctica.

1. Introduction

The El Nifio-Southern Oscillation (ENSO) is rec-
ognized as one of the most prominent sources of global
climate variability. Not only have its signatures been
found in tropical areas, but they are also found in remote
parts of the globe. Over Antarctica and the surrounding
oceans signals are present in the surface temperature
and pressure (Smith and Stearns 1993), the tropospheric
split jet (Chen et a. 1996), sea ice (Carleton 1988;
Gloersen 1995; Simmonds and Jacka 1995; Yuan and
Martinson 2000; Kwok and Comiso 2002), and precip-
itation/accumulation in a sector (75°—90°S, 120°W-
180°) of West Antarctica (Fig. 1, Cullather et al. 1996;
Bromwich et al. 2000).

Among these findings, particular interest has focused
on the ENSO signal in West Antarctic precipitation for
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the following reasons. First, the Ross Sea area in the
West Antarctic sector has been found to be one of pivotal
significance for global climate variability and change,
and it is critical in the transport of mass, heat, and mo-
mentum between the Antarctic continent and middle
latitudes of the Southern Hemisphere on a variety of
time scales (e.g., Parish and Bromwich 1998; Hines and
Bromwich 2002). Second, over the last 50 years the
Antarctic Peninsula and its vicinity have experienced
major climatic change as evidenced by rising surface
temperature (King 1994; Smith et a. 1996; Hansen et
al. 1999) and the disintegration of a number of floating
ice shelves (Rott et al. 1998; Scambos et al. 2000). The
ENSO signal detection helpsexaminetherole of tropical
forcing in such regional climate change. Third, the sur-
face mass balance of polar ice sheets is the net result
of the precipitation, sublimation/deposition, drift snow,
and melt. Among various components of the surface
mass balance, precipitation is the dominant term and is
believed to be an important contributor to global sea
level change (e.g., Bentley 1993). Fourth, the ENSO
signal in precipitation over the West Antarctic sector is
still somewhat uncertain due to conflicting findings. As
discussed below, precipitation minus evaporation/sub-
limation (P — E) closely approximates snow accumu-
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Fic. 1. Map of Antarctica with topographic features and West Antarctic sectors that are of particular
interest. Elevation contour interval is 500 m.

lation over the ice sheet interior and the West Antarctic
sector. Cullather et al. (1996) and Bromwich et al.
(2000) detect a decadally varying ENSO signal in P —
E derived from the atmospheric moisture budget using
European Centre for Medium-Range Weather Forecasts
(ECMWEF) Tropical Ocean Global Atmosphere (TOGA)
Project operational analyses. They conclude that the re-
lationship between the P — E over the West Antarctic
sector and the Southern Oscillation index (SOI) switches
abruptly from apositive correlation from the early 1980s
until 1990 to a negative correlation after 1990. In con-
trast, Genthon and Krinner (1998) are unable to find a
strong ENSO signal in the modeled West Antarctic pre-
cipitation using data from the ECMWF 15-yr Re-Anal-
ysis (ERA-15). Finally, as stated by Bromwich et al.
(2000), understanding the ENSO teleconnection with
high southern latitudes will lead to better seasonal fore-
casting. The unusually severe weather conditions during
the austral summer of 1997/98 (one of the most intense
ENSO periods of the last century) encountered by U.S.
Antarctic field researchers underline the importance of
seasonal forecasting for the Ross Ice Shelf and West
Antarctic regions.

The currently available precipitation datasets such as
the Global Precipitation Climatology Project Version 2
(GPCP-2) satellite—gauge precipitation dataset (Huff-

man et al. 1997) and the Xie-Arkin dataset (Xie and
Arkin 1998) are unreliable for studies of West Antarctic
precipitation (Bromwich et al. 2004a). Furthermore, di-
rect precipitation and accumulation measurements over
the Antarctic are replete with practical difficulties. Here,
modeled precipitation data from the following sources
are used to detect ENSO signals over the West Antarctic
sector: the National Centers for Environmental Predic-
tion (NCEP) Department of Energy (DOE) Atmospheric
Model Intercomparison Project 2 (AMIP-2) reanalysis
(NCEP2; 1979-2000); ECMWF/TOGA operational
analyses (ECT, 1991-2000); ERA-15 (1979-93); and
modeled precipitation from the dynamic retrieval meth-
od (DRM). Furthermore, a combination called ERA-15/
ECT consists of ERA-15 for 1979-90 and ECT for
1991-99. The use of the DRM to calculate precipitation
has been developed and verified for the Greenland ice
sheet (Chen et al. 1997; Bromwich et a. 2001). The
DRM has also been successfully applied to retrieve the
precipitation for Antarctica from 1979 to 1999 using
ECT and ERA-15 datasets, as discussed in a parallel
paper (Bromwich et al. 2004a). Additionally, the Polar
MMS5, aregional atmospheric model based on the fifth-
generation Pennsylvania State University—National
Center for Atmospheric Research (PSU-NCAR) Me-
soscale Model (Bromwich et al. 2004a,b; Guo 2003)
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has been run over Antarctica for July 1996-June 1999,
and the interannual variability of simulated precipita-
tion, sublimation, and P — E are evaluated over the
West Antarctic sector in comparison with the SOI.

Recently, some errors have been found in severa of
the above datasets (e.g., Bromwich et al. 2000; Hines
et a. 2000; Marshall and Harangozo 2000; Kanamitsu
et a. 2002; Marshall 2002). In this study, modeled pre-
cipitation and reanalyses data from various sources are
used in order to alleviate the uncertainty associated with
the study of any one dataset. Noting the close relation-
ship between the interannual variability in precipitation
and mean circulation (Bromwich et al. 2000), we also
study the correlation between the modeled West Ant-
arctic precipitation and strength of the polar front jet.
The polar front jet is the southern component of the
tropospheric split jet over the South Pacific Ocean. Over
the central Pacific Ocean, the ENSO cycle modulates
the jet (Chen et a. 1996).

We evaluate these linkages with correlation studies.
To filter out annual cycles while preserving interannual
variability, 12-month centered running means are first
applied to the data. Additionally, correlations have been
calcul ated between the annual mean (May—April) values
to verify the results. The detection of ENSO signalsin
the precipitation over West Antarctica is presented in
section 2. The linkage between the polar front jet stream
and precipitation over the West Antarctic sector is pre-
sented in section 3. Finally, a summary of the findings
is given in section 4.

2. Detection of ENSO variability of modeled
precipitation over West Antarctica

The DRM is discussed in Bromwich et al. (20043,
hereafter Part I). This method uses the association be-
tween the vertical motion and large-scal e condensation
to retrieve the precipitation. In comparison to atmo-
spheric models, the dynamic retrieval method has the
advantages that no initialization or parameterizations of
the complex physical processes are necessary in the
retrieval process, and associated errors in parameteri-
zations and model spinups are reduced. These advan-
tages make the retrieval method compelling for detec-
tion of ENSO signals in retrieved precipitation over
West Antarctica. To retrieve the precipitation with the
DRM, a sguare polar stereographic domain centered at
the South Pole is employed for the calculations. The
horizontal domain consists of 181 grid points in each
orthogonal direction with a resolution of 40 km. The
model topography data over the Antarctic continent are
interpolated from a 5-km-resolution digital elevation
model of Antarctica (Liu et al. 1999) using bilinear
interpolation from the nearest points (Fig. 1).

Previously, the ENSO modulation of Antarctic ac-
cumulation was evaluated by Bromwich et al. (2000)
using moisture flux convergence to estimate P — E,
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where P is the precipitation rate, E is the rate of evap-
oration/sublimation, A is the area over which the net
precipitation is calculated, g is gravity, q is specific
humidity, p is pressure, Py, is the surface pressure, V
is the horizontal velocity, and n is the outward normal
to the area perimeter. Genthon and Krinner (1998) dem-
onstrated that precipitation is much larger than evapo-
ration over Antarctic latitudes, and Guo et al. (2003)
show that thisis particularly true for the West Antarctic
sector. Both of these sources show that the interannual
variability of P — E overwhelmingly results from the
precipitation. Thus, it is reasonabl e that we examine the
forecast precipitation to further our knowledge on the
linkage of P — E variations to ENSO. Furthermore,
although the forecast precipitation from analyses and
reanalyses should ideally be closely linked to the mois-
ture flux convergence, Genthon and Krinner (1998)
found that the ERA-15 forecast P — E is more than
10% less that derived from the corresponding moisture
flux of the analyzed fields for the polar cap inside 70°S.
Given this lack of closure, we do not necessarily expect
close agreement between the forecast precipitation and
the retrieved precipitation on regional scales.

a. ENSO correlations to precipitation

Correlation patterns provide an empirical picture of
the teleconnections relating temporal variability in the
different regions of the world. Figures 2a, 3a, and 4a
present 12-month centered running mean correlations
between the SOl and modeled precipitation over high
southern latitudes for the last two decades calculated
from NCEP2, ERA-15/ECT, and DRM, respectively,
while Figs. 2b, 3b, and 4b show their counterparts for
the 1990s. Monthly values of the Tahiti-minus-Darwin
SOl are obtained from the Climate Prediction Center
(more information available online at http://www.cpc.
ncep.noaa.gov/data/indices/). In order to show the sig-
nificance level related to sample amounts in the cor-
relation calculations, different grayscales are used in
these figures, and the confidence levels accounting for
autocorrelation are indicated with those scale bars. Cor-
relations are generally largest between the SOI and the
modeled precipitation at a lag of 0 months. Conse-
guently, no lagged correlations are discussed for sim-
plicity.

Several areas, where the correlation between the SOI
and modeled precipitation is statistically significant for
the last two decades, especialy in the 1990s, clearly
stand out in Figs. 2—4. Those areas include the South
Atlantic sector near the Weddell Sea, the West Antarctic
sector near the Ross and Amundsen Seas, and the Amery
Ice Shelf (Fig. 1). Although there are some differences
in the details of the correlation patterns, all datasets
generally agree with each other in reproducing the basic
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Fic. 2. Map of correlations of 12-month running means between the SOI and forecast precip-
itation over Antarctica from the NCEP-DOE AMIP-2 reanalysis for (a) 1979-99 and (b) 1990—
99. Shading denotes the confidence of the correlations according to a Student’s t test.

features of the spatial distribution. In Figs. 2a, 3a, and
4a significant positive correlations can be found in the
South Atlantic sector and Amery Ice Shelf, and a sig-
nificant negative correlation can be found in a small
areain the West Antarctic sector for thelast two decades.
Those correlations are found to be robust in the 1990s

with larger areas and magnitudes than those in the last
two decades.

We will focus on the two sectors shown in Fig. 1 for
several reasons. The correlations in Figs. 2—4 tend to
be large in these areas. The Ross Sea area in the West
Antarctic sector is critical in the transport of mass, heat,
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Fic. 3. Map of correlations of 12-month running means between the SOl and forecast precip-
itation over Antarctica for (a) 1979-99 and (b) 1990-99 from the combined ERA-15 reanalysis
(1979-90) and ECMWF analysis (1991-99) datasets.

and momentum between the Antarctic continent and
middle latitudes of the Southern Hemisphere on a va-
riety of time scales. The two sectors are near the lo-
cations most impacted by the Antarctic dipole, which
is strongly modulated by the ENSO cycle (Yuan and
Martinson 2001). The dipole ENSO responses in these

areas during the late-1990s ENSO cycle is clearly dem-
onstrated by the modeling results with Polar MM5 by
Bromwich et al. (2004b). Furthermore, the Weddell Sea
sector is close to the Antarctic Peninsula where major
climatic change has been observed over the last 50
years.
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Fic. 4. Map of correlations of 12-month running means between the SOl and modeled precip-
itation over Antarcticafor (a) 1979-99 and (b) 1990-99. Precipitation isretrieved with the dynamic
retrieval method from ERA-15 for 1979-89 and ECT for 1990-99.

b. Time series

Figure 5 shows the monthly mean and annual mean
time series for the modeled precipitation over the West
Antarctic sector bounded by 75°-90°S, 120°W-180°
(Fig. 1). All three datasets agree closely each other in
reproducing both the seasonal and interannual variations
in mean precipitation averaged over the West Antarctic
sector (Fig. 5, Table 1). The correlations among the three
datasets in the last two decades are 0.77 and 0.65 or
larger for monthly and annual mean val ues, respectively.
Monthly mean and annual mean time seriesfor the mod-
eled precipitation over the South Atlantic sector bound-

ed by 65°-75°S, 30°-60°W are shown in Fig. 6. Inter-
annual variations in precipitation appear to be on the
order of 100 mm yr—* for this sector, about twice as
large as for the West Antarctic/Ross Sea sector. Al-
though precipitation over the South Atlantic sector is
significantly underestimated by the dynamic retrieval
method due to the omission of mesoscale convection
and associated precipitation, asimilarly good agreement
is found in the seasonal and interannual variations in
South Atlantic precipitation from various methods. The
correlations among three datasetsin the last two decades
are larger than 0.80 and 0.63 for monthly and annual
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Fic. 5. Time series of the modeled precipitation for (a) monthly means and (b) annual means over the
West Antarctic sector bounded by 75°-90°S, 120°W-180°.

mean values, respectively. These good agreements in
the seasonal and interannual variations suggest that the
ENSO signals in the interannual variation of precipi-
tation in these two sectors are strong enough to survive
in reproduction by various methods (with different phys-
ics configurations).

To examine the regional features of the relationship
pattern between the SOI and West Antarctic precipita-
tion, monthly means of modeled precipitation are av-
eraged over two sectors shown in Fig. 1: the West Ant-
arctic sector (75°-90°S, 120°W-180°) and the South At-
lantic sector (65°-75°S, 30°-60°W). Correlations be-
tween the area-averaged precipitation and the SOI are
then calculated.

Figure 7a presents 12-month centered running means
of the Southern Oscillation index and modeled precip-
itation for the West Antarctic sector. During the time
period investigated, the ENSO cycle experiences three
well-defined cold events (SOl > 0) during 1988/89,
1996, and 1998/99 and three well-defined warm events

TaBLE 1. Correlation between different representations of modeled
precipitation for 1979-99 over the West Antarctic sector bounded by
75°-90°S, 120°W-180°.

Monthly 12-month Annual
Modeled precipitation mean running mean mean
NCEP2 forecast and
ERA-15/ECT forecast 0.85 0.79 0.82
NCEP2 forecast and DRM 0.77 0.62 0.65
ERA-15/ECT forecast and
DRM 0.89 0.72 0.71

(SOI < 0) during 1982/83, 1986/87, and 1997/98. There
is also an extended warm event beginning in 1991 with
varying intensity through 1995. Each of the modeled
precipitation series exhibit similar relationshipswith the
SOl. For the approximate periods 1979—-83 and 1990—
99, model ed precipitation and the SOI appear negatively
correlated in Fig. 7a, with increases in the SOl matched
by decreases in modeled precipitation. During the years
1983-90, on the other hand, the correspondence be-
tween the modeled precipitation and the SOI is less
clear. It should be noted that the quality of ERA-15 near
Antarcticais reduced due to surface height errorsin the
input of Antarctic observations, and this can impact the
precipitation fields (Bromwich et al. 2000). There are
analogous errors in the input of observations for the
NCEP-National Center for Atmospheric Research
(NCAR) reanalysis (Marshall 2002). Therefore, it is not
surprising to find some disagreement between the dif-
ferent analyses. One time period when differences are
apparent is during the late 1980s. All three estimates of
West Antarctic precipitation shown in Fig. 7a indicate
that minima occur during the El Nifio event near 1987.
Thisis more clearly seenin Fig. 5b. During the LaNifa
event that follows, the DRM displays a strong maximum
in precipitation. Well-defined maxima, however, are not
apparent during this La Niflain Fig. 7afor the forecast
precipitation from ERA-15 and NCEP2. We shall dis-
cuss this event again later in this section.

To assess the relative strength of the ENSO telecon-
nection with West Antarctic precipitation, correlation
analyses are performed for 1980-89, 1990-99, and
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Fic. 6. Time series of the modeled precipitation for (a) monthly means and (b) annual means over the
South Atlantic sector bounded by 65°-75°S, 30°—60°W. Note that the right-hand scale is for DRM.

1979-99. Correlations between the SOI and West Ant-
arctic precipitation calculated from three datasets are
listed in Table 2. For the entire period under study, West
Antarctic precipitation appears to be weakly anticorre-
lated with the SOI. This negative correlation, however,
is found to be robust in 1990s. According to thet test,
if 10 years of data represent 10 independent samples,
then correlations must be above 0.63 or 0.77 to be sig-
nificant at the 95% and 99% confidence level, respec-
tively. In the 1990s, correlations calculated from all
three datasets are significant at the 95% confidence lev-
el.

Strong support for the decadally varying ENSO signal
depicted in Fig. 7ais provided by a deuterium isotope
time series (Fig. 7b). The time series is from a coastal
ice coredrilled at Siple Dome in the middle of the West
Antarctic sector shown in Fig. 1. Kreutz et al. (2000)
concluded from an analysis of a glaciochemical record
from a Siple Dome ice core that ENSO variability has
influenced this site for at least the past century. Deu-
terium isotope concentrations are a proxy for the net
accumulation on the annua time scale in this area
(Bromwich et al. 2000). Figure 7b compares the deu-
terium isotope concentrations with modeled precipita-
tion in this area. The isotope time series appears to be
anticorrelated to the SOI in earlier and later years of
the period from 1979 to 1994. Figure 7b, however, also
shows an apparent positive correlation between the SOI
and the isotope time series during the middle and late
1980s. The isotope record in the late 1980s includes a
minimum followed by alarge maximum, consistent with
the DRM curvein Fig. 7a. Thus, it supportsthe findings

of Bromwich et al. (2000). It is noted that these results
are from one ice core, and additional cores drilled in
this areawould be helpful to confirm these results. Also,
further verification is desirable to confirm that the var-
iations in isotopic concentrations of deuterium are a
good proxy for variations of precipitation in this area.

Cullather et al. (1996) and Bromwich et al. (2000)
used the moisture flux budget (MFB) calculated from
ERA-15 and ECT datasets to estimate accumulation for
annual means. Figure 8 shows the computed 12-month
centered running mean moisture convergence for both
ERA-15 and ECT in comparison with the SOI. It is
similar to an analysis by Bromwich et al. (2000); how-
ever, the ECT data is updated through the end of 1999.
They conclude that the derived accumulation is posi-
tively correlated with the SOI from the early 1980s to
1990 and then switches abruptly to become strongly
anticorrelated after 1990.

c. Mechanisms for decadal differences

A review of Figs. 7a and 8 and Table 2, however,
shows conflicting evidence concerning the existence of
a positive correlation during the 1980s. Statistically sig-
nificant positive correlations are not found for either the
NCEP2 forecast precipitation or the ERA-15 forecast
precipitation. The correlation for 1985-89 is significant
for DRM using ERA-15. The large variation in the cor-
relation for these years in Table 2 is indicative of the
uncertainty. This is especially reflected in the differing
response for the 1988/89 La Nifa event seen in Figs.
7a and 8.
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Fig. 7. The 12-month centered running means of the SOI and (a) modeled precipitation over
the West Antarctic sector bounded by 75°-90°S, 120°W-180°, and (b) deuterium isotope depl etions
obtained from Siple Dome ice core (after Bromwich et al. 2000).

TABLE 2. Correlation between the SOI and 12-month centered run-
ning mean of modeled precipitation over the West Antarctic sector
bounded by 75°-90°S, 120°W-180°.

Modeled precipitation 1979-99 1979-89 1990/91-99 1985-89

NCEP2 forecast -0.31 0.22 -0.75 —0.08
ERA-15 forecast 0.13 0.44
ECT forecast —0.66
ERA-15/ECT forecast -0.28

DRM with ERA-15 0.27 0.74
DRM with ERA-15/ECT —0.10 -0.63

Insight into the variable impact of ENSO on West
Antarctica is demonstrated by Fig. 9 that shows the
average mean sea level pressure difference between La
Nifia events and El Nifio events after 1979 and the
anomaly patterns for ENSO eventsin the 1990s and late
1980s. The El Nifio events selected for the difference
patternin Fig. Qaare 1982/83, 1987, 199195, and 1997/
98. The La Nifia events are 1988/89 and 1998/99. For
the 1987 event, which actually began in late 1986 and
ended in early 1988, a 12-month average from January
to December is taken. All the other events are averaged
from July to June. For the difference pattern in Fig. 9a
the four El Nifo events are each weighted by 0.25 and
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Fic. 8. The 12-month centered running means of the SOI and moisture flux convergence for
the West Antarctic sector calculated from ERA-15 and ECT (after Bromwich et al. 2000).

the La Nifia events are each weighted by 0.5. The ERA-
15 reanalysis is used for fields from 1979 to 1990, and
ECT is used for 1991-99. Anomaly fields in Figs. 9b—
9f show the difference from the 1979-99 average.

The La Nifia minus El Nifio pattern in Fig. 9a is
consistent with the weak overall negative correlation
between the SOI and accumul ation in the West Antarctic
sector. As the geostrophic flow is clockwise around a
low pressure center in the Southern Hemisphere, weak
offshore flow occurs on the average during a La Nifia
event. In Fig. 9f (Figs. 9d and 9e) for the 1990s, how-
ever, the offshore (onshore) flow is stronger during La
Nifia (El Nifio) events; hence the correlation is stronger.
On the other hand, the 1980s events have important
differences from the mean ENSO patternin Fig. 9a. The
reduced accumulation during the 1987 El Nifio is easily
attributed to offshore geostrophic flow (Fig. 9b). While
Fig. 9 reflects the variable response to ENSO in high
latitudes, the 1987 event appears to be particularly
anomalous. The anomalous accumulation during the
1988/89 La Nifia is not apparent from Fig. 9c, as the
geostrophic flow appears to be parallel to the West Ant-
arctic shore west of 100°W. Thus, perhaps it is not sur-
prising that Figs. 7 and 8 display different accumulation
characteristics for this event.

The NCEP2 forecast precipitation in Fig. 7a shows
the weakest maximum for the 1988/89 La Nifa. The
NCEP2 value, however, may be unreliable near that
time. Figure 10 shows the 12-month running mean of
sea level pressure and 500-hPa geopotential height ob-
served near the Pacific Antarctic coast at Leningrad-
skaya (69.5°S, 159.4°E) along with interpolated values

from NCEP2, ERA-15, and ECT. The NCEP vaues
show an apparently spurious drop of 3—4 hPa in sea
level pressure and 30—40 gpm in 500-hPa height during
1988. No similar trends are seen for ERA-15 and ECT,
although Genthon (2002) notes that there appear to be
surface height errors in the incorporation of Dome-C
(74.5°S, 123.0°E) data into ERA-15 around 1990. The
change in the NCEP2 fields near Leningradskaya sug-
gests a station height error analogous to those at other
sites found by Marshall (2002) for the NCEP-NCAR
reanalysis during the 1990s and by Bromwich et al.
(2000) for ERA-15. Cullather et al. (1997) also noticed
that some of the largest biases versus observations for
the ECMWF and NCEP operational analyses are found
at Leningradskaya, where there may have been diffi-
culties incorporating the observations into the analyses.
Therefore, the variations of NCEP2 fields are suspect
near the 1988/89 event, and the ERA-15 and ECT values
appear to be preferable for thistime period in the Pacific
Antarctic region. The ERA-15 forecast precipitation
does not show a statistically significant positive corre-
lation as the 1988/89 maximum is weak compared to
the early 1990s and 1997/98 maximum in Fig. 7a. On
the other hand, the DRM using ERA-15 values for
197990 shows a strong maximum in accumulation for
the 1988/89 La Nifia and the positive correlation to the
SOI during 1985-89 is statistically significant. The
moisture flux calculations in Fig. 8 also show a strong
accumulation maximum during 1988/89 based on ECT.
Given the support provided by the isotope valuesin Fig.
7b, it appears that the weight of reliable evidence sup-
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ports the positive correlation between West Antarctic
accumulation and SOI during the middle and late 1980s.

While strong decadal variability is evident in the im-
pact of ENSO on the West Antarctic precipitation with
the relationship being much better defined in the 1990s
than the 1980s, strong correlations can also be found
between the SOI and other atmospheric variables. As
an example, Fig. 11 shows the correlations between SOI
and mean sea level pressure calculated from NCEP2 for
the sets of years 1980-89, and 1990-99. The correla-
tions between the SOl and mean sea level pressure are
weak over the South Pacific—South American sector dur-
ing the 1980s (Fig. 11a). While the 1990-99 pattern
shows qualitative similarity to that during 1980-89, the

correlated regions are larger and show stronger statis-
tical significance during the more recent decade (Fig.
11b). The regions of highest correlation have shifted
eastward during the 1990s. The implied latitudinal ad-
vections of sea ice in the Weddell Sea and northeast of
the Ross Sea as suggested by Fig. 11b are consistent
with the Antarctic dipole, which is the seesaw relation-
ship between sea ice extent in these basins modulated
by the ENSO cycle (Yuan and Martinson 2001). Thus,
the decadal variations in the ENSO teleconnection may
have a signal in Antarctic seaice.

Genthon and Krinner (1998) are unable to find a
strong ENSO signal in the modeled West Antarctic pre-
cipitation using forecast precipitation from the ERA-15.
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Fic. 11. Correlations of annual running mean of NCEP2 sea level pressure with the SOI for (a)
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Bromwich et al. (2000) show that certain deficiencies
exist in ERA-15, and these deficiencies result in aweak-
er ENSO signal in Antarctic precipitation. Furthermore,
with only a few years of data, the anomalies in precip-
itation depend heavily on the mean field, and correla-
tions are not optimal in bringing out such relationships
(Trenberth and Caron 2000). Given the close relation-

ship between mean circulation and interannual vari-
ability in precipitation, decadal changes present in im-
pacts of the ENSO on mean circulation over the West
Antarctic may affect ENSO signal detection in this area
when only two decades of data are used.

Over the South Atlantic sector, a positive correlation
is found between the area-averaged precipitation and
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the SOI for the last two decades. Figure 12 presentsthe
12-month centered running mean modeled precipitation
for the South Atlantic sector and the SOI. It shows that
each of the modeled precipitation series exhibit similar
correlation characteristics with the SOI. Overall, mod-
eled precipitation and the SOI are positively correlated
from 1979 to 1999, with increases (decreases) in the
SOI matched by increases (decreases) in modeled pre-
cipitation. There does appear to be some linkage in Fig.
12 between the SOI and the modeled precipitation over
the South Atlantic sector during the middle and late
1980s, perhaps with the modeled precipitation lagging
the SOI. Unlike the case for the West Antarctic sector,

there is not an obvious switch between negative and
positive correlations, although the relationship appears
better defined during the 1990s when significant sea
level pressure correlations extend eastward into the
Weddell Sea (Fig. 11b). According to a Student’s t test,
the overall positive correlations between the SOI and
precipitation over the South Atlantic sector from all
three datasets are statistically significant at 95% con-
fidence level for the last two decades.

In summary, there are small areas over the West Ant-
arctic sector that show statistically significant negative
correlations between the SOI and modeled precipitation
for the last two decades. When averaged over the West
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NCAR reanalysis averaged over the South Pacific sector bounded by 55°—60°S, 120°W-180° and (b) the
zonal wind speed averaged over 120°W-180°. Calendar years are plotted at the midpoint of each year.

Antarctic sector, the correlation is not significant for
1979-99 due to the decadal-scale change that resulted
in an apparent reversed correlation during the middle
and late 1980s. The negative correlations, however, are
robust during the 1990s.

3. The linkage between the polar front jet and
West Antarctic precipitation

The West Antarctic sector is directly south of the
domain of the South Pacific split jet. Previous studies
find that cyclonic activity over this sector is influenced
by the oscillatory strengthening and weakening of the
subtropical and polar front jets associated with ENSO
(Karoly 1989; Chen et al. 1996). Furthermore, dispro-
portionately large amounts of precipitation occur over
West Antarctica (Lettau 1969; Bromwich et al. 1995),
where cyclonic activity isableto penetrateinland. These
findings suggest that the polar front jet variability is
connected with the ENSO variability of West Antarctic
precipitation. Therefore, this section presents the ENSO
modulation of the polar front jet along with the corre-
lation between West Antarctic precipitation and polar
front jet strength. Given that polar front jet strength is
modulated by the ENSO cycle, when and if there is a
strong correlation between the West Antarctic precipi-
tation and the polar front jet strength, there could be a
favored ENSO signal in West Antarctic precipitation.

a. Polar front jet modulation by the ENSO cycle

The ENSO cycle modulates the South Pacific jet
streams with the intensity of the subtropical jet near
30°S anticorrelated to that of the polar front jet near

60°S. This is noted by Chen et al. (1996) who show
that, over the central South Pacific Ocean, the subtrop-
ical jet strengthens during El Nifio events, while the
polar front jet strengthens during La Nifa events. The
linkage with the polar front jet will now be demonstrat-
ed.

For analyzed fields prior to 1979, the NCEP-NCAR
reanalysis (Kalnay et al. 1996; Kistler et al. 2001) can
be used, although some caution must be applied for
climate studies near Antarctica (e.g., Marshall 2002).
Figure 13 shows the annual running mean SOI and 200-
hPa zonal wind from NCEP-NCAR reanalysis (1968—
2000) averaged over the South Pacific sector bounded
by 55°-60°S, 120°W-180° for 1971-2000. The NCEP-
NCAR reanalysis was impacted by an improper incor-
poration of the Southern Hemisphere Australian surface
pressure bogus data (PAOBS; Kanamitsu et al. 2002).
This error can significantly impact the day-to-day var-
iability, but the monthly mean fields used here are not
believed to be significantly degraded. There is also a
spurious long-term increase in the wind speed for these
latitudes (Hines et al. 2000). Figure 13, however, sug-
gests that the SOI and the zonal wind interact primarily
on atime scale of afew years. Thus, the spurious long-
termtrend isunlikely to adversely impact the correlation
between the zonal wind and the SOI. The correlation
between the two time series in Fig. 13a is 0.47. Ac-
cording to a Student’st test, the correlation is significant
at about the 99% confidence level. Figure 13b shows
the meridional distribution of the 200-hPa zonal wind
averaged over 120°W-180°; aclear relationship between
the phase of the Southern Oscillation and the strength
of polar front jet is apparent. The polar front jet tends
to intensify during La Nifia events and weaken during
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TaBLE 3. Correlation of 12-month centered running means of the
SOl and the 200-hPa zonal wind averaged over the South Pacific
sector bounded by 55°-60°S, 120°W-180°.

Model 1971-2000 1979-99 1970-79 1980-89 1990-99
NCEP-NCAR 0.47 0.54 0.57 0.43 0.69
NCEP2 0.56 0.47 0.71
ERA-15/ECT 0.50 0.46 0.68
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TABLE 4. Correlation of 12-month centered running means of mod-
eled precipitation over the West Antarctic sector bounded by 75°—
90°S, 120°W-180° and the 200-hPa zonal wind averaged over the
South Pecific sector bounded by 55°—60°S, 120°W-180°.

Model 1979-99 198089 1990/91-99
NCEP2 -0.75 -0.44 —0.83
ERA-15/ECT —0.55 -0.31 —0.58

El Nifio events. A similar positive correlation can be
shown between the intensity of the polar front jet and
the SOI for the ERA-15/ECT and NCEP2 datasets (Ta-
ble 3).

Chen et al. (1996) investigated the physical mecha
nisms for the ENSO modulation of the polar front
through a case study for the 198689 cycle including a
moderate El Nifio followed by a strong La Nifa. Their
momentum budget analysis shows that polar front jet
strength is affected by both poleward eddy momentum
transport from low latitudes nearer the tropical sea sur-
face temperature anomalies and equatorward eddy mo-
mentum transport from high latitudes. It might be par-
ticularly true for 1988 that the polar front jet strength
is highly influenced by the enhanced momentum trans-
port on planetary scales (Chen et al. 1996) from the
high-latitude blocking anomalies during that year
(Bromwich et al. 1993). It may explain the anomaly in
the modulation of polar front jet strength by the ENSO
cycle around the year 1988. Notice in Fig. 13a that the

maximum in polar front jet speed lags the 1988 maxi-
mum in the SOI.

b. Correlation between West Antarctic precipitation
and strength of polar front jet

Figure 14 shows the correlation between modeled
precipitation for the West Antarctic sector and the 200-
hPa zonal wind for the South Pacific sector. The pre-
cipitation data are averaged over 75°-90°S, 120°W-
180°, while the 200-hPa zonal winds are averaged over
the sector 55°-60°S, 120°W-180°, where the polar front
jet is centered. It clearly shows that there is an overall
negative correlation between the West Antarctic precip-
itation and the 200-hPa zonal wind during the last two
decades. The correlations are —0.75 and —0.55 for the
NCEP2 and ERA-15/ECT datasets, respectively (Table
4). The values are significant at the 99% confidence
level.

The connection between ENSO and the polar front
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Fic. 14. Annua running means of modeled precipitation averaged over the West Antarctic
sector bounded by 75°-90°S, 120°W-180° and 200-hPa zonal wind averaged over the South
Pacific sector bounded by 55°—60°S, 120°W-180° for (a) the NCEP-DOE AMIP-2 reanalysis and
(b) the combined ERA-15 and ECT datasets, respectively.
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jet over the central and eastern Pacific Ocean in the
Southern Hemisphere can be understood from the dif-
ference between the El Nifio and La Nifia pressure gra-
dients implied by Figs. 9a and 11. During La Nifa (El
Nifio) events, the midlatitude pressure gradient supports
astronger (weaker) polar front jet stream. Over thewest-
ern Pacific Ocean, the connection between the pressure
gradient and ENSO is less well defined; hence there is
not a strong correlation between the polar front jet
stream and ENSO there (Bals-Elsholz et a. 2001). As
the ENSO responsein the pressure field is better defined
in the 1990s, especially over the eastern Pacific basin,
the correlation to the polar front jet is also larger.

4. Summary

The ENSO signal in modeled precipitation is evalu-
ated using several sources including the NCEP-DOE
AMIP-2 reanalysis, a combination of the ECMWF 15-
yr Re-Analysis and the ECMWF/TOGA operationa
analysis, and the dynamic retrieval method. The use of
multiple sources helps reduce impacts of errors in the
individual datasets. Furthermore, the agreement be-
tween the results from the various sources provides
some estimate of the reliability of the results. The sum
of results in this study indicates that there is an overall
anticorrelation between the SOI and precipitation over
the West Antarctic sector bounded by 75°—90°S, 120°W—
180° during the years 1979—-2000, while the correlation
is positive for the South Atlantic sector bounded by 65°—
75°S, 30°-60°W. Furthermore, the polar front jet north
of the West Antarctic sector is positively correlated to
the SOI.

The negative correlation between the SOl and West
Antarctic precipitation in the West Antarctic sector is
particularly pronounced during the 1990s. During this
decade, the ENSO teleconnection pattern in the eastern
South Pacific region is better defined and shifted east-
ward compared to that of the 1980s. The quasi-station-
ary eddies north of West Antarctica appear to be re-
sponsible for the decadal variation of the teleconnection
between ENSO and West Antarctic precipitation. These
eddies establish onshore or offshore flow patterns bring-
ing wet or dry conditions, respectively. During the
1990s, moisture advection by the quasi-stationary ed-
dies supported the negative correlation to the SOI. The
midlatitude pressure gradient associated with the eddies
also influences the teleconnection between ENSO and
the local polar front jet speed.

On the other hand, from about 1983 to 1989 the quasi-
stationary eddies during ENSO extreme events appar-
ently supported a positive correlation between the SOI
and West Antarctic precipitation. As there is consider-
able variation between the different estimates of pre-
cipitation during this time period, the teleconnection
between ENSO and West Antarctic precipitation is less
certain. Nevertheless, the weight of evidence supports
the positive correlation previously found by Cullather
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et a. (1996) and Bromwich et al. (2000). Future ice
core studies on the West Antarctic ice sheet may help
to clarify the decadal modulation of the ENSO signal.
Additionally, the new multiyear reanalysis from
ECMWF (ERA-40) for 1957 onward should provide a
more reliable signal of ENSO in the Antarctic region.
The ERA-40 benefits from the lessons learned during
the earlier generation of reanalyses, and the Antarctic
research community has had considerable input. Ad-
ditional observations areincorporated into ERA-40, and
elevation errors present in earlier analyses and reanal-
yses have been removed. The variable high-latitude re-
sponse to the ENSO cycle demonstrated here encour-
ages future research to explore the mechanisms respon-
sible for the decadal changes.
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