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ABSTRACT

The El Nifio—Southern Oscillation (ENSO) signal in Antarctic precipitation is evaluated using European Centre
for Medium-Range Weather Forecasts (ECMWF) operational analyses and ECMWF 15-yr (1979-93) reanalyses.
Operational and reanalysis datasets indicate that the ENSO teleconnection with Antarctic precipitation is man-
ifested through a close positive correlation between the Southern Oscillation index and West Antarctic sector
(75°-90°S, 120°W-180°) precipitation from the early 1980s to 1990, and a close negative correlation after 1990.
However, a comparison between the operational analyses and reanalyses shows significant differences in net
precipitation (P — E) due to contrasts in the mean component of moisture flux convergence into the West
Antarctic sector. These contrasts are primarily due to the mean winds, which differ significantly between the
operational analyses and the reanalyses for the most reliable period of overlap (1985-93). Some of the differences
in flow pattern are attributed to an error in the reanalysis assimilation of Vostok station data that suppresses the
geopotential heights over East Antarctica. Reanalysis geopotential heights are also suppressed over the Southern
Ocean, where there is a known cold bias below 300 hPa. Deficiencies in ECMWF reanalyses result in a weaker
ENSO signal in Antarctic precipitation and cause them to miss the significant upward trend in precipitation
found in recent operational analyses. |ce-core analyses reflect both an upward trend in ice accumulation and the
ENSO teleconnection correlation pattern seen in the operational analyses. This study confirms the results of a
previous study using ECMWF operational analyses that was the first to find a strong correlation pattern between
the moisture budget over the West Antarctic sector and the Southern Oscillation index.
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1. Introduction

In remote areas of the high southern latitudes, the
information obtained by direct measurements of atmo-
spheric and surface parameters is limited not only by
the accuracy of the collection methods employed but
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also by the sparcity of the observational network in
place. The goal of seeking an accurate representation of
the spatial and temporal variability of precipitation over
the Antarctic continent is governed by these limitations,
as are other climatological studies (Bromwich 1988;
Bromwich et al. 1998). Expectations from the Inter-
national Trans-Antarctic Scientific Expedition (ITASE),
a project that will use ice-core data to obtain annual
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temporal resolution over asignificant portion of the Ant-
arctic continent, heighten interest in the potential of us-
ing atmospheric numerical analyses to reproduce snow
accumulation patterns and their temporal variability.
Snow accumulation closely approximates precipitation
minus evaporation/sublimation (P — E) over most parts
of Antarctica. Global analysis models allow the atmo-
sphereto be studied with arigor that would be extremely
difficult and expensive to match using direct observa-
tional approaches. Use of numerical analysesto estimate
high—southern latitude precipitation is described by Ya-
mazaki (1992), Bromwich et al. (1995), Genthon and
Braun (1995), Budd et al. (1995), Cullather et a. (1996),
and Cullather et al. (1998).

Despite the obvious benefits, caution must be exer-
cised when using model analyses. A comparison with
available observations is necessary in order to establish
numerical analysisintegrity. This study makesextensive
use of available observations to establish the validity of
numerical analyses in climatological research and ad-
dresses the issue of conflicting results from European
Centre for Medium-Range Weather Forecasts
(ECMWEF) operational analyses and the 15-yr reanalyses
related to recent interannual variability and trends in
Antarctic precipitation. Previously, Cullather et al.
(1996, hereinafter C96) presented a review of literature
relating atmospheric circulation over Antarctica to the
El Nifio—Southern Oscillation (ENSO) phenomenon. In
C96 P — E is computed via the atmospheric moisture
budget using operational analysesfrom ECMWEF Values
for the South Pacific sector of West Antarctica bounded
by 75°-90°S, 120°W-180° are found to be correlated
with ENSO from the early 1980s through 1990. The
relation becomes anticorrelated after 1990, a period cor-
responding to a significant increase in P — E for the
Antarctic continent.

A recent study by Genthon and Krinner (1998, here-
inafter GK98) using the ECMWF 15-yr reanalyses
(ERA-15) found fundamental differenceswith results of
C96 using ECMWF operational analyses. GK98 state
that they are unable to find a strong ENSO signal in
West Antarctic precipitation, and results using ERA-15
do not indicate a significant upward trend in P — E for
the Antarctic continent over the reanalysis time period.
It is suggested by GK98 that spurious trends in the
operational analyses may be the reason for the discrep-
ancies they find. This conclusion conflicts with prior
validation studies of the ECMWF operational analyses
in high southern latitudes (e.g., Bromwich et al. 1995;
Cullather et al. 1997). Although some differences
among the datasets are expected (and even desired), the
degree of discrepancy between them warrants serious
consideration. The need for validation of the new dataset
is even more necessary given the comprehensive vali-
dation that has already been done in the studies listed
above using ECMWF operational data.

The conflicting results also raise concerns regarding
the true nature of the high—southern latitude ENSO te-
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leconnection. These concerns are particularly important
in the context of recent studies showing Antarctic sea-
ice variability related to ENSO (Gloersen 1995; Sim-
monds and Jacka 1995), oceanic circumpolar variability
on ENSO timescales (White and Peterson 1996), in-
creased frequency of South Pacific blocking related to
the ENSO warm phase (Renwick 1998), and high-lat-
itude connections to tropical South Pacific warm and
cold events linked by climate anomaly wave train pat-
terns (Houseago et al. 1998). Thereisalso astudy using
observational data from the early 1980s through the
middle 1990s showing a possible ENSO signal in the
Ross Sea (Ledley and Huang 1997). A statistically sig-
nificant relationship is found between sea surface tem-
peratures in the Ross Sea (which includes part of the
West Antarctic sector used in C96 and in this study)
and ENSO variations. Understanding the ENSO tele-
connection with high southern latitudes will lead to bet-
ter seasonal forecasting. The importance of seasonal
forecasting isnot lost on U.S. Antarctic field researchers
from the austral summer of 1997-98 (one of the most
intense ENSO periods of the century) for the Ross Ice
Shelf and West Antarctic regions. They experienced un-
usually severe weather conditions resulting in curtail-
ment of field activities and alate opening of Amundsen—
Scott Station (South Pole). In addition, unusual storm-
iness over the Ross Sea forced an early end to sediment-
core retrieval efforts of the Cape Roberts project (Stone
1997).

The following sections of this paper critically eval-
uate ECMWF operational analyses and the results of
C96 in comparison with ERA-15 data and in situ ob-
servations. The P — E estimates of C96 are al so updated
to include data through March of 1999. P — E estimates
and mean field differences between ERA-15 and op-
erational analyses are discussed in section 3. Analysis
validation using available observations is covered in
section 4. This section also uses analyses of West Ant-
arctic sector ice cores to substantiate tendencies in pre-
cipitation accumulation and West Antarctic sector te-
leconnections with ENSO. Conclusions regarding anal -
ysisintegrity and the impact of analysis/observation dif-
ferences are discussed in section 5.

2. Numerical analysis descriptions

Three ECMWF numerical analysis data archives are
used to compute P — Ein this study. Two of the archives
consist of operational analyses. The first of these, the
World Meteorological Organization (WMO) archive, is
made up of initialized analyses that span 1980-89. The
second operational dataset is composed of uninitialized
analyses from the World Climate Research Programme/
Tropical Oceans Global Atmosphere (WCRP/TOGA)
Archive Il and spans 1985-99. These two operational
datasets are in reality based on the same operational
analyses, the only difference between them being that
one of them is initialized. The third ECMWF dataset,
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ERA-15, is a 15-yr reanalysis (see Gibson et al. 1997,
and references therein) that runs from 1979 to 1993.
Both operational datasets consist of analyses every 12
h at 0000 and 1200 UTC. ERA-15 analysesare available
four times daily. All analyses are archived on a 2.5°
|atitude—longitude grid. The WM O operational analyses
consist of data at seven standard pressure levels to 100
hPa. The WCRP/TOGA (hereafter referred to asTOGA)
operational analysesinclude 14 standard pressure levels
and the ERA-15 dataset includes 17 standard pressure
levels to 10 hPa. Although the vertical resolutions of
the datasets differ, the samelevelsare used in both ERA-
15 and TOGA P — E calculations for consistency. All
these ECMWF products are obtained from the National
Center for Atmospheric Research.

Although both WM O and TOGA operational analyses
are used to estimate West Antarctic sector precipitation,
the TOGA archive is the most current and so includes
the latest assimilation scheme enhancements available.
Thus, it is used extensively throughout this paper in
comparisons with the ERA-15 archive and in numerical
analysis validation efforts using observations. Details
regarding changes made to the production methods of
both operational analysis datasets can be found in Tren-
berth (1992). However, one of the more noteworthy
changes to the analysis production method occurs in
September 1991 when an increase in model resolution
is implemented along with changes to horizontal and
vertical diffusion, advection, and clouds.

The concept of reanalyses is popular because of con-
sistent assimilation procedures and maximum obser-
vation usage. Thus, unlike operational analyses, ERA-
15 does not suffer from discontinuities that occur as a
result of assimilation scheme changes. In addition, data
from the Global Telecommunications System that are
deemed worthy of inclusion in analysis production, but
that are not transmitted in time for use in TOGA op-
erational analyses, are used in ERA-15.

Another major and important difference between the
operational analysesand thosein ERA-15ishow TIROS
Operational Vertical Sounder (TOVS) soundings from
polar-orbiting satellites are used. During most of the
“WMO-TOGA" years, ECMWF operations used the
National Environmental Satellite Data and Information
Service statistical retrievals, often referred to as ** SA-
TEMs.” They have alow spatial (~500 km) resolution
and are unable to describe the vertical structure of the
troposphere with great detail. In ERA-15the TOV Sdata
are used in the form of cloud cleared radiances (CCR)
that are assimilated with the 1D-Var technique (see sec-
tion 4 below). These data have a much higher spatial
resolution and they have alarger impact on the analyses
than the SATEMs.

3. Comparison of ERA-15 and TOGA moisture
flux and analysis fields

a. Moisture flux convergence analysis

Moisture flux convergence (MFC) is an estimation of
precipitation minus evaporation/sublimation from nu-
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FiG. 1. Antarctic continent with the West Antarctic moisture con-
vergence sector indicated by dashed lines (adapted from Cullather et
al. 1996).

merical analyses using the atmospheric moisture budget
(e.g., Yamazaki 1992). Excluding storage term changes
in precipitable water, which are found to be small on
interannual timescales, the spatially and temporally av-
eraged atmospheric moisture budget may be expressed

as
(P—E)= —%fﬁ(ﬁgc%dp)ndl (1)

following C96, where P is the precipitation rate, E is
the rate of evaporation/sublimation, A is the area over
which the net precipitation is calculated, g is gravity, q
is specific humidity, Py, is the surface pressure, V is
the horizontal wind field, and n is the outward normal
to the area perimeter. It is computed for the aforemen-
tioned west Antarctic sector bounded by 75°-90°S,
120°W-180° (Fig. 1). A complete discussion of MFC
calculations, as well as the reasons for choosing this
sector for study, can be found in C96. However, the
primary reason for focusing on this sector is because of
the high frequency of cyclonic activity in this region
and associated high annual precipitation.

Figure 2 shows the computed annual running mean
MFCs (from monthly values) of the WMO and TOGA

operational analyses updated from C96 through March
of 1999. Annual running mean Southern Oscillation in-
dex (SOI) values, obtained from the Climate Prediction
Center, are included to show the correlation with ENSO.
The period under study includes two well-defined cold
events (1988/89 and 1996, SOI > 0) and at least four
warm events (1982/83, 1986/87, an extended event be-
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Fic. 2. Annua running mean of MFC for West Antarctic sector
calculated from WMO and TOGA (updated through March of 1999)
data along with the SOI.

ginning in 1991 with varying intensity through 1995,
and 1997/98, SO1 < 0). Figure 3 is similar to Fig. 2
except that the WMO MFC series is replaced by the
ERA-15 series. Each of the MFC series exhibit similar
correlation characteristics with the SOI, with the stron-
gest SOI-MFC correlation pattern seen in the TOGA
series. From near the beginning of the period until 1990,
MFC and the SOI are positively correlated, with in-
creases in the SOI matched by increases in total MFC
values, while decreasesin the SOI arereflected by dryer
periods in the MFC. After 1990, the sign of correlation
between MFC and the SOI switches, becoming negative.
This change in correlation is noted in C96, and the
strength of the post-1990 correlation pattern is substan-
tiated by the updated series. Analysis of 500-hPa geo-
potential height patterns reveals that strong East Ant-
arctic ridging begins at the time of the correlation switch
(C96). This switch aso occurs just before the onset of
the extended ENSO event(s) beginning in 1991 (Tren-
berth and Hoar 1996).

To assess the relative strength of the ENSO telecon-
nection with West Antarctic sector MFC, correlation
analyses are performed over the period when both ERA-
15 and TOGA operational analyses are available (1985—
93). Each series of annual running mean data (at month-
ly intervals) is divided at the time of the correlation
switch to create two new series (pre- and post-1990).
The annual running mean values are used in order to
place more emphasis on the interannual relationships
that exist. Finally, each series is detrended to remove
multiannual trends in precipitation that obscure the cor-
relation related to interannual variability. For 1985-90,
the TOGA-SOI correlation is 0.84, and the ERA-15—
SOl correlation is 0.63. The value of 0.84 for TOGA—
SOl series differs slightly from the value of 0.88 quoted
in C96 due to the extra step of detrending that is done
here. For 1990-93, the correlation values are —0.75 and
—0.74 for the TOGA-SOI and ERA-15-SOI series, re-
spectively. The correlation values quoted above are im-
pressive, yet it is important to determine the statistical
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Fic. 3. Annual running mean of MFC for West Antarctic sector
calculated from TOGA and ERA-15 data along with the SOI.

significance due to the relatively short period for which
the series overlap. This can be determined only once an
effective number of independent variables is estab-
lished. This number will be smaller than the number of
data points in the series as a result of autocorrelation,
which is common in meteorological time series and is
induced by using running means. An estimate of the
effective number of independent observations is ob-
tained using the technique outlined by Angell (1981,
see also Quenouille 1952, p. 168). It is given by

N/(1 + 2a,b, + 2a,b, + - --), )

where N is the original number of pointsin each of the
two series, a and b. Series subscripts represent the lag-
level autocorrelations. For example, a, isthe correlation
value of series a and its lag-two series. For 1985-90,
N is 56 (a centered running mean starts in the middle
of 1985). The lag-one autocorrelations for the SOI,
TOGA, and ERA-15 series for this period are 0.981,
0.953, and 0.886, respectively. For the lag-six autocor-
relations the values are 0.492, 0.307, and 0.070, re-
spectively. Although contributions to the denominator
in Eq. (2) are small at this point for any combination
of two series, we carried this process out to lag-eight
autocorrelations. By this point, no product of any two
eight-lagged autocorrelations was greater than 0.025,
resulting in less than a 0.05 contribution to the denom-
inator in EQ. (2). The resulting effective number of in-
dependent observations is seven for the TOGA-SOI se-
ries and nine for the ERA-15-SOI series for the period
1985-90. Based on these and the correlation values
guoted above, it is found that the TOGA-SOI correla-
tion for 1985-90 is significant at nearly the 99% con-
fidencelevel. The ERA-15-SOI correlation for the same
period is significant at slightly greater than the 90%
confidence level (typicaly, a value of 95% or greater
is considered statistically significant using a two-tailed
t test). The post-1990 overlap period between ERA-15
and TOGA operational analysesis characterized by sim-
ilar MFC-SOI correlation coefficients and by shorter
series. Thus, analyses of correlation and statistical sig-
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nificance for TOGA-SOI variability using annual run-
ning mean data from 1990 through most of 1998 (these
centered running means include data through March
1999) are performed to test the correlation stability seen
in the 1990-93 series. Again, the series are detrended.
The effective number of independent observations is
found to be 15. The TOGA-SOI correlation value is
—0.72, significant at greater than the 99% confidence
level.

In a comparison with the MFC cal cul ations presented
by C96, GK98 comment on a rather disappointing lack
of correlation with the SOl when ERA-15 running mean
MFC values are used (although no correlation statistics
are actually quoted in their study). The plot of ERA-15
annual running mean MFC (Fig. 11 in GK98) appears
to be nearly identical to the ERA-15 MFC calculated
in this study in Fig. 3. GK98 note that, while the ENSO
events (revealed by minima in the SOI) of 1983 and
1987 do correspond with low ERA-15 net precipitation
periods, the lowest net precipitation period (late 1990
in their Fig. 11) occurs a year before the third event
(1991-92). GK98 go on to state that there are even
periods when high SOI values are matched by low pre-
cipitation amounts. It is difficult to tell from their dis-
cussion whether they acknowledge the correlation
switch that occurs in 1990, as discussed in C96 and
which is of great importance to the correlation analysis.
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Although the ERA-15 MFC series variability is cor-
related with the SOI, the correlation is not as strong and
the variability is somewhat damped relative to the
TOGA operational MFC. In addition, the reanalyses
lack adistinctive precipitation trend, whereasthe TOGA
operational depiction shows a significant upward trend
in precipitation through the period. The MFC discrep-
ancy is especially evident in the early 1990s, near the
end of the reanalysis period. Section 3b looks at the
main source of the difference by exploring the individ-
ual components of MFC.

b. Eddy and mean components of MFC across the
boundaries

To better understand how ENSO warm and cold
events affect MFC for the West Antarctic sector outlined
in Fig. 1, as well as some of the differences between
the ECMWEF operational and reanalysis products, it is
necessary to look more closely at theindividual (annual
running mean) components that contribute to MFC.

The mean and eddy components of atmospheric mois-
ture transport may be separated using

Qv =gV +qV, (3)
where prime denotes a departure from the monthly time
average. We can now write Eq. (1) as

Here, the formula for MFC is written in terms of the
mean (X) and eddy (Y) components.

C96 found that mean and eddy transports are of sim-
ilar magnitude in West Antarctica, consistent with Let-
tau (1969). Figure 4 shows the total eddy contribution
of MFC (again, in annual running means of monthly
values) to the West Antarctic sector derived from the
TOGA operational and ERA-15 datasets plotted for the
period that they overlap (1985-93). Here, it is apparent
that the series demonstrate a high level of agreement
and that the eddy portion of MFC is fairly constant
relative to large interannual fluctuations seen in the total
MFC. Thus, both the discrepancy between operational
and reanalysis datasets and the sharp interannual vari-
ations in total MFC must stem from the mean portion
of MFC.

To evauate the mean component of MFC, we de-
compose the boundary components of the X termin Eq.
(4), so that

Picﬁ
-nd|+3g<J av
o 9

dp) nd

: (4)

%(J\chﬂ
o 9
o Psch B Psch
B f(f gdp)dl f(J gdp>d|
PsthU
—dp]| dl.
LS ©

Here, the integral is broken into the north, east, and
west component contributions, respectively. The north
and east boundary integrals have negative signsin front
due to the sign convention of the winds [negative me-
ridional (v) winds imply northerly flow, and negative
zonal (u) winds imply easterly flow].

Figure 5 shows the north mean component of MFC
calculated from the TOGA operationa and ERA-15 ar-
chives plotted against the SOI. East and west compo-
nents are summed in Fig. 6 in order to directly compare

dp)-n d
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Fic. 4. Annual running mean of the eddy contribution of ERA-15
and TOGA MFC to the West Antarctic sector.

mean zonal components as the mean meridional (north)
components are compared in Fig. 5. Depictions from
both analysis datasets show that the north component
of mean moisture flux into the region exhibits the great-
est interannual variation. It is apparent that the sum of
east and west component mean moisture fluxes offsets
some of the variation seen in the north component. A
closer look reveals important differences between the
moisture flux components derived from TOGA opera-
tional analyses and those from ERA-15.

The north components of mean MFC to the West
Antarctic sector in Fig. 5 show general agreement be-
tween the TOGA operational and the ERA-15 seriesin
tendency through most of the period. However, the
peaks and troughs of the ERA-15 series are somewhat
damped when compared with those derived from TOGA
analyses, especialy in 1987/88 and in the early 1990s.
Comparison with the SOI reveals the same correlation
pattern as is found when the SOI is compared with the
total MFC seriesin Figs. 2 and 3. A direct comparison
of the magnitude of the north components of MFC does
not yield a series discrepancy that is sufficient to explain
al of the large differences seen in total MFC between
the TOGA operational analyses and ERA-15 through
the period. The periods where aimost no discrepancy
exists between the ERA-15 and TOGA north mean com-
ponent series are generally periods when discrepancy
between the zonal component series of MFC in Fig. 6
is large. Here, a significant discrepancy exists in the
middle to late 1980s, with the TOGA operational series
equal to or greater than the ERA-15 series. The differ-
ences in total MFC result mostly from differences in
the mean zonal components prior to the SOI-MFC cor-
relation switch circa 1990, and mostly from differences
in the mean meridional components after the switch.
Further MFC analysis is looked at next to determine
whether moisture or atmospheric flow characteristicsare
more important in determining differences across the
boundaries.

As a means of measuring the relative contributions
of both atmospheric moisture content and atmospheric
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FiGc. 5. Annual running mean of the mean north component of ERA-
15 and TOGA MFC to the West Antarctic sector plotted with the
SOl.

flow to the MFC, the mean component of MFC across
each boundary of the West Antarctic sector is divided
by the respective mean boundary value of vertically
integrated specific humidity. These quantities may be
written for each boundary in the following manner:

L")

north = — ,

(" wee)
JL [ =)
(e
(] w)s

west = + . (6)

([ ae)e

The preceding quantities measure flow into the sector
weighted by moisture. This means that greater moisture
bearing levels are given more weight in this new mea-
sure of flow. Theresultsfor each boundary are averaged,
as are the mean specific humidity values, and plotted
in Figs. 7a and 7b, respectively. Although variationsin
specific humidity do show some correlation with vari-
ationsin MFC, Fig. 7ashowsthat variationsin moisture-
weighted flow appear to be primarily responsible for
MFC differences between the ERA-15 and TOGA op-
erational series. This suggests that such differences are
likely to be manifest in differences of mean geopotential
height and flow fields. The next section looks at some
analysis differences at 500 hPa. The equivalent baro-
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FiG. 6. Annual running mean of the mean zonal (east + west)
component of ERA-15 and TOGA MFC to the West Antarctic
sector.

tropic nature of the Antarctic atmosphere (Rogers and
Van Loon 1982) suggests a high degree of similarity in
flow patterns at many levels.

¢. 500-hPa differences between analyses and
reanalyses

The 500-hPa level is the first standard level com-
pletely above Antarctica. Mean conditions at this level
are used here to compare/contrast the TOGA operational
analyses and ERA-15 over and around the Antarctic
continent. Conditions at this level for the period before
and after the MFC—SOI correlation switch (circa 1990)
are focused on here. The period of the correlation switch
also coincides with a change in the mean component
(from zonal to meridional) responsible for most of the
difference in MFC between the TOGA operational and
ERA-15 series.

Figures 8a and 8b are difference plots contrasting the
mean 500-hPa geopotential height from TOGA opera-
tional analyses and ERA-15 (TOGA minus ERA-15) in
the Southern Hemisphere from 50°S to the pole for
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1985-90 and 1991-93, respectively. Most prominent in
these figures are the large (~20 geopotential meters)
mean height differences over East Antarctica and the
Southern Ocean. The TOGA operational geopotential
heights are consistently greater than those of ERA-15
in these areas. A collaborative investigation with the
ERA-15 project team pinpoints the major source of
mean field anomaly over the interior of East Antarctica
at Vostok station. Here, an error inthe ECMWF archived
station elevation results in large climatological discrep-
ancies between ERA-15 and radiosonde observations
(more in section 4a). A reverse geopotential height pat-
ternisseen over West Antarctica, where ERA-15 heights
tend to be higher than those from the TOGA operational
analyses. The shape, intensity, and center of this anom-
aly over West Antarctica changes after 1990 when the
MFC-SOI correlation switch occurs and after the de-
parture in agreement between TOGA and ERA-15 mean
north component moisture flux contributions (Fig. 5).
Prior to 1990, the mean zonal component of MFC is
responsible for most of the discrepancy in total ERA-
15 and TOGA operational MFC series (Fig. 6). This
discrepancy is reflected in Fig. 8a, which shows that
TOGA operational geopotential heights are lower than
those of the ERA-15 over the Amundsen Sea coastline
and higher over Vostok. This pattern leadsto suppressed
easterly flow in the ERA-15 and/or enhanced easterly
flow in the TOGA operational analyses. Section 4 ad-
dresses validation of numerical analysesin theseregions
of important geopotential height difference.
Asdemonstrated in Fig. 5, the mean meridional (north
boundary) component of MFC is responsible for most
of the discrepancy in total ERA-15 and TOGA opera-
tional MFC after 1990. Differences in 500-hPa geo-
potential height in Fig. 8b indicate more northerly flow
in the TOGA operational analyses. In Fig. 8a, the area
where the ERA-15 geopotential heights are greater than
those of the TOGA operational analysesis centered over
the coastline bordering the Amundsen Sea. Sandwiched

kg/sq meter

1983 1986 1989 1992

[ E—
1980

Fic. 7. Boundary average of the annual running means of the (a) mean directional components of MFC divided by vertically and laterally
integrated specific humidity and (b) annual running mean precipitable water.
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Fic. 8. Difference (TOGA operational minus ERA-15) in 500-hPa mean geopotential height (gpm) for (a) 1985-90 and (b) 1991-93. The
dots mark the position of Amundsen—Scott (South Pole) and Byrd stations.

between that height discrepancy and the one centered
over Vostok is the eastern boundary of the West Ant-
arctic sector, where most of the discrepancy in MFC is
found prior to 1990. Figure 8b reveals that after 1990,
the area where ERA-15 geopotential heights are greater
than those of the TOGA operational analyses migrates
to the Ross Ice Shelf and elongates to encompass an
area from the Weddell Sea to the George V Coast in
East Antarctica. The resulting geostrophic flow differ-
ence across the northern boundary of the West Antarctic
sector is manifest through the increase in the mean north
components of MFC in Fig. 5. It is thus apparent that
differences in MFC to a great extent are related to the
mean geopotential height discrepancies, the changing
nature of which are relatable to fundamental changesin
Antarctic weather patterns around 1990, and not to the
resolution increase of the operational analyses that oc-
curs somewhat later. Section 4 looks at observations to
help determine the validity of the analyses, before and
after 1990.

4. Validation of numerical analyses

Validation using observations is a critical step that
must be taken in order to gain confidence in any results
obtained from numerical analyses. Bromwich et al.
(1995) and Cullather et al. (1997) have done extensive
analysisvalidation of the ECMWF operational data. The
purpose of this section is to show how the ERA-15 data
perform relative to the validated TOGA operational
analyses when compared with observations over and
around Antarctica.

a. Comparison of analyses with radiosonde
observations

1) 500-HPA GEOPOTENTIAL HEIGHTS AND
TEMPERATURES

Several upper-air stations surrounding the West Ant-
arctic sector are active and report throughout all or most
of the TOGA—ERA-15 overlap period. Vostok station
(see Fig. 9 for location) in particular shows the greatest
overall discrepancy between analyses and observations.
The average annual 500-hPa geopotential heights and
temperatures from TOGA operational analyses and
ERA-15 over Vostok station are subtracted from the
average annual radiosonde observations (average ob-
servation value minus average analysis value) in Fig.
10. The average analysis values are compiled using spe-
cific times when radiosonde data are available. Upper-
air information at VVostok station stops very shortly after
the start of 1992, so only the period 1985-91 is shown.
It is apparent that both analyses tend to produce geo-
potential heights that are too low and temperatures that
are too high. In section 3c, we note that an incorrect
station elevation for Vostok in ERA-15 adversely affects
analysis production throughout the reanalysis period.
The error is of the order of 60 m. It leads to the intro-
duction of asystematic negative biasin the surface pres-
sure analysis, which is aso distributed vertically into
the lower troposphere at and around the station by the
vertical structure function assumed for the massfield in
the optimum interpolation (O/1) process (Shaw et al.
1987; Lonnberg 1988). These problems exist at every
analysis cycle, since station pressure readings are taken
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Fic. 9. Map of Antarctica and Southern Ocean from 40°S to the
South Pole. Open circles indicate the position of upper-air stations.
The lines over Antarctica are elevation contours in 250-m increments.

much more often than radiosondes are launched. The
Vostok radiosonde observations themselves are not af-
flicted by the erroneous archived ECMWF station ele-
vation and thus aid in detecting the error. The same
elevation error affects TOGA operationa analysis pro-
duction during the years 1987-90. However, the geo-
potential height anomaly is not as great during these 4
yr as it is in the ERA-15 (although the 500-hPa tem-
perature during 3 of the 4 yr is better in ERA-15). As
described in section 3c, the resultant flow anomaly re-
duces ERA-15 easterly flow into West Antarctic sector
up until the period of the circulation changes (related
to the SOI-MFC correlation switch in 1990), evidenced
by the mean 500-hPa geopotential height differencesin
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Fig. 8a and the low ERA-15 mean zonal MFC contri-
butions (Fig. 6).

Difference information similar to that displayed in
Fig. 10 is computed for Amundsen—Scott (South Pole),
Dumont d’' Urville, Leningradskaya, McMurdo, and Bel-
lingshausen stations (see Fig. 9 for locations). Overall,
the discrepancies (not shown) with observations are not
as great as at Vostok. The results indicate that TOGA
operational analyses are closer than reanalyses to the
annual average radiosonde 500-hPageopotential heights
and temperatures at these continental stations 68% of
the time.

Macquarie Island is included in the analysis here to
help determine which dataset is closer to observations
over the Southern Ocean, the other area where we see
large mean differences in geopotential height. Thisarea
becomes more important after 1990, when the north
component of MFC contributes the most to total MFC.
It is also atime when large discrepancies exist between
ERA-15 and TOGA mean north component MFC. Sim-
ilar to Vostok station, the Southern Ocean is an area
where TOGA operational 500-hPa analyses often av-
erage about 20 geopotential meters higher than ERA-
15. Asin Fig. 10, annual differences of Macquarie Is-
land 500-hPa geopotential heights and temperatures (ob-
servation minus analysis value) are plotted in Figs. 11a
and 11b, respectively. TOGA operational heights are
10-14 geopotential meterslow compared with observed
values, whereas ERA-15 heights are 1625 geopotential
meters low. In addition, it seems that where there are
Southern Ocean upper-air stations (e.g., Macquarie |s-
land, Kerguelen Island, Marion Island, Gough Island,
etc.; Fig. 9), the differences between analyses are gen-
erally less than half those over observation-void South-
ern Ocean regions. The Macquarie Island geopotential
height results suggest that, in such data-void regions
where the ERA-15 heights are ~20 geopotential meters
lower than the TOGA operational values, the reanalysis
500-hPa heights are much lower than the actual 500 hPa

.0)

~a~ERA-15
TTOGA

Degrees (C)
o

Year

FiG. 10. Difference of annual mean radiosonde observations and analyses (observations minus analyses) for 500-hPa (a) geopotential
heights and (b) temperatures at Vostok station.
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Fic. 11. Difference of annual mean radiosonde observations and analyses (observations minus analyses) for 500-hPa (a) geopotential
heights and (b) temperatures at Macquarie Island.

geopotential heights. The 500-hPa temperature differ-
ences between observations and analyses at Macquarie
Island are quite small. TOGA operational analyses are
slightly warm (~0.15°C), whereas ERA-15 500-hPa
temperatures are too cool (~0.5°C). Even if analysis
temperatures at the surface start out the same and are
different by 0.65°C at 500 hPa, the effect on geopoten-
tial height is of the right magnitude to explain the dif-
ference between the analyses in Fig. 1la. Kallberg
(1997) notes that the ERA-15 assimilation warms the
atmosphere below 300 hPa at higher latitudes. In other
words, the ERA-15 first guess has a cold bias when
compared with radiosondes in this region.

These results show that the reanalyses are in general
less close to the radiosonde measurements than the op-
erational ECMWF analyses in the TOGA dataset. It is
likely that these results are due to the use of many other
kinds of datain ERA-15. In particular, TOVS CCRs are
used in the 1D-Var process. 1D-Var has a major impact
on ERA-15, particularly over otherwise data-sparse and
data-void areas such as the Southern Ocean. In the older
TOGA analyses, TOVS data were used in the form of
low-resolution SATEM retrievals. The inclusion of
more data of different typesin the O/ assimilation pro-
cess in ERA-15 forced the resulting analyses to become
an optimized compromise between the different obser-
vation types and the assimilating forecast model. Op-
erational experience at ECMWF indicates that analyses
using 1D-Var retrievals, such as are used in ERA-15,
produce superior short- and medium-range forecasts
compared to the older analyses available in the TOGA
set, particularly in the Southern Hemisphere. Thus, re-
analyses may not always fit as closely to the radiosonde
data as operational analyses based on fewer competing
data—as we see in the present context. At least from
the perspective of the present climate study, a smaller
average difference between 0-h hour (re)analyses and
in situ observations is preferable to optimizing forecast
results at the expense of the 0-h analyses.

The result of reanalysis differences with radiosonde

observations appears to have had an influence on mean
north component MFC, which issignificantly lower than
that of the TOGA operational series during the post-
1990 period. How low ERA-15 MFC values are related
to discrepancies with radiosonde observations is even
more apparent when we look at analysis vertically in-
tegrated moisture at coastal stations.

2) VERTICALLY INTEGRATED MOISTURE AT
MCMURDO AND BELLINGSHAUSEN STATIONS

Although accurately measuring atmospheric moisture
content in the cold and dry region of Antarctica can be
difficult (especially in the interior), a limited analysis
of atmospheric moisture at two coastal stations is in-
cluded here as another means of numerical analysisval-
idation. Annual running mean vertically integrated pre-
cipitable water is calculated for McMurdo (Fig. 12a)
and Bellingshausen (Fig. 12b) stations using average
monthly radiosonde and analysis data. These are the
closest coastal stations to the West Antarctic sector for
which MFC is computed. The results are consistent in
both plots. In general, numerical analyses are not as
moist as they should be based on radiosonde observa-
tions. Of the two numerical analysis series plotted, the
TOGA series comes closest to the values obtained from
radiosonde data. At McMurdo, calculationsyield amean
radiosonde value of 2.7 kg m=2, a mean TOGA value
of 2.0 kg m~2 (26% below that observed), and a mean
ERA-15value of 1.4 kg m~2 (46% below that observed).
Standard errors of the mean monthly valuesare 1.3, 1.3,
and 1.2 kg m~2 using radiosonde, TOGA, and ERA-15
data, respectively. At Bellingshausen, calculationsyield
a mean radiosonde value of 8.4 kg m—2, amean TOGA
value of 8.2 kg m=2 (3% below that observed), and a
mean ERA-15 value of 7.1 kg m=2 (16% below that
observed). Standard errors of the mean monthly values
are 0.2, 0.3, and 0.4 kg m~2 using radiosonde, TOGA,
and ERA-15 data, respectively. These results indicate
that the TOGA operational analyses come closer to giv-
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Fic. 12. Annual running mean of vertically integrated moisture at (a) McMurdo and (b) Bellingshausen.

ing an accurate representation of atmospheric moisture
content than the ERA-15 at these coastal stations. While
variations in atmospheric moisture content appear to
play a secondary role in MFC for the West Antarctic
sector (i.e., variationsin MFC are primarily determined
by atmospheric flow as seen in section 3b), persistent
low moisture valuesin ERA-15 data help to explain part
of the difference in mean northerly MFC values after
1990.

b. Byrd AWS pressure variability and Phillpot results

West Antarcticaisthe one areain the Southern Hemi-
sphere where ERA-15 500-hPa geopotential heights
tend to be higher than those of the TOGA operational
analyses. Unfortunately, there are minimal amounts of
upper-air datain this area, especially near the West Ant-
arctic sector where MFC is calculated. The Phillpot
technique (Phillpot 1997) is used to estimate 700-hPa
geopotential heights over the Byrd automatic weather
station (AWS) in West Antarctica (80.0°S, 119.4°W; Fig.
1) from surface pressure and temperature observations
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Fic. 13. Difference of annual mean 700-hPa geopotential heights
for Byrd AWS cal cul ated using the Phillpot technique and for analyses
(observations minus analyses).

asameans of validating ERA-15 and TOGA operational
analyses. In addition, pressure variability at the Byrd
AWS is a'so checked in the analyses. The results using
the Phillpot technique are shown in Fig. 13.

There are no viable data at the Byrd AWS for most
of 1988-89. After this period of no observations, ERA-
15 and TOGA operational analyses perform equally well
with regards to pressure variability (both greater than
0.90 correlation with AWS pressure) and almost equally
well in 700-hPa geopotential heights in Fig. 13. How-
ever, from 1985 to the beginning of 1988, reanalyses
are closer to observations than TOGA operational anal-
yses in both pressure variability and (estimated) geo-
potential height comparisons. Given the difficulties in
data transmission known to exist in this region at times,
it is possible that a portion of the TOGA operational
departures from observation seen in the late 1980s are
the result of data transmission difficulties resulting in a
lack of observationsfor operational analysisproduction.
However, this region is not located in the center of the
negative TOGA operational minus ERA-15 West Ant-
arctic geopotential height anomaly seen in Fig. 8a.

In section 3, it is noted that geopotential height dif-
ferences over both Vostok Station in East Antarctica
and over the Amundsen Sea coastlinein West Antarctica
contribute to differences in the magnitude of mean east-
erly flow into the West Antarctic sector. While the low
reanalysis geopotential heights over Vostok occur as a
result of an erroneous archived station elevation, evi-
dence at the Byrd AWS suggests that higher ERA-15
geopotential heights centered over the Amundsen Sea
coastline may be closer to the actual heights than the
TOGA operationa analyses. However, this may be an
instance where spatial consistency in analysis shortcom-
ings is more desirable than a very localized large geo-
potential height discrepancy. To test this, an average
geopotential height field is calculated using data from
1957 (the International Geophysical Year) through
1966, yearsthat correspond with the collection of upper-
air data at Byrd station and a number of West Antarctic
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coastal stations. The mean 500-hPa geopotential height
field obtained from these data (Taljaard et al. 1969) is
subsequently adjusted to compensate for errors in re-
corded elevation during this early period at Vostok,
Amundsen-Scott (Schwerdtfeger 1981), and Byrd sta-
tions. Then, 500-hPa geopotential heights near Rus-
skaya (along the Amundsen Sea coastline) and Vostok
stations are obtained and compared with numerical anal-
ysis values at the same points for the years 1985-90.
This period corresponds with the large differences be-
tween TOGA and ERA-15 MFC across the eastern
boundary of the domain. The results (Fig. 14) show that
the TOGA operational analyses have aspatial trend sim-
ilar to the one obtained from the relatively dense net-
work of upper-air stationsthat existed through theregion
from 1957-66. On the other hand, ERA-15 500-hPa
geopotential height across the Russkaya—Vostok transect
does not increase as it does in the observations and in
the TOGA operational depiction, resulting in the re-
analyses having almost no mean easterly flow across
the eastern boundary of the West Antarctic sector.

c. lce-core analyses

1) ACCUMULATION DATA FROM BYRD STATION
AND SiPLE DoME

Ice cores taken from near Byrd station and Siple
Dome (see Fig. 1) are used to look for trends and var-
iability in West Antarctic sector precipitation for the
period that ERA-15 and TOGA operational analyses
overlap. The three ice cores near Byrd station are from
locations (78.73°S, 116.33°W, 79.46°S, 118.05°W,; and
80.01°S, 119.56°W) along a 150 km north-northeast to
south-southwest line with Byrd station at the south-
southwestern end. The three ice cores from the summit
area of Siple Dome (near the eastern edge of the Ross
Ice Shelf in Fig. 1) are from locations 81.68°S,
149.19°W, 81.64°S, 148.77°W; and 81.71°S, 148.60°W.
All cores are dated with two independent techniques
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Fic. 15. Normalized values of TOGA and ERA-15 annual MFC
values plotted with a normalized linear average of ice-core accu-
mulation data from Byrd and Siple Dome.

and yield annual estimates of accumulation rate (Kreutz
et al. 2000, manuscript submitted to Geophys. Res.
Lett.). For each location the three records are averaged
to mitigate the spatial accumulation variability that char-
acterizes polar ice sheets.

Upon calculating a linear average of the Byrd station
and Siple Dome annual accumulation results, this series
is normalized by dividing by the mean annual value and
compared with similarly normalized ERA-15 and
TOGA annual P — E values (Fig. 15). From the late
1980s to the early 1990s, there is a significant increase
in TOGA operational MFC (a total of 30% from the
beginning to the end of the period shown). Although
ERA-15 MFC is dlightly higher in 1993 than in 1985,
the increase is less than half that seen in the TOGA
series. Thetendency of accumulation from core data (up
20%) falls between those seen in the TOGA and ERA-
15 series. The plot also showsthat thereisgeneral agree-
ment in interannual variability among the series (the
notable exception is the year before and after 1991).

The core data are obtained in areas that are relatively
dry for the West Antarctic sector, averaging roughly half
the total sector precipitation obtained from ECMWF
numerical analyses. Much larger amounts of precipi-
tation are known to fall over the marginal ice slopes of
the West Antarctic sector near the Amundsen Sea (Giov-
inetto and Bentley 1985; Vaughan et al. 1999). For in-
stance, the spatial trend of low mean precipitation near
Byrd to greater amounts farther north toward the coast
is evidenced by the northernmost ice core near Byrd,
which shows amost twice the mean accumulation as
the other two ice cores farther inland. Thus, from our
results we can conclude that the core accumul ation data
tend to support the interannual variability seen in both
of the numerical depictions presented. However, while
both numerical P — E and ice accumulation results por-
tray an upward trend in net precipitation, additional
cores from the higher accumulation regions nearer the
coast are needed to determine whether an observation-
ally based upward trend lends more support to the larger
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positive trend obtained from TOGA analyses or to the
smaller one from ERA-15.

2) |SOTOPE ANALYSIS OF A SIPLE DOME ICE CORE

Deuterium isotope concentrations from ice-core anal -
yses serve as a proxy for variations of moisture flux
convergence into the West Antarctic sector and should
be correlated with ENSO events. The reason for thisis
due primarily to the positioning of the low pressure
center in the Amundsen Sea and to a relationship be-
tween isotopic concentration and distance from the pri-
mary moisture source (Bromwich and Weaver 1983).
Previously, a case study by Chen et a. (1996) showed
how ENSO cycles are probably linked to the Amundsen
Sea low via signal propagation along the South Pacific
convergence zone. In addition, a more recent study by
Marshall and King (1998) showed that interannual var-
iations in the intensity of low pressure in the Amundsen
Sea are related to ENSO and impact Antarctic Peninsula
temperatures. As demonstrated in Fig. 5 of C96, the
center of Amundsen Sea low pressure during normal
precipitation events (e.g., 1980) is located just north of
the Ross Ice Shelf. During reduced precipitation events
(e.g., 1982), the center of this low migrates to the far
eastern side of the Amundsen Sea. The impact on ver-
tically integrated moisture flux (also plotted in Fig. 5
of C96) shows that the flow during normal precipitation
events is meridional and more direct than during re-
duced events, at which time the flow is more from the
east across the sector, suggestive of dryer and cooler
conditions. Month-to-month variations in isotope con-
centrations of polar precipitation are primarily deter-
mined by the condensation temperature contrast be-
tween moisture source and precipitation location (Dans-
gaard 1964), with higher isotope concentrations occur-
ring under warmer conditions. Thus, we expect the less
direct, cooler flow to the West Antarctic sector indicated
in the low precipitation events to be reflected in low
deuterium isotopelevels. Likewise, moredirect, moister,
and warmer flow from the Ross Sea during higher, or
more normal, precipitation events should be reflected
by higher isotopic concentrations of deuterium.

Figure 16 shows depletion values of deuterium iso-
topes obtained from the subannually dated Siple Dome
B ice core (81.5263°S, 148.8139°W) plotted with the
SOI (both as annual running means). It is important to
note that isotope concentrations obtained from ice cores
are naturally smoothed by vapor diffusion in the snow-
pack. This process leadsto more smoothing intheearlier
part of the series than in the later part, so a Gaussian
low-pass filter was applied to the more recent portion
of the isotope series. Frequencies higher than one cycle
per 18 months are smoothed away, simulating the vapor
diffusion that has already removed higher frequencies
in the earlier portion of the series. The plot indicates
the same correlation pattern as is seen between MFC
and the SOI in Fig. 2. The correlation switch from pos-
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FiG. 16. Annua running mean of deuterium isotope depletions
obtained from Siple Dome ice-core analysis (right scale in per mil)
and the SOI (left scale).

itive to negative happens at the same time aswith MFC,
circa 1990. The series in Fig. 16 even show some ev-
idence of another switch occurring around the time of
the 1982—83 ENSO event, from being negatively to pos-
itively correlated. This is reflected in a comparison be-
tween the SOI and the WM O and ERA-15 seriesin Figs.
2 and 3, respectively. However, there are only 2-3 yr
available with which to see the antiphase relationship
that appears to exist prior to 1982.

It is important to note that these results are from one
ice core. Several additional cores will be drilled in this
area, sampling over a greater area, which will help de-
terminethefidelity of thisisotope—SOI relationship once
the spatial coverage of sampling is enhanced. However,
this isotope analysis provides convincing glaciochem-
ical support of the strong West Antarctic sector MFC—
SOI correlation pattern seen in the TOGA operational
analyses. The results also illustrate the value of diverse
information sources for validation in this data sparse
area.

5. Discussion

Discrepancies in MFC between the ECMWF opera-
tional analyses and those of ERA-15 in the West Ant-
arctic sector from the mid-1980s through the early 1990s
are amost entirely the result of differencesin the mean
components of MFC across the boundaries. From the
middle to the end of the 1980s, the mean component of
MFC across the eastern boundary explains most of the
difference seen in total MFC for the sector. In the early
1990s, the mean component of MFC across the northern
boundary is most responsible for the difference. In each
instance, the differences in mean moisture flux at the
boundaries are reflected in mean flow and geopotential
height differences. A difference plot of the ERA-15 and
TOGA operational analysis mean geopotential height
field reveals a spatially and temporally steady height
anomaly with operational analyses averaging ~20 gpm
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higher over the southeastern Pacific and East Antarctica
(centered over Vostok station), and the ERA-15 aver-
aging ~10 gpm higher over West Antarctica.

An error in the recorded elevation of Vostok in the
ERA-15 resultsin analysis geopotential height and wind
differences with the TOGA archive that effectively
damp ERA-15 easterly flow into the West Antarctic sec-
tor. Atmospheric flow is shown to be the mechanism
that most impacts MFC to the West Antarctic sector.
Although ERA-15 700-hPa geopotential heights are
closer to Phillpot calculations over Byrd AWS than the
early part of TOGA operational analyses from 1985 to
1988, mean spatial tendencies of the height field are
found to be the most important factor for MFC calcu-
lations. The low Vostok reanalysis geopotential heights
result in a flat geopotential height field from East Ant-
arcticathrough Byrd station and out over the Amundsen
Sea. Both observations and TOGA operational analyses
show that Vostok heights should be higher than those
over the Amundsen Sea coastline near Russkaya station,
ultimately resulting in mean flow into the West Antarctic
sector across the eastern boundary.

Comparisons with radiosonde data near the West Ant-
arctic sector show that the ERA-15 analyses are less
constrained by radiosonde observations at high southern
latitudes than the ECMWF operational analyses, espe-
cially over the Southern Ocean and interior of East Ant-
arctica. The ultimate result is manifested as lower over-
all sensitivity to ENSO signalsin the ERA-15 Antarctic
analyses. Thisfinding demonstrates the need for prudent
validation efforts using available observations and other
information in order to ascertain the applicability of
numerical (re)analyses.

Given the emphasis placed on validating numerical
analyses using in situ observations, it should be noted
that the differences between numerical analyses and ob-
servations in this study are temporal averages. For a
particular time and place, we expect some difference
between analyses and observations for many reasons
including spatial resolution. However, temporal aver-
aging should mitigate this contrast, leaving biases,
which can have a negative impact on mean fields, as
demonstrated in this paper.

Prior results obtained by C96 that show a strong cor-
relation of West Antarctic sector precipitation with the
SOI, as well as an upward trend in precipitation, are
based on ECMWF operationa analyses, which are in
good agreement with the observations. The positive-to-
negative SOI-MFC correlation switch that occurs
around 1990 is substantiated by an updated MFC series
that continues to show a strong negative correlation
through the current period (beginning of 1999). West
Antarctic sector ice cores confirm an upward trend in
precipitation accumulation for the period over which the
ERA-15 and TOGA operational analyses overlap
(1985-93). A Siple Dome deuterium isotope record
(serving as a proxy for West Antarctic sector MFC)
yields the same interannual variability pattern with the
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SOI as the MFC series, further validating the existence
of the ENSO teleconnection in the West Antarctic sector.
Based on these findings, more research is needed to
understand the changing correlation pattern between
West Antarctic sector precipitation accumulation and the
SOI. Additional forcings from the tropical Indian Ocean
(Quintanar and Mechoso 1995) and from Antarctica
(Chen et a. 1996; Quintanar and Mechoso 1995) will
need to be considered in order to understand more fully
the changing nature of this low-to-high—southern lati-
tude teleconnection.
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