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ABSTRACT

In late April 2001, an unprecedented late-season flight to Amundsen—Scott South Pole Station was made in
the evacuation of Dr. Ronald Shemenski, amedical doctor seriously ill with pancreatitis. This case study analyzes
the performance of four of the numerical weather prediction models that aided meteorologists in forecasting
weather throughout the operation: 1) the Antarctic Mesoscale Prediction System (AMPS) Polar MM5 (fifth-
generation Pennsylvania State University—National Center for Atmospheric Research Mesoscale Model), 2) the
National Centers for Environmental Prediction Aviation Model (AVN), 3) the European Centre for Medium-
Range Weather Forecasts (ECMWF) global forecast model, and 4) the NCAR Global MM5. To identify specific
strengths and weaknesses, key variables for each model are statistically analyzed for all forecasts initialized
between 21 and 25 April for several points over West Antarctica at the surface and at 500- and 700-hPa levels.
The ECMWF model performs with the highest overall skill, generally having the lowest bias and rms errors
and highest correlations for the examined fields. The AMPS Polar MM5 exhibits the next best skill, followed
by AVN and Global MM5. For the surface variables, al of the models show high skill in predicting surface
pressure but demonstrate modest skill in predicting temperature, wind speed, and wind direction. In the free
atmosphere, the models show high skill in forecasting geopotential height, considerable skill in predicting
temperature and wind direction, and good skill in predicting wind speed. In general, the models produce very
useful forecasts in the free atmosphere, but substantial efforts are still needed to improve the surface prediction.
The spatial resolution of each model exerts an important influence on forecast accuracy, especially in the complex
topography of the Antarctic coastal regions. The initial and boundary conditions for the AMPS Polar MM5 exert
a significant influence on forecasts.

1. Introduction

Over the past decade, numerical weather prediction over
the polar regions has made significant progress. In addition
to the continual improvement of spatia resolution, fore-

* Byrd Polar Research Center Contribution Number 1255.

Corresponding author address: Andrew J. Monaghan, Polar Me-
teorology Group, Byrd Polar Research Center, The Ohio State Uni-
versity, 1090 Carmack Rd., Columbus, OH 43210.

E-mail: monaghan@polarmet1.mps.ohio-state.edu

© 2003 American Meteorological Society

casters now have access to several global and regional
models. The implementation of physical parameterizations
that are well suited to polar phenomena has aso aided
progress. The Polar MM5, for example, is a version of
the fifth-generation Pennsylvania State University—Na-
tional Center for Atmospheric Research (NCAR) Meso-
scale Model (MM5) that has been modified for use over
extensive ice sheets (Bromwich et al. 2001; Cassano et a.
2001). Recently, the model was tested in forecast mode
over Antarctica for a 1-yr period and showed generally
high skill (Guo et a. 2003). The Antarctic Mesoscale Pre-
diction System (AMPS; Powers et al. 2003), which em-
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Fic. 1. Approximate flight path from Rothera to Pole (white line),
superimposed on a satellite composite for 1500 UTC 24 Apr 2001,
showing conditions during the flight. The dots are locations where
modeled data are compared with observations. The filled dots cor-
respond to surface stations, while triangles represent study points at
700 hPa. Black areas indicate no imagery available. (Courtesy of the
Antarctic Meteorological Research Center.)

ploys the Polar MM5, was implemented in the 2000-01
field season. AMPS resulted from the forecasting needs
expressed at the May 2000 Antarctic Weather Forecasting
Workshop held at the Byrd Polar Research Center in Co-
lumbus, Ohio (Bromwich and Cassano 2001). AMPS is
an experimental system employing models run at NCAR
and dedicated to real-time numerical weather prediction
in Antarctica. For the period covered by this study, AMPS
was run for three domains at various resolutions covering
most of the Southern Hemisphere from 40°S, with the
finest grid (10 km) focusing on the United States Antarctic
Program’s base of operations at McMurdo Station. At pre-
sent, AMPS has been upgraded to include an additional
3.3-km-resolution grid over McMurdo, and a 10-km grid
over South Pole. AMPS forecasts are available to the pub-
lic via the Internet (http://www.mmm.ucar.edu/rt/mm5/
ampy/).

In the Antarctic, the importance of operational fore-
casting has become more apparent in recent years. One
reason isthe effort to lengthen the field season, requiring
flights in early spring and late autumn when the entire
continent is subject to extremely cold temperatures,
strong wind episodes, and limited daylight. In addition,
there isthe occasional need to perform emergency evac-
uations of injured or ill personnel.

In late April 2001, a DeHaviland Twin Otter aircraft
made an unprecedented late-season flight from Rothera
to Amundsen—Scott South Pole Station (hereinafter,
“Pole’” or ““South Pole’”; Fig. 1) for the evacuation of
Dr. Ronald Shemenski, a medical doctor seriously ill
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with pancreatitis. The operation was complicated by
near 24-h darkness over interior Antarcticaand extreme
cold temperatures at South Pole, below the —55°C op-
erating limits of the commonly used LC-130 military
aircraft. Frequent blowing snow conditions and the lack
of a lighted runway and a control tower made landing
the aircraft at South Pole a hazardous proposition.
Throughout the operation, pilots depended on weather
forecastersin McMurdo and the Falkland I slandsto pre-
dict weather conditions accurately for the 10-h flight.
Because of the sparse observational network, forecasters
relied heavily on numerical weather prediction models
to aid in their forecast generation.

Using this high-profile case, the performance of four
numerical weather prediction modelsisanalyzed for the
purpose of comparison and the identification of
strengths and weaknesses. First, the models and data
used in the study are discussed in section 2. Next, the
synoptic situation over Antarctica from 21 to 28 April
2001 isdiscussed in section 3. In section 4, we examine
model performance at the surface in comparison with
observations throughout West Antarctica. Model per-
formance is also assessed at the 500-hPa level in com-
parison with radiosonde observations at South Pole and
the 700-hPalevel in comparison with the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF)
Tropical Ocean and Global Atmosphere (TOGA) op-
erational analysis data (henceforth, ECMWF-TOGA)
along the approximate flight path from Rotherato Pole.
At the end of section 4 we examine the effects of dif-
fering initial and boundary conditions on the AMPS
forecast by comparing simulations that employ
ECMWF-TOGA data with simulations using the Na-
tional Centers for Environmental Prediction (NCEP)
Aviation (AVN) Model output, which is currently used
in the operational version of AMPS. In section 5, some
of the important model deficiencies are addressed. Con-
clusions are presented in section 6.

2. Data and methods

Table 1 gives a summary of each model used in the
study. Of the three domains of AMPS (Powers et al.
2002, manuscript submitted to Bull. Amer. Meteor.
Soc.), the 30-km version used in this study is the mid-
range spatial resolution domain, and covers the conti-
nent and coastal regions of Antarctica using a polar
stereographic projection (the 10-km domain of AMPS
did not encompass the South Pole and is, therefore, not
used). The NCEP AVN spectral forecast model (Kan-
amitsu 1989; Kanamitsu et al. 1991) isrun globally with
approximately 1° latitude X 1° longitude spatial reso-
lution, and is initialized earlier than most models with
the main objective of providing timely forecastsin sup-
port of aviation. The ECMWF spectral forecast model
(Reading, United Kingdom) is run globally with ap-
proximately 0.5° latitude X 0.5° longitude spatial res-
olution. The Global MM5 (Dudhia and Bresch 2002) is



144 WEATHER AND FORECASTING VoLumE 18
TaBLE 1. Summary of models used in the study.
Approximate
resolution
Alias (for with respect Initialization Forecast
purpose of to latitude times duration
Model Agency discussion) Domain (km) Projection (UTQC) (h)
Polar stereo-
AMPS__MM5 NCAR AMPS Antarctica 30 graphic 0000, 1200 48
Equal
AVN NCEP AVN Global 110 Lat—lon 0000, 1200 72
ECMWF Equal
Forecast ECMWF ECM Global 55 Lat—lon 1200 168
Polar stereo-
Global__ MM5 NCAR GLO Global 120 graphic 0000, 1200 120

Abbreviations: NCAR, National Center for Atmospheric Research; AMPS, Antarctic Mesoscale Prediction System MM5; NCEPR, National
Centers for Environmental Prediction; AVN, Aviation model; ECMWF, European Centre for Medium-Range Weather Forecasts, ECM,

ECMWEF forecast model; GLO, Global MM5.

the MM5 run globally employing a polar stereographic
projection, and has approximately 120-km spatial res-
olution in high latitudes. All of the modelsareinitialized
twice daily (0000 and 1200 UTC), with the exception
of the ECMWF forecast model, whichisinitialized once
daily (1200 UTC). The archived model output for
AMPS, AVN, and Global MM5 was obtained from
NCAR, while the ECMWF model output was purchased
from ECMWE Henceforth, the alias indicated in Table
1 will be used to refer to each model.

It is noteworthy that there are some models not in-
cluded in the analysis. We have tried to include the
primary models used by the U.S. forecasters. This ex-
cludes, for example, the Met Office forecast model
(UKMET). An evaluation of the performance of
UKMET over Antarctica can be found in Leonard et al.
(1997). In addition, archived data could not be obtained
for one of the primary models used to aid the U.S.
forecasting effort, the Air Force Weather Information
Network (AFWIN) standard version of the MM5. Also
excluded because of similarities to the AMPS MM5 is
a 60-km-resolution version of the Polar MM5 covering
Antarctica, which is run at the Byrd Polar Research
Center of The Ohio State University (Cassano et al.
2000) and isintended as a backup should technical prob-
lems arise when running AMPS.

a. Surface analyses

Model output is compared with observed data at sev-
en sites distributed throughout West Antarctica (indi-
cated by dots in Fig. 1). The model results are inter-
polated from the four points surrounding the observation
site. Data obtained from the University of Wisconsin
Antarctic Meteorology Research Center (AMRC) au-
tomatic weather stations (AWSs) provide the observa-
tions at five of the sites, including South Pole (infor-
mation online at http://amrc.ssec.wisc.edu/). At the two
British sites (Rothera and Halley), observations trans-
mitted via the Global Telecommunications System

(GTS) and archived by the British Antarctic Survey
(BAS) are used (information online at http://
www.antarctica.ac.uk/met/). The cloud fraction obser-
vations for South Pole are from manual observations
submitted via the GTS and archived at BAS.

The surface variables examined are wind speed, wind
direction, pressure, temperature, and cloud fraction. The
wind instrumentation is installed at a nominal height of
3 m, and surface temperature at a height of 2 m at the
AWS sites (although this varies due to snow accumu-
lation). At the British sites the wind instrumentation is
at a height of 10 m (adjusted here to 3 m for consis-
tency), and temperature at 1.5 m. Where necessary, the
modeled wind speed and temperature data have been
adjusted to the observed heights by applying Monin—
Obukhov similarity theory (Stull 1988) to the temper-
ature and wind speed at the lowest model level and the
model surface temperature assuming aroughness length
of 0.0001 m, which is considered representative of an
ice sheet (e.g., Budd et al. 1966). This method accounts
for a near-surface temperature inversion in the case that
one exists. Modeled temperatures are also adjusted for
the difference between modeled and observed elevations
assuming a lapse rate of —dt/dz = 0.01°C m~* (note
that this lapse rate need not consider the near-surface
inversion as it reflects the lapse rate due to elevation
changes along the surface of the ice sheet). This value
is chosen following Budd et al. (1971) who give annual
lapse rates (due to elevation change) along the snow
surface in West Antarctica ranging from 0.0025°C m—1*
(near the coast) to 0.02°C m~* (inland). In most cases
this adjustment is small, as the elevation differencesare
generally within =100 m. Most AWS sites at high el-
evations have a significant amount of uncertainty in the
reported elevation because it has been determined using
aircraft altimetry. To compensate for this, it is assumed
that a given modeled-minus-observed pressure bias is
due to elevation uncertainties, and this biasis subtracted
from the modeled value. In this manner, a better esti-
mation of the root-mean-square error (rmse) can be ob-
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tained, although atrue bias cannot be determined. Mod-
eled cloud fraction estimates in AMPS follow that of
Kiehl et a. (1996). In AVN, ECM (ECMWF forecast
model), and GLO (Global MM5), modeled cloud frac-
tion estimates follow that of Slingo (1987).

To minimize the temporal differences resulting from
varying forecast durations, statistics are calculated for
all 6-hourly forecasts out 6-48 h from the initia (0 h)
time (results for times beyond 48 h for the longer-range
models yielded similar results). All available forecasts
initialized from 21 to 25 April 2001 are used. The sta-
tistical differences induced by comparing once-daily
(ECM) and twice-daily (AVN, AMPS, GLO) forecasts
were checked and found to be minimal. The statistics
computed include bias, rmse, and correlation coefficient.
The bias is the difference between the modeled mean
for the period and the observed mean for the period.
The rmse is the square root of the period-averaged
squared difference between the modeled and observed
values, and represents the *‘typical’ difference between
modeled and observed values (Cassano et a. 2001). The
correlation coefficient measures the relative agreement
between the two series. The strength of the correlation
is computed for the 95% confidence interval using a
two-tailed t-test.

b. 500-hPa analyses (South Pole)

Radiosonde observations (archived at AMRC) are
used to examine model performance at the 500-hPalevel
over South Pole. Variables examined are 500-hPa wind
speed, wind direction, geopotential height, and temper-
ature. No adjustments are made to these variables. The
statistics are the same as those computed for the surface
analyses, and are computed for all 12-hourly forecasts
out to 12—48 h from theinitial (0 h) time. Twelve-hourly
intervals correspond to the availability of radiosonde
data.

c. 700-hPa analyses (along flight path)

The flight from Rothera to South Pole flew at ap-
proximately the 700-hPalevel along the 70°W meridian
(white line in Fig. 1). To examine the models at this
level, model data are compared with ECMWF-TOGA
dataat five points (5° latitude interval s from 65° to 85°S,
indicated by the white triangles in Fig. 1) along the
70°W meridian. South Pole (90°S, 70°W) is not included
because the 700-hPa surface is below ground level. The
variables, statistics, and treatment of time are the same
as described for the 500-hPa analyses, with the excep-
tion that ECMWF-TOGA data are used for validation,
as no radiosonde data are available for these points.

The ECMWF-TOGA data were quality checked us-
ing radiosonde observations where available. Figure 2
shows the ECMWF-TOGA minus observed values for
the 700-hPa wind speed, geopotential height, and tem-
perature means for 15-30 April. Inspection of the wind
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Fic. 2. ECMWF-TOGA minus radiosonde observations at 700 hPa
for available sites in Antarctica. The values are averaged from 15 to
30 Apr 2001. The top value is the wind speed difference (m s—1).
The middle value is the geopotential height difference (gpm). The
bottom value is temperature difference (°C). Note that South Pole
data are for the 500-hPa level, because the surface is above the 700-
hPa level. Observations not available are denoted by N/A.

speed differences indicates seven coastal sites with bi-
ases less than or equal to =1 m s, and three coastal
sites with biases greater than =1 m s—*. Small negative
biases are most common. No significant regional trends
are present. At South Pole, the only site in the conti-
nental interior, alarge positive biasof 3.7 ms—tisfound
at 500 hPa (700 hPais not available at South Pole due
to the surface elevation). This bias should be taken into
account when considering the statistics along the flight
path from Rothera to Pole. Inspection of the 700-hPa
geopotential height differences indicates that the
ECMWF-TOGA data are negatively biased on the Ant-
arctic Peninsula by approximately 15 gpm (Rothera and
Marambio). In contrast, farther east the geopotential
height is positively biased by approximately 15 gpm at
Halley and Novalazarevskaja. Elsewhere, there are no
significant biases except at South Pole. Inspection of
the 700-hPa temperature differences does not indicate
any regional warm or cold trends in the ECMWF-
TOGA data. However, there are several siteswith biases
greater than =~2°C. At four of the five sites nearest
the flight path (Rothera, South Pole, McMurdo, and Hal -
ley), warm biases (0.2°-2.1°C) are observed.

Because most radiosonde stations are on the coastal
margin, the skill of ECMWF-TOGA over the conti-
nental interior was assessed using other methods. First,
the technique of Phillpot (1997) was used to check the
ECMWF-TOGA geopotential heightsfor qualitative ac-
curacy over the continental interior by extrapolating
AWS data (using the sites shown in Fig. 1) to the 700-
hPa level. This method uses the hypsometric equation
to estimate the thickness of the layer between the surface
(where the given station is located) and the 700-hPa
level for an air column with a mean virtual temperature
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(MVT) of 0°C. Second, the ECMWF-TOGA 700-hPa
data were compared against analyses obtained from the
United Kingdom Met Office (UKMO) for the period
21-28 April. Based on these comparisons, the uncer-
tainty errors in ECMWF-TOGA at 700 hPa (over the
coast and the interior) are thought to be on the order of
+1 ms~* (wind speed), =15 gpm (geopotential height),
and =2°C (temperature). All of the ECMWF-TOGA
700-hPa fields used in statistical computations are in
good qualitative agreement with the observations. With
this in mind, the correlation coefficient may be the best
indicator of the model performance at the upper levels,
as this value only considers the similarity between two
curves, and does not consider biases. The authors feel
that the ECMWF-TOGA analysisis the best choice for
validating the 700-hPa data in this study. Other studies
(e.g., Cullather et al. 1997) support this, showing that
ECMWF-TOGA performs better than similar analyses
over Antarctica. It is stressed that ECMWF-TOGA is
an estimation of the actual atmospheric state based on
available observations; this should be considered when
making comparisons to the forecast models in data-
sparse areas. In addition, the ECM model will beslightly
favored by using ECMWF-TOGA, as it is being com-
pared with its own analysis.

3. Synoptic situation over Antarctica, 21-28 April
2001

Figure 3 shows the 0000 UTC ECMWF-TOGA 500-
hPa geopotentia heights for 21-28 April 2001; the high
elevation at South Pole (2835 m) provides some cor-
relation between the 500-hPa height gradient and the
surface winds. The relationship between the South Pole
surface and 500-hPa levels is shown in Figs. 4a-d,
which compare the surface AWS observations and 500-
hPa radiosonde data for surface pressure/geopotential
height, wind speed, wind direction, and temperature.
Figure 4e shows the observed cloud fraction at South
Pole. In Fig. 4o, ECMWF-TOGA data are also plotted
for surface pressure and 500-hPa geopotential height in
order to demonstrate the close correlation to observed
fields. To address the fact that every direction is north
at South Pole, when discussing the weather here (fol-
lowing the usual convention) it is assumed that Ant-
arctica is overlaid by a grid in which north (**grid
north’’) is aligned with the 0° meridian. With this no-
tation, grid east would be 90°E, grid south would be
180°, and grid west would be 90°W. Later in the text,
when discussing sites other than Pole, directions are
with respect to true north.

After reaching Rothera (via Punta Arenas, South
America) on 21 April, the flight to Pole was delayed on
22-23 April due to moderate blowing snow conditions
at Pole that degraded conditions to below flight mini-
mum requirements (~300 m ceiling and ~5 km visi-
bility). From 21 April through ~0000 UTC 24 April,
atrough extending from the Ross Sea across South Pole
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Fic. 3. ECMWF-TOGA 500-hPa geopotential heights (gpm) over
Antarctica (60°-90°S) at 0000 UTC each day, 21-28 April 2001.
South Pole is indicated by a black dot. The grid north direction (0°)
points upward.

to the Weddell and Bellingshausen Seas (Fig. 3) pro-
vided support for the observed surface winds in excess
of 6 m s (the approximate blowing snow threshold),
which occurred at Pole until about 24 April (Fig. 4b).
On 23 April, a ridge began to extend poleward from
the Bellingshausen Seaand continued to strengthen until
about 26 April. Thiswas noted at Pole by rising surface
pressure and geopotential height (Fig. 4a), and in the
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in (a) are the ECMWF-TOGA 500-hPa geopotential height (gpm; thin solid) and surface pressure (hPa; thin dashed).
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radiosonde winds (Figs. 4b and 4c), which intensified
and became grid northwest/southwest from approxi-
mately 0000 UTC 23 April through 1200 UTC 24 April.
The height gradient associated with the ridge weakened,
and a decrease in surface winds followed by a decrease
in upper-level winds occurred on 24-25 April. This al-
lowed the flight to depart Rothera for Pole at 1434 UTC
24 April. Thisridge also opened a pathway for moisture
advection from the Amundsen and Bellingshausen Seas
toward Pole. Forecasters were concerned the moisture
would reach Pole during the flight, bringing increased
clouds and reducing the ceiling below the minimum
requirement. However, this did not occur until midway
through 25 April, and the flight safely landed at Pole
at 0002 UTC 25 April. After a brief rest at Pole, the
flight crew departed at 1647 UTC 25 April and returned
to Rothera without incident at 0052 UTC 26 April. The
winds began to increase again on 25-26 April as alow
over East Antarctica (~50°E) deepened and moved
poleward.

It is noteworthy that the synoptic situation here fol-
lows very closely that discussed by Neff (1999); the
winds are not forced solely by the pressure/height gra-
dient, as implied by Fig. 3. Neff argues the weather at
Poleis strongly influenced by synoptic events, although
the associated cross-isobar surface wind regime often
leads meteorol ogists to erroneously assume that a given
event is due to slope wind (katabatic) forcing. The au-
thor notes a very consistent bimodal wind—temperature
regime associated with upper-level (synoptically forced)
winds from the grid northwest and southeast directions,
which is most prominent in the winter months. When
upper-level winds at Pole are from grid northwest (and
also from the southwest, to a lesser extent), winds
throughout the atmospheric column are strong, and the
winds at the surface blow in a cross-isobar direction. A
deep layer of (relatively) warm air is advected poleward
from the Weddell Sea region, and skies become increas-
ingly cloudy. When upper-level winds at Pole are from
grid southeast, lighter surface (and upper level) winds
are observed. Associated with this is the advection of
a shallow layer of cold air, and a clearing of the skies.
Similarly, in this study strong upper-level winds from
grid northwest (and briefly from grid southwest) are
observed from 0000 UTC 23 April to approximately
1200 UTC 24 April (Figs. 4b and 4c). Associated with
this event are strong surface winds (Fig. 4b) and a
marked increase in surface temperature (Fig. 4d; al-
though the 500-hPa temperature does not rise, indicating
the layer is fairly shallow). Increased cloudinessis also
observed (Fig. 4€). After this, upper-level windsbecome
grid southeast and decrease in magnitude from approx-
imately 1200 UTC 24 April through 1200 UTC 25 April.
During this period, a drop in surface winds, rapid cool-
ing, and decreased cloudiness are observed.

The extension of the ridge from the Bellingshausen
Seaon 25 April was amajor concern for the forecasters,
who thought that it may extend to South Pole sooner
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than it actually did and bring inclement weather while
the plane was in the air and past the point of safe return.
The AFWIN MM5 and AMPS, the two operational Ant-
arctic mesoscale models, predicted somewhat different
scenarios. Initially, AFWIN MM5 did not project that
this flow would reach Pole, while AMPS showed a
stronger flow extending to Pole. According to the fore-
casters, the flow associated with the AMPS prediction
was supported by satellite imagery, which showed ex-
tensive cloud streaking in the Executive Committee
Range (~77°S, 125°W; Marie Byrd Land). The actual
situation was a split between the two model predictions;
the flow did move into South Pole on 25 April, but not
with the speed and intensity predicted by AMPS.

4. Model performance
a. Surface analyses
1) RESULTS FOR ALL SURFACE SITES

Table 2a presents the means of the statistics for the
6-48-h forecasts versus observed surface wind speed,
wind direction, pressure, and temperature for the av-
erage of seven sites in West Antarctica (see Fig. 1 for
locations).

Observing the wind speed statistics, it is noted that
AMPS hasthe largest positive bias (1.9 m s~*) and rmse
(4.0 m s71). The other models all have biases less than
+1 ms~* and rmse values less than 3.4 m s—*. Overall,
ECM shows the highest correlation (0.59). GLO hasthe
lowest correlation (0.27), which does not meet the 95%
confidence interval. It is noteworthy that for Rothera, a
coastal site with complex topography that was included
in the mean statistics, all of the model s performed poorly
and were negatively correlated with the observations
(not shown), indicating that model topography is very
important for accurately resolving surface winds along
the Antarctic coast.

The models perform similarly in predicting wind di-
rection, each with an rmse of ~60°, and small negative
biases. Correlation coefficients are not calculated in this
small sample size, as most of the sites demonstrate var-
iability in excess of 180°, which yields unreliable re-
sults. This problem is generally negligible for a larger
sample size (e.g., Guo et al. 2003).

The four models show skill in predicting surface pres-
sure, all with correlations above 0.85. ECM has the
highest correlation and lowest rmse indicating the great-
est skill. AMPS and AVN have similar correlations and
rmse values, suggesting the dependence of AMPS upon
the AVN initial conditions. Recall, bias statistics are not
given due to uncertainty in reported station elevations.

The surface temperature trends indicate that the mod-
els all have a slight positive bias for the mean of the
seven study sites. However, if the sites are looked at
individually (not shown), both negative and positive bi-
ases occur for all of the models. For example, at Theresa
AWS, the smallest negative bias is —0.8°C (AVN) and
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TABLE 2. Forecasts from 6 to 48 h: Statistics for the modeled vs observed surface (3 m) wind speed and wind direction, surface pressure,
and surface (2 m) temperature for (a) the mean of seven AWS sites throughout West Antarctica and (b) South Pole. The results were compiled
using al model initializations from 21 to 25 Apr 2001 at 6-h intervals for all forecasts 6-48 h from the initialization. Abbreviations: n =
number in population, rmse = root-mean-square error; corr = correlation coefficient; TN°, from true north; GN°, from grid north; and N/A,
not available. A Y in the 95% column indicates that the strength of the correlation exceeds the 95% confidence interval (N means it does

not).
All sites South Pole
@ : (b) :
Model n Bias Rmse Corr 95% Model n Bias Rmse Corr 95%
3-m wind speed 3-m wind speed
(ms) (ms) (ms?) (ms)
AMPS 390 1.9 4.0 0.39 Y AMPS 65 25 3.2 0.62 Y
AVN 480 -0.4 3.2 0.34 Y AVN 80 -13 24 0.64 Y
ECM 240 -0.7 2.4 0.59 Y ECM 40 1.0 1.9 0.79 Y
GLO 342 0.6 34 0.27 N GLO 57 15 2.7 0.54 Y
3-m wind direction 3-m wind direction

(TN®) (TN®) (GN°) (GN°)
AMPS 390 —-13.8 65.9 N/A N/A AMPS 65 13 29.2 0.74 Y
AVN 480 -9.3 59.2 N/A N/A AVN 80 —-19.3 64.3 0.40 Y
ECM 240 -16.2 60.2 N/A N/A ECM 40 20.0 345 0.74 Y
GLO 342 —23.4 67.3 N/A N/A GLO 57 -11 41.9 0.47 Y

Surface pressure Surface pressure

(hPa) (hPa) (hPa) (hPa)
AMPS 455 N/A 3.2 0.90 Y AMPS 65 N/A 2.2 0.95 Y
AVN 560 N/A 2.9 0.91 Y AVN 80 N/A 1.4 0.95 Y
ECM 280 N/A 1.8 0.95 Y ECM 40 N/A 1.4 0.96 Y
GLO 399 N/A 34 0.87 Y GLO 57 N/A 29 0.85 Y

2-m temperature 2-m temperature

(°C) (°C) (°C) (°C)
AMPS 455 1.5 8.2 0.32 Y AMPS 65 4.1 6.7 0.49 Y
AVN 560 2.1 8.4 0.27 N AVN 80 5.6 8.1 0.23 Y
ECM 280 1.2 4.4 0.44 Y ECM 40 2.0 4.4 0.68 Y
GLO 399 2.1 77 0.37 Y GLO 57 5.2 7.9 0.14 N

the largest is —7.1°C (AMPS). In this case (surface
temperature), bias is a poor indicator of true model per-
formance, and the relatively large rmse values observed
for all of the models indicate the large amount of var-
iability about the observations. Overall, ECM performs
with the greatest skill, having the lowest rmse (4.4°C)
and highest correlation (0.44). For all of the models, the
low quality of the results implies a need for improved
planetary boundary layer parameterizations in support
of near-surface temperature prediction. Weaknesses may
also be present in the parameterization of radiation and
land surface processes.

2) RESULTS FOR SOUTH PoLE

It is often instructive to examine a case at one specific
point in order to gain insight into model strengths and
weaknesses. Here, we choose South Pole, the landing
site for the rescue flight. This discussion draws on Table
2b, which presents the model statistics for Pole, and
Figs. 5a—e, which show the 6-48-h time series data of
forecast surface variables (wind speed, wind direction,
pressure, temperature, and cloud fraction, respectively)
at South Pole versus Clean Air AWS (90°S, 0°; 2835
m). Cloud fraction is plotted versus manual cloud ob-
servations at Pole. The gray-shaded areain thefirst plot

in each figure indicates the flight window to and from
South Pole, which coincides with the winds subsiding
(and is represented by the synoptic conditions depicted
by the satellite composite in Fig. 1). The black bars at
the top of the first plot in each figure indicate times
when blowing snow was reported.

Perhaps the most important forecasting task for the
landing at South Pole was the prediction of blowing
snow. The models perform with varying degrees of skill
for thisendeavor. In predicting the wind speed variability,
particularly capturing the decline in wind speed on 24—
25 April, AMPS displays the greatest drop (~4 m s71),
while ECM and AVN predict a more moderate drop (~2
m s-1). Thereisasmall drop (~1-2 m s*) in the GLO
wind speed during this period. The lack of the winds
subsiding in GLO may berelated to adiscrepancy at Pole
in the surface topographic dataset originally used. This
has since been adjusted to reflect the accuratetopography.
Noting the observed wind speed during the blowing snow
event, a blowing snow “‘wind speed threshold” can be
approximated at about 6 m s*, which is confirmed by
the forecasters at McMurdo [Turner and Pendelbury
(2000) also give athreshold of 6 m s~ at Pole following
precipitation; it is conjectured that precipitation may have
occurred at or near Pole prior this event, but very few
observations are available before 20 April]. Using this
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(a) South Pole Surface (3 m) Wind Speed (m s™): Observed vs. AMPS (b) South Pole Surface (3 m) Wind Direction (GN°): Observed vs. AMPS
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of the flight to Pole. The black horizontal bars at the top of the first plot represent times when blowing-snow conditions are reported at Pole.
The thick horizontal line at 6 m s~ indicates the approximate blowing-snow threshold. (b) Same asin (a) but for surface (3 m) wind direction
(GN®). (c) Same as in (&) but for surface pressure (hPa). (d) Same as in (a) but for surface (2 m) temperature (°C). (e) Same as in (a) but
for cloud fraction (%; compared against manually observed cloud fraction at South Pole).
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(d)

South Pole Surface (2 m) Temperature (°C): Observed vs. AMPS
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FiG. 5. (Continued)

general rule, AMPS and ECM would have accurately
predicted the blowing snow event and its subsequent ces-
sation on 24 April (although the AMPS timing is some-
what late). The statistics in Table 2b indicate that ECM
has the lowest bias and rmse, and the highest correlation
with the observed values. Statistically, AVN performs

with the next highest skill, having the second-lowest bias
and rmse, and the second-highest correlation with the
observations. Thisis perhaps due to the skill shown from
25 April onward in predicting the magnitude and trend
of the observations. However, observation of the plots
indicates that AMPS performed with more skill in pre-
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(e) South Pole Cloud Fraction (%): Observed vs. AMPS
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FiG. 5. (Continued)

dicting the high winds prior to the drop on 24-25 April,
and in capturing the rather large and abrupt drop (but
with a delay of ~12 h).

In predicting the wind direction at Pole (Fig. 5b), all
of the models demonstrate a reasonable depiction of the
large-scale circulation, capturing the general shift of
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winds from grid north to grid east over the time series.
None of the models capture the abrupt (and brief) de-
parture back to grid north on 25 April. The most notable
departures are in the AV N forecasts on 25 and 26 April,
which make substantial adjustments toward the ob-
served values from what appear to be poor initial con-
ditions. Similarly, Bromwich et al. (1999), in an ex-
amination of the AVN/Medium Range Forecast (MRF)
model, note that large adjustments from deficient initial
conditions are common for many of the poorly repre-
sented fields, and the fields generally improve as they
are integrated forward in time. Statistically, AMPS
showed the highest skill in forecasting wind direction,
having a small bias (1.3) and the lowest rmse (29.2)
(Table 2b). For this case, the low variability of the South
Pole winds allows for the correlation coefficient to be
calculated with a high degree of confidence. AMPS and
ECM havethe highest correlation (0.74); however, ECM
has a larger bias and rmse. AVN and GLO have con-
siderably lower correlations, likely reflecting their low-
er-resolution depiction of the topography.

For the surface pressure at South Pole (Fig. 5c), all
of the models capture the variability with skill, corre-
lating at or above 0.85 (Table 2b). AMPS, AVN, and
ECM dl correlate at or above 0.95. AVN and ECM
have the best fit about the observations, and thisis re-
flected in their low rmse values (1.4 hPa).

Observation of surface temperatures (Fig. 5d) indi-
cates that all of the models have a warm bias at South
Pole. Thisis shown in the statistics, with positive biases
ranging from 2.0°C (ECM) to 5.6°C (AVN). AMPS and
AVN both show anomalous warming on 23-24 April
followed by cooling. While capturing variability, they
tend to be out of phase with the temperature trend by
6-12 h. It is likely that the similarity of the evolution
of features in AMPS to those in AVN arises because
AMPS employs AVN for initial and boundary condi-
tions. Bromwich et al. (2003) find that AMPS relies
heavily on the AVN initial fields, and this behavior has
been noted for other mesoscale models at high latitudes
(e.g., Klein et al. 2001). The influence of theinitial and
boundary conditions on AMPS forecastsis explored fur-
ther in section 4d. ECM shows the highest skill in pre-
dicting the magnitude of the surface temperatures, al-
though it does not capture the period of vigorous cooling
on 24 April. GLO shows minimal skill in predicting the
surface temperatures (i.e., overpredicting the surface
temperature by ~18°C on 25 April), and does not cor-
relate at the 95% confidence interval.

Figure 5e shows the modeled versus observed cloud
fraction (no statistics are presented for this field). With
the exception of GLO, the models tend to overpredict
clouds, a problem that has been reported in other studies
over ice sheets and cold continental interior locations
(e.g., Hines et al. 1997a,b). Generally, this causes an
excess of downwelling longwave radiation and has a
warming effect during the polar night. It appears that
this may be partially responsible for the warmer than
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TaBLE 3. Forecasts from 12 to 48 h: Statistics for the modeled vs
observed 500-hPawind speed and wind direction, geopotential height,
and temperature for South Pole. Conventions are the same as those
used in Table 2.

South Pole
Model n Bias Rmse Corr 95%
500-hPa wind speed
(ms™) (ms™)
AMPS 32 0.3 4.3 0.64 Y
AVN 40 0.2 5.3 0.25 N
ECM 20 0.9 5.0 0.38 N
GLO 28 1.3 4.9 0.45 Y
500-hPa wind direction
(GN°) (GN°)
AMPS 32 11.6 81.8 N/A N/A
AVN 40 41.1 97.1 N/A N/A
ECM 20 —24.8 75.2 N/A N/A
GLO 28 6.1 78.9 N/A N/A
500-hPa geopotentia height
(gpm) (gpm)
AMPS 32 35.1 43.3 0.92 Y
AVN 40 -9.1 22.8 0.95 Y
ECM 20 11.8 16.7 0.98 Y
GLO 28 33.9 40.1 0.95 Y
500-hPa temp
Q) Q)
AMPS 32 -1.2 2.0 0.69 Y
AVN 40 -16 21 0.77 Y
ECM 20 -0.9 16 0.69 Y
GLO 28 -3.6 3.9 0.77 Y

observed temperatures in AMPS, AVN, and ECM, for
example, on 24 April (Fig. 5d), and for the overall warm
bias observed in these models (Table 2b), although this
cloud—temperature relationship is not apparent in GLO.
All three of these models capture the cloud clearing on
24-25 April after the upper-level winds shift to grid
southeast [see discussion of Neff (1999) in section 3],
and then capture the increase in cloud fraction during
the latter part of 25 April (although all are about 6 h
late) as the upper-level winds briefly become grid north-
northwest, advecting moisture from the Weddell Sea.
GL O showsvery little correlation with the observations,
especialy in relation to the cloudiness observed on 25
April, but does not tend to overpredict cloud fraction.
It is noteworthy that the modeled clouds are in better
agreement with the observed clouds during periods
when blowing snow is not reported; it is possible that
the blowing snow may be partially obscuring the ob-
server's view during blowing snow events, leading to
erroneous cloud estimates.

b. 500-hPa analyses (South Pole)

Extending the analysis at South Pole to the upper-level
conditions, the models are examined at 500 hPa. This
discussion draws on Table 3, which presents the 500-hPa
model statistics at Pole, and Figs. 6a—d, which show the
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12-48-h time series data of the 500-hPa forecast variables
(wind speed, wind direction, geopotential height, and tem-
perature) versus radiosonde observations.

Examining Fig. 6a, AMPS shows the highest skill in
capturing the magnitude and variability of the 500-hPa
wind speed, most notably the rise in wind speed asso-
ciated with ashift in the wind direction to grid northwest
on ~23 April, then the drop in winds on ~25 April as
the wind direction shifts back to grid southwest, con-
sistent with the synoptic discussion in section 3. ECM
and GLO also capture the rise in winds on ~23 April,
but do not resolve the decrease in winds on 25 April.
Little skill is demonstrated by the AVN in capturing the
magnitude or variability of the wind speed. The statistics
reflect this performance, with AMPS having the highest
correlation (0.64), lowest rmse, and a negligible bias.
GL O outperforms ECM, having alower rmse and higher
correlation. ECM and AVN do not correlate within the
95% confidence interval.

Inspection of Fig. 6b shows a wide range of wind
directions predicted by the models, and this is reflected
in the large rmse values in Table 3, al greater than 70°.
Note that the wind directions here are plotted from 0°
to 360° for presentation, but are the same as the 500-
hPa winds plotted from —180° to 180° in Fig. 2c. All
of the models predict (to varying degrees) the gradual
shift from grid northwest to grid southeast on 23-25
April, which is important in resolving the bimodal pat-
tern discussed in Neff (1999; see section 3 in this paper).
AVN, which did not resolve the decrease in winds as-
sociated with this shift in direction to southeast, only
shows an ~90° shift in wind direction, from grid north-
west to grid southwest. Accordingly, AVN has the larg-
est bias and rmse. ECM, about 45° out of phase, tends
to capture this shift with the most skill. The rapid (and
brief) departure in wind direction to grid north-north-
west on ~26 April is not resolved by any of the models.

Inspection of Fig. 6¢ reveals that al of the models
resolve the geopotential height trends (i.e., large-scale
circulation) with reasonable accuracy. Accordingly, all
have correlations above 0.90, and ECM is nearly unity
(0.98). AMPS and GLO, the two MM5 models, both
have positive biasesin excess of 30 gpm. The magnitude
of the rmseis nearly the same as the bias, which implies
that the bias is systematically high in all forecasts; this
is evident in Fig. 6¢c for AMPS and GLO.

The forecast temperatures (Fig. 6d) correlate at 0.69
and above for all models, with AVN and GLO having
the highest (0.77). In general, the models perform sim-
ilarly in resolving the variability. All tend to underpre-
dict the warming on 25-26 April, apparently related to
the failure of each to capture the brief shift in winds to
grid north-northwest discussed above. Inspection indi-
cates al of the models have negative biases. ECM has
the smallest bias (—0.9), and GLO the highest (—3.6).

€. 700-hPa analyses (flight path)

Table 4a presents the means of the statistics for the
12-48-h forecast versus observed (ECMWF-TOGA)
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(a)

South Pole 500-hPa Wind Speed (m s'): Observed vs. AMPS
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(b) South Pole 500-hPa Wind Direction (GN°): Observed vs. AMPS
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FiG. 6. (a) Observed vs forecast 500-hPa wind speed (m s—*) at South Pole, 21-27 Apr 2001, for al forecasts out to 12-48 h from the
initial time. Observations (thick line) are from radiosonde observations at Pole. (b) Same as in (a) but for 500-hPa wind direction (GN°).
(c) Same as in (a) but for 500-hPa geopotential height (gpm). (d) Same as in (a) but for 500-hPa temperature (°C).

700-hPa wind speed, wind direction, geopotential
height, and temperature for five points along 70°W, the
longitude of the flight path (see Fig. 1). Overal, the
models show much more skill in depicting variables at
700-hPa than they do for the surface, at least partially

due to the absence of the stable boundary layer and the
smaller influence of topography.

Inspection of the wind speed statistics in Table 4a
indicates that for all of the models the correlations are
greater than 0.60. Likewise, the biases are all within
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South Pole 500-hPa Geopotential Ht. (gpm): Observed vs. AMPS

(d)
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+1 m st of the ECMWF-TOGA wind speed, which
is estimated to have an uncertainty of £1 m s* (see
section 2). The rmse values for all models are within
3.3 m s~ 1. ECM has the highest correlation and lowest
rmse for all five sites, suggesting the highest skill in
predicting the wind speed variability (although it must
be considered that ECM is being compared with its own

analysis). Surprisingly, the lowest-resolution model,
GLO, has the second highest correlation.

The wind direction statistics show all of the models
performing with similar skill. The bias and rmse statis-
tics at 700 hPa indicate better model performance than
at the surface (Table 2a), likely due to the decreased
topographic forcing with distance from the model sur-
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TaBLE 4. Forecasts from 12 to 48 h: Statistics for the modeled vs
observed 700-hPawind speed and wind direction, geopotential height,
and temperature for the mean of five points along the flight path from
Rothera to South Pole. Conventions are the same as those used in
Table 2.

All sites
Model n Bias Rmse Corr 95%
700-hPa wind speed
(ms?) (ms)
AMPS 160 0.1 3.0 0.68 Y
AVN 200 -0.9 3.3 0.64 Y
ECM 100 -0.2 2.6 0.79 Y
GLO 140 0.4 2.8 0.72 Y
700-hPa wind direction
(TN°) (TN°)
AMPS 160 -21 32.9 N/A N/A
AVN 200 3.1 36.0 N/A N/A
ECM 100 8.7 32.3 N/A N/A
GLO 140 —-29 40.7 N/A N/A
700-hPa geopotential height
(gpm) (gpm)
AMPS 160 —-20 225 0.97 Y
AVN 200 -5.3 19.0 0.97 Y
ECM 100 55 13.3 0.99 Y
GLO 140 24.8 35.8 0.95 Y
700-hPa temp
(°©) (°C)

AMPS 160 -13 2.1 0.87 Y
AVN 200 -1.3 2.1 0.88 Y
ECM 100 -0.6 13 0.94 Y
GLO 140 —-22 2.8 0.85 Y

face. Correlation statistics are not computed because of
the high variability of the wind directions.

For the geopotential height, the correlations for all
sites for all models are at or above 0.95. The biases for
AMPS, AVN, and ECM are all lessthan =6 gpm, while
GLO indicates a strong positive bias of about 25 gpm.
The rmse values are about 20 gpm for AMPS and AV N,
about 13 gpm for ECM, and about 35 gpm for GLO.
When considering the ECMWF-TOGA data against
which the models are validated is probably within =15
gpm of the true geopotential height, AMPS, AVN, and
ECM al perform well, both qualitatively and quanti-
tatively. GLO, while performing well qualitatively, has
a strong positive geopotential height bias, even consid-
ering the margin of error of the validating data.

For the temperature, the correlations for all sites for
all models are at or above 0.85. Negative biases are
observed for al models, ranging from —0.6 to —2.2°C.
The rmse values for all models are about 2°C. Consid-
ering that the ECMWF-TOGA data may differ from the
radiosonde observations on the order of +2°C [and
probably are positively biased along the flight path (Fig.
2)], this suggests that all of the models, when averaged
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over several sites, are in reasonable quantitative agree-
ment with the observed temperature.

d. Additional runs using ECMWF-TOGA

Three additional AMPS runs were performed for the
0000 and 1200 UTC 23 April and 0000 UTC 24 April
initializations using ECMWF-TOGA (analysis) data to
depict the initial and boundary conditions (ICS/BCs).
These data were used because they are derived from the
initial fields of the much higher resolution ECMWF glob-
al forecast model (ECM). Simmons and Hollingsworth
(2002) show that forecast errors in the ECMWF global
forecast model are small after 24 h when validated against
its own analyses, and therefore we consider ECMWF—
TOGA to be representative of the forecast fields. The
ECMWEF global forecast data could not be directly used
because of the high cost of obtaining all of the necessary
fields. In addition, AMPS is aready configured to assim-
ilate ECMWF-TOGA, s0 it is convenient to use these
data. It should be noted that the ECMWF-TOGA data
have a lower spatial resolution than AVN, which is cur-
rently used for the AMPS ICYBCs, and the tempora
resolution is every 12 h as opposed to 6 h for AVN (this
influences the lateral boundary conditions, which areim-
posed throughout the model run). Therefore, while it is
expected that the quality of the ECMWF-TOGA datais
an improvement over the AVN data, limitations are im-
posed by the low spatial and temporal resolution, which
would not be present if the ECMWF global forecast data
were used. It is noteworthy that the ECMWF global fore-
cast model generally performed with the highest skill in
this study, and has demonstrated the best performance
when compared to similar global models, including AVN
(Skinner 1995; Skinner and Hart 2001). Accordingly, the
use of this model to derive the ICs/BCs in AMPS may
be a potential improvement over AVN.

Figure 7 compares the results of the AMPS runs using
ECMWF-TOGA ICs/BCs (Fig. 7a, AMP_-NEW) to the
original runs, which employ AVN ICs/BCs (Fig. 7b,
AMPS). Note that the two latter runs using AVN ICs/
BCs (Fig. 7b) are cut short at 0000 UTC 25 April; the
cause of this is unknown. Inspection of the surface
winds indicates that the runs using the ECMWF-TOGA
ICs/BCs have a positive bias similar to that from the
runs using AVN ICs/BCs, with a greater bias during the
peak of winds at 0000 UTC 24 April. The runs using
the AVN ICs/BCs capture the wind direction better than
those using the ECMWF-TOGA ICs/BCs. Similar to
the results for the other models shown in Fig. 5b, the
new runs fail to capture the brief shift in wind direction
on 25 April. Inspection of the surface pressure plots
indicates that both cases correlate well with the pressure
trend, with no significant difference in the runs using
ECMWF-TOGA ICg/BCs from the runs using AVN
|Cs/BCs. Inspection of the surfacetemperatureforecasts
indicates improvement in the runs using the ECMWF-
TOGA IC9/BCs. The runs using ECMWF-TOGA IC¢
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South Pole Surface (3 m) Wind Speed (m s™): Observed v. AMP_NEW
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South Pole Surface (3 m) Wind Speed (m s™): Observed v. AMPS
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FiG. 7. Surface wind speed (m s*), wind direction (GN°), temperature (°C), and pressure (hPa) at South Pole for (a8) AMPS_NEW (runs
using ECMWF-TOGA initial and boundary conditions) and (b) AMPS (origina runs using AVN initial and boundary conditions).

BCs correlate more closely to the observed tempera-
tures, and do not reproduce the anomalously high tem-
peratures on 24 April that are observed in the runs using
the AVN ICs/BCs.

The new simulations demonstrate that the ICs/BCs
exert a significant influence on AMPS forecasts. How-

ever, with the exception of the surface temperature pre-
diction, they do not indicate that ECMWF-TOGA ICs/
BCs improve simulations compared to AVN ICs/BCs
(although it must be considered that the ECMWF—
TOGA ICs/BCs have a lower spatial and temporal res-
olution than the AVN ICs/BCs).
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5. Discussion
Addressing some model deficiencies
1) POSITIVE SURFACE TEMPERATURE BIAS

All of the models have a positive surface temperature
bias. The biasrangesfrom 1.2°C (ECM) to 2.1°C (AVN,
GLO) for the average of al sites, and is much larger
for South Pole, ranging from 2.0°C (ECM) to 5.6°C
(AVN), suggesting that the bias is related to the con-
tinental ice sheet environment at South Pole. AMPS,
AVN, and ECM generally overpredict cloud fraction
(Fig. 5€), which contributes to surface warming via an
increase in downwelling longwave radiation, a problem
that is prominent during austral winter over the Ant-
arctic ice sheet for many mesoscale and global models
(e.g., Hines et al. 1997a,b). This has been addressed in
the Polar MM5 (the model used in AMPS) by replacing
the Fletcher (1962) equation for ice nuclei concentration
with that of Meyers et al. (1992) in the MM5 Reisner
explicit microphysics parameterization (Reisner et al.
1998). Using this parameterization in a 1-yr validation
of nonhydrostatic Polar MM5 simulations over Antarc-
tica, Guo et a. (2003) find that the spatial variability
of cloud cover is well represented, but there is slightly
deficient cloud cover over the composite annual mean
of several stations due to low-level dry biases. They
also note a cold bias near the interior Antarctic surface
that may be related to the underestimated clouds. As-
suming the Polar MM5 simulations of Guo et al. (2003)
and the AMPS (Polar MM5) simulations are similar,
these findings suggest that the case examined here may
not be representative of typical wintertime cloud con-
ditions. It is noteworthy that the ICs/BCs for the sim-
ulationsin Guo et al. (2003) are derived from ECMWF—
TOGA, whereas AMPS employs AVN ICsBCs. The
AVN/MRF model was found to have significant ad-
justment in cloud fraction throughout first few days of
each forecast, suggesting poor initial conditions (Brom-
wich et al. 1999). This may be partially responsible for
the higher than observed temperature and cloud cover
in these AMPS forecasts.

Another factor that may contribute to the temperature
bias is a positive wind speed bias. With respect to the
latter, during the period in which the positive temper-
ature bias is greatest (~24-25 April; Fig. 5d), there is
a positive wind speed bias in three of the four models
(Fig. 5a), which may cause enhanced vertical mixing.

2) POSITIVE SURFACE WIND SPEED BIAS IN AMPS

Table 2 and Fig. 5a reveal that AMPS has a wind
speed bias over the mean of all sites, and at Pole. For
the composite mean of 28 stations in Antarctica simu-
lated using the Polar MM5, Guo et al. (2003) find a
small positive wind bias (~0.60 m s~*) for April 1993.
When examining the synoptic variability during winter
(July) at a similar interior Antarctic site (Dome C;
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75.12°S 123.37°E; 3250 m), the findings indicate a ten-
dency to underpredict strong wind events (>6 m s1)
and overpredict light winds. From Fig. 5a, most of the
positive bias at Pole occurs during the period of light
winds on 24-25 April, which is consistent with thelatter
assessment of Guo et al. (2003). The 500-hPa wind
speed forecasts at Pole (Table 3, Fig. 6a) represent ap-
proximately geostrophic conditions. A negligible bias
is present in the AMPS 500-hPa winds, especially dur-
ing the period of the largest positive surface wind speed
bias (light surface winds) on 24-25 April. Thisindicates
that the large-scale synoptic forcing is approximately
correct, and is not contributing to the surface wind speed
biasin AMPS at Pole. It is possiblethen that the problem
lies in the planetary boundary layer parameterization,
and this deserves further evaluation.

6. Conclusions

This study is intended to inform the reader about
several of the models commonly used in Antarctic
weather prediction and examine their performance in a
notable forecasting event. Although it is unwise to draw
definitive conclusions based on the short time frame and
the few forecasts analyzed, the results are useful in as-
sessing the models’ strengths and weaknesses.

While not a unique conclusion, it is noteworthy that
the horizontal spatial resolution of each model exerts
significant influence on forecast accuracy for these Ant-
arctic predictions. ECM and AV N, because of their pro-
jections, increase in resolution with respect to longitude
as they near the Pole. For example, at 75°S, the lon-
gitudinal resolution of ECM is ~28 km, and ~56 km
for AVN, and increases poleward. Considering this, the
order of highest to lowest horizontal spatial resolution
is also the order of highest to lowest overall skill: 1)
ECM, 2) AMPS, 3) AVN, and 4) GLO. However, model
performance is not limited to this aspect alone; data
assimilation, vertical resolution, and model physicsalso
have important impacts. Other comparisons have dem-
onstrated the high skill of ECM relative to other models
(Skinner 1995; Skinner and Hart 2001). Simmons and
Hollingsworth (2002) examine some of the major rea-
sons behind the success of this model, which they show
has improved significantly throughout the Southern
Hemisphere in the past 10 years, now approaching the
skill achieved in the Northern Hemisphere. This is in
part due to important model enhancements that benefit
the data-sparse high latitudes, such as the implemen-
tation of four-dimensional variational data assimilation
in 1997 (4DVAR; Mahfouf and Rabier 2000) and the
continually updated assimilation of satelliteinfrared and
microwave radiances from polar-orbiting satellites.

At the surface, ECM exhibits the best performance,
generally having the lowest values for bias and rmse,
and the highest correlations. All four models demon-
strate high skill in predicting surface pressure (corre-
lations > 0.85), but moderate skill in predicting wind
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speed, wind direction, and temperature. AMPS has a
systematic positive wind speed bias that is amplified
during the period of light winds. The large-scale pres-
sure gradient forcing is examined as a possible cause
of this and is shown to be a negligible contributor. All
models capture the shifts in surface wind direction at
South Pole associated with upper-level forcing, with
AMPS and ECM showing the highest skill. Surfacetem-
perature isthe most poorly simulated variable. The mod-
els demonstrate high variability, evident by the large
rmse values and low correlations. Additionally, all of
the models yield a positive surface temperature bias.
Thisis partialy caused by overprediction of cloud frac-
tion over the ice sheet.

All of the models’ forecasts have considerably more
skill in the free atmosphere, in part due to decreased
topographic effects and less dependence on PBL param-
eterizations; this is demonstrated in the 500-hPa geo-
potential height and temperature forecasts at South Pole,
for which the large-scale circulation is accurately de-
picted by al models. However, all models exhibit a
negative 500-hPa temperature bias compared to radio-
sonde observations. The highest skill in forecasting the
500-hPa winds, which are shown to have a strong re-
lation to the surface at Pole, is shown by AMPS. Global
MM5 and AMPS forecasts exhibit positive geopotential
height biases greater than 30 gpm.

ECM exhibits the best performance at 700 hPa, gen-
eraly having the lowest values for bias and rmse, and
the highest correlations; this model is slightly favored
by using its analysis (ECMWF-TOGA) to represent the
““observed”’ state. All of the models show generally high
skill in predicting geopotential height, and good skill in
predicting wind speed, wind direction, and temperature
within the uncertainties of the validating data. One ex-
ception is the geopotential height forecasts for GLO,
which exhibit a strong positive bias (~25 gpm) and
large rmse (~35 gpm) for the mean of the five points
examined.

Similar trends between AMPS and AVN in many of
the forecast variables reinforce the findings of Brom-
wich et al. (2003), who suggest a significant dependence
of AMPS on the AVN initial and boundary conditions.
This is explored further by performing additional sim-
ulations with AMPS using ECMWF-TOGA initial and
boundary conditions. The new simulations demonstrate
that these exert an important influence on AMPS fore-
casts. However, with the exception of the surface tem-
perature prediction, the results do not indicate that the
simulations using ECMWF-TOGA are asubstantial im-
provement over simulations using AVN, although it
must be considered that the ECMWF-TOGA data have
a lower spatial and temporal resolution than the AVN
output.
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