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ABSTRACT

Based on daily minimum, maximum, and mean surface air temperatures (T, -
' ) from the European Centre for Medium-Range Weather Forecast’s reanalysis from
1979 onwards (ERA Interim), the accuracy of daily T and T reanalysis is assessed
against in situ observations from four automatic weather stations (Zhongshan, EAGLE,
LGB69, and Dome A) in East Antarctica from 2005 to 2008. ERA Interim generally
shows a warm bias for T and a cool bias for T, with an underestimation of the di-
urnal temperature range. The reanalysis explains more than 84% of the daily and annual
variance, and the replicating ability decreases gradually from the coast to the interior,
with annual root mean square errors of 2.4 °C, 2.6 °C, 3.0 °C,and 4.3 °C for daily T,
and 2.2 °C, 3.1 °C, 3.4 °C,and 4.9 °C for daily T at Zhongshan, LGB69, Eagle, and
Dome A, respectively. ER A Interim shows little seasonal variability, although it performs
a little better in the austral spring and worse in winter and autumn at Dome A.An analy-
sis on spatial distribution of temperature and wind field indicates that ERA Interim has
successfully replicated the progress of temperature extremes developing, occurring, and
disappearing. In addition, weather events extracted from ERA Interim mainly occur
on the same day as observations, with high cross-correlation coefficients (R 2 0.287, N
= 1131, P < 0.001). ERA Interim has, despite its regional limitations and deficiencies,
proved to be a powerful tool for weather and climate studies in the Antarctic region.

INTRODUCTION

In late December 2015, a powerful warm current
suddenly drove the North Pole temperature back up
to the freezing point, 50 °C above average for that
time of year. Buoy measurements confirmed that
anomalous temperatures climbed above 32 °C on
30 December. Subsequently, in late January 2016,
an unprecedented cold snap occurred over East
Asia, Southeast Asia, northern parts of South Asia,
and northern North America, yielding the coldest
temperatures in decades in many of these regions.
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The resulting snowfalls and frigid weather stranded
thousands of people. If such temperature extremes
occurred in Antarctica, there would be even greater
worldwide effects, since Antarctica has much great-
er heat reserves. On the other hand, mass loss owing
to sublimation and erosion of snow by the wind has
a potentially large impact on the surface mass bal-
ance (van den Broeke et al., 1999), prolonged ka-
tabatic wind events affect the near-surface climate,
summer melt percolation and changes in the stress
field due to shelf removal play a major role in gla-
cier dynamics, and extreme snowmelt events have
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a great impact on ice shelf disintegration (Cape et
al., 2015; Marshall and Thompson, 2016; Scambos
et al., 2004; Shepherd et al., 2012).

Weather extremes are occurrences of weather
with meteorological variable values above (or be-
low) the upper (or lower) limit of observed thresh-
old values. Their probability of occurrence is gener-
ally lower than 10%. Statistically, weather extremes
are generally regarded as events of “low probabil-
ity” (IPCC, 2012; Qin et al., 2015). New evidence
has confirmed that climate change will affect the
frequency, intensity, spatial extent, and duration of
weather extremes (IPCC, 2012, 2013; Qin et al.,
2015). To determine the direction and extent of
changes in extreme weather, appropriate analyti-
cal methods and high-quality observational data
homogenization are prerequisites. The infrequent
occurrence of extreme events makes it difficult to
identify their long-term changes, compared with
identifying changes in average climatic conditions.
In particular, analysis of changes in extreme weath-
er events has higher requirements of observational
data. To analyze the changes in extreme events at
shorter time scales, high-resolution data collected
daily or at even shorter time scales are required.
This can be problematic, first because it is difficult
to obtain data at high temporal resolution, and sec-
ond because the quality of such observations may
be insufficiently high (Qin et al., 2015). Specifically,
meteorological records are spatially limited and of
short duration in Antarctica for adequately char-
acterizing its remote and harsh environment. Thus,
there is little research on its extreme weather events
(Kennicutt et al., 2014), making it a blank cell with
regard to changes in the intensity and frequency of’
its extreme weather events (IPCC, 2013).

Reanalysis data provide a multivariate, spatially
complete, and coherent record of global atmos-
pheric circulation (Dee et al., 2011; Kalnay et al.,
1996; Kistler et al., 2001). They place great empha-
sis on regenerating synoptic analyses over several
decades, using a fixed data assimilation system and
numerical weather prediction model (Compo et al.,
2011). Despite the indisputable uncertainty of its
data products, comparisons reveal broad agreement
in the long-term trends of its temperature time se-
ries (Pezza et al., 2012; Simmons, 2004; Simmons
et al., 2014), Hence, data sets generated by such
reanalysis can be of great value for atmospheric re-
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search on climate anomalies (such as monthly and
annual mean temperature) (Dee et al., 2011). Kha-
rin et al. (2007) showed some substantial differences
between extreme values derived from models ver-
sus observations. Donat et al. (2014) found a high
level of consistency between various interpolated
observations of temperature extremes over the past
60 years, with most reanalysis reproducing observed
changes and spatial patterns reasonably well for the
post-1979 period, when satellite data were avail-
able for assimilation. In Europe, Cornes and Jones
(2013) demonstrated a good agreement between
gridded observations and the reanalysis data over
the past 30 years for extreme temperatures. Russo
et al. (2014) used gridded data sets of in situ obser-
vations and reanalysis data to evaluate extreme tem-
peratures in various simulations. They highlighted
the large spread in absolute values of temperature
extremes from different reanalysis products, com-
parable to the spread for different climate mod-
els. You et al. (2014) assessed the consistency and
discrepancy in extreme indices between reanalysis
and observations in China (You et al., 2014). They
suggested that the European Centre for Medium-
range Weather Forecasts (ECMWF) reanalysis can
reproduce the variability of temperature extremes
obtained from observations, and can be applied to
investigate climate extremes to a limited extent, al-
though they cautioned that biases exist because of
assimilation differences.

Previous research in Antarctica has emphasized
mean temperature (T ) from reanalysis and ob-
servations, showing that reanalysis data are useful for
monitoring changes in data-sparse regions (Bocca-
ra et al., 2008; Bromwich et al., 2007; Genthon et
al., 2010; Gobiet, 2005; Xie et al., 2014). Few stud-
ies in Antarctica have focused on maximum tem-
peratures (1° ) or minimum temperatures (1 ),
which are more sensitive to climate change than
their mean values (IPCC, 2012). Therefore, given
the limited coverage of purely in situ observations,
it is necessary to determine whether reanalysis can
fill the gaps in these databases (Donat et al., 2014).
Xie et al. (2014) suggested that ER A Interim per-
forms best in East Antarctica, after comparing these
data with the other reanalysis for T . Hence, we
selected ERA Interim to evaluate extracted daily
T and T ,to determine whether ER A Interim

min

could replicate temperature extremes in East Ant-
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arctica during 2005-2008. This paper is structured
as follows: We describe the data used and methods
applied in the next section. The comparison of dai-
ly, annual, and seasonal T_ . and T from observa-
tions and ER A Interim is presented in the follow-
ing section, followed by a discussion of the results
and the replication ability of ERA Interim. Major
conclusions are summarized in the final section.

DATA AND METHODOLOGY

Observational Meteorological Data

China has carried out 32 expeditions in East
Antarctica involving 11 traverses from Zhongshan
Station on the coast to Dome Argus (Dome A) on
the summit of the East Antarctica Ice Sheet.To im-
prove incomplete meteorological records in this
region, China deployed three automatic weather
stations (AWSs), LGB69, EAGLE, and DOME A,
along this route (Fig. 1). These stations are operated
in collaboration with the Australian Antarctic Divi-
sion. In addition to data from these three AWSs, we
used data from Zhongshan Station for comparison
with the ERA Interim reanalysis data set. Specifi-
cally, Zhongshan Station is on the East Antarctic
coast, LGB69 is on the near-coastal escarpment of
the ice sheet, EAGLE is within the interior region,
and Dome A is on the summit of the East Antarctic
Ice Sheet. These stations form a traverse along 77°E
(Fig. 1). Xie et al.,, (2014) and (Xiao et al., 2008)
provided details of the temperature sensors at these
sites.

The surface air temperatures at the LGB69, EA-
GLE, and Dome A AWSs were recorded at hourly
intervals at three nominal heights above the surface
(1 m, 2 m, and 4 m). The daily minimum of the
surface 2 m observation temperature was selected
to compare with ERA Interim data in this study,
because it reflects the surface energy balance and
is closely related to snow temperature (Chen et al.,
2010).

Assuming a log-linear temperature profile, all
temperature observations were corrected for the
effect of snow accumulation. Xie et al. (2014) and
Ma et al. (2008) have given details for this correc-
tion. We also filtered the height-corrected data to
eliminate outliers that are more than three standard
deviations outside the average daily value for the

study period covering 2005-2008. Over these four
years of data, we have had only six outliers for daily
air temperatures at Zhongshan Station, and none at
the other three AWSs.

ERA Interim Dataset

The daily T, and T at 2 m from ERA In-
terim are available from the ECMWF Data Server
(http://apps.ecmwtf.int/datasets/data/interim_
full_daily/) as a T255 reduced Gaussian grid (Fig.
1). The ERA Interim reanalysis (1979 to present)
was introduced to incorporate improvements
to ERA-40, such as a refined data assimilation
scheme and a refined numerical weather predic-
tion model, a T255 spherical-harmonic represen-
tation for the basic dynamical fields, and an as-
similation of Global Positioning System radio
occultation measurements for atmospheric tem-
peratures (Dee and Uppala, 2009; Dee et al., 2011;
Poli et al., 2010; Uppala et al., 2005). All the 2 m
T —and T  data used in this study were aver-
aged into monthly, seasonal, and annual values. All
four AWSs are located in different grids of ERA
Interim reanalysis (Fig. 1).

Methodology

Corrections for the difference in elevation be-
tween the in situ measurement point and the grid
cell average might make point measurements and
reanalysis products (at different horizontal reso-
lutions) more compatible. However, in this study
the reanalysis of surface air temperature was
directly compared with the observations with-
out interpolation, for the following reasons: (1)
Compared with other areas covered by glaciers
or ice caps, such as mid-latitude mountains, Ant-
arctica has very low topographic relief, especially
in the Dome A area, which has a surface slope
of less than 0.009% (Zhang et al., 2007). (2) Dif-
ferent interpolation methods may introduce new
errors because of the assumptions in the correc-
tion (Wang and Zeng, 2012; Zhao et al., 2008).
(3) Some new errors may also be introduced due
to height differences between the different rea-
nalysis grids. (4) The in situ stations lie in dif-
ferent grid points for each reanalysis. Hence, we
focused on the basic evaluation of reanalysis, and
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Locations of the Automatic Weather Stations along the traverse from Zhongshan Station to Dome

A, and with superimposed ERA Interim reanalysis grids (T255 Gaussian grid, 1.5° X 1.5°).

the observed data were directly compared with
those from the grid cell covering the site, with
neither elevation correlation nor interpolation
(Xie et al., 2014).
Surface daily T . and T statistics for the re-
analysis and observational data were examined to
assess the daily, annual, and seasonal performance.
In each case, root-mean-square error (RMSE),
correlation coefhicient (R), explained variance
(square of the correlation coefficient, R?), and
bias were calculated for ERA Interim at each
AWS site. Here, RMSE i1s defined as the square
root of the mean-squared difference between the
extracted reanalysis temperatures and the actual
observations, eftectively combining the errors of
low correlation and high bias into one statistic
(Bromwich and Fogt, 2004). R indicates whether
the reanalysis and observation fields have simi-
lar patterns of variation, while R? indicates what
percentage of variance the reanalysis can explain.
Bias is the mean reanalysis value over a given
period minus the mean observed value. The in-
dices of the normalized RMSE, R, and the ra-
tio of the variances are summarized in a Taylor
diagram, which displays the three statistics on a
two-dimensional plot based on the Law of Co-
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sines (Taylor, 2001). A Taylor diagram provides a
visual framework to evaluate ERA Interim T
and T with respect to their corresponding field
or observational values. An observation is repre-
sented by a point at unit distance from the origin
along the abscissa. All other points, representing
ERA Interim data are placed such that the ratio
of the variances of ERA Interim data and obser-
vation 1s given by the radial distance from the or-
igin. Errors are depicted by the pattern of points
about the observed point. Thus, when the dis-
tance to the point representing the observation
is short, there is good agreement between the
reanalysis and the observation. For more details,
refer to http://www.ncl.ucar.edu/. The plotted
values are derived from monthly means of daily
T and T

"The Cross-correlation function (CCEF) i1s used
here to analyze the time delay between ERA In-
terim and in situ observations, as a measure of
similarity of two series in signal processing. For
continuous functions f and g, the cross correlation

is defined as:

(F* =] f g+, (1
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where f* denotes the complex conjugate of f, and
T is the lag. Based on the CCEF analysis, we have
generated the Cross-correlation plots to describe
clearly the performance of ERA Interim, accord-
ing to the Cross-correlation coefficients (CCCs).
When peaks (positive areas) are aligned, they make
a large contribution to the integral. Similarly, when
troughs (negative areas) align, they also make a pos-
itive contribution to the integral, because the prod-
uct of two negative numbers is positive.

REsuLTs AND DISCUSSIONS

For our analysis, we used daily, monthly, seasonal,
and annual values of 2 m daily T . and T  _obser-
vations (Table 1) for the period from 2005 to 2008.
These data show an expected decrease in tempera-
ture with increasing altitude and latitude. During
the study period, observational extreme daily T
was —45.7 °C, —47.1 °C, —=67.7 °C, and -81.5 °C
at Zhongshan Station, LGB69, EAGLE and Dome
A, respectively. The corresponding T was 8.7 °C,
-3.7 °C, -10.4 °C, and —18.4 °C, while the ob-
servational mean daily temperature range was 4.6
°C, 5.2 °C, 8.4 °C, and 9.7 °C for these four sites.
T and T both decreased, and daily temperature
range increased, with increasing altitude and lati-
tude, as expected.

Daily and Annual Performance of
ERA InterimT_. AndT__

Figure 2, part a, shows the daily T biases be-
tween the ERA Interim reanalysis and field obser-

vations at the four sites. Clearly, the ERA Interim
data overestimated daily T, with a mean warm
bias of 4.4 °C for all four stations. ERA Interim
performed best at Zhongshan Station (Fig. 3, part
a), where it had the lowest bias of 1.0 °C, explain-
ing more than 92.7% of the variance (Table 2).
However, on average, ERA Interim overestimated
daily T, although it showed some underestima-
tions at Zhongshan Station. The maximum daily
negative bias was —4.9 °C on 26 September 2007,
whereas the maximum positive bias was 18.0 °C on
30 July 2005, coinciding with a low temperature
extreme event. ERA Interim consistently overes-
timated values at LGB69 and EAGLE, with only
occasional underestimations (Fig. 3, part a). At these
sites, the warm bias was as large as 5.7 °C and 6.9
°C, respectively. However, the explained variance
was more than 88%. In terms of explained vari-
ance, ERA Interim performed worst at Dome A
(87.5%), although the warm bias was small (4.1 °C)
(Table 2),as ERA Interim alternately overestimated
and underestimated daily T . ERA Interim had
average RMSE of 2.4 °C, 2.6 °C, 3.0 °C and 4.3
°C at Zhongshan, LGB69, EAGLE, and Dome A,
respectively (Table 2). This indicates that errors in-
creased with increasing distance from the coast to
the interior of the East Antarctic Ice Sheet. In situ
surface meteorological observations are sparse in
the East Antarctic interior, decreasing with increas-
ing latitude and altitude. This causes likely errors
to increase from the coast to the summit of the ice
sheet. The warm bias in daily T _ shows that ERA
Interim data underestimated the strength of daily
temperature drop. In this study, reanalysis T . val-

TABLE 1
Annual, seasonal,* and monthly observed T , and T __ (°C) for Zhongshan Station, LGB69, EAGLE, and Dome A.

Annual  Spring  Summer Autumn Winter  Jan Feb Mar  Apr  May  Jun Jul Aug Sep Oct  Nov  Dec

Zhongshan  -11.9  -13.7 2.8 -13.1 -17.8 -1.7 50 93 -131 -167 -162 -182 -191 -187 -151 71 21
LGB69 -288 292 21 -31.6 349 -192 244 -289 323 -346 -340 -352 -360 343 -31.1 -245 -193

T EAGLE —457 471 333 —49.2 =521 =305 —40.0 -458 498 517 -50.8 -51.6 -541 539 -502 -37.1 -295
Dome A 57 -582 428 -61.3 649 402 -503 -585 619 -635 -634 647 667 667 603 474 -382
Zhongshan ~ -7.3 -8.5 1.4 -8.7 -13.1 27 -12 55 88 -11.6 -119 -133 -143 -135 99 -19 2.4
LGB69 236 242 1438 -26.3 =31 -133 -169 225 -269 -305 -305 -31.3 -31.8 -302 -260 -19.0 -143

T EAGLE -37.3 =363 234 —42.3 —459 209 294 -377 432 459 446 454 478 458 374 258 -20.1
Dome A 474 464 3238 -525 -56.9 -304 -392 489 535 -549 -552 567 -588 562 472 -358 -29.1

*Austral seasons are spring (September to November), summer (December to February), autumn (March to May), and winter (June to August).
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FIGURE 2. Daily biases (°C) between ERA Interim and field observations over four years (2005-2008) at

Zhongshan Station (black), LGB69 (green), EAGLE (blue) and Dome A (red) for (a) T __, (b) T__,and (c) daily

temperature range.

ues are compared directly with field observations,
without interpolation. However, Zhongshan Sta-
tion, LGB69, and EAGLE are all located south of
and higher in elevation than the center points of
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their respective ERA Interim grids (Fig. 1), which
may explain in part the warm biases in the rea-
nalysis values for T .. However, Dome A is located
north of and lower in elevation than its grid center
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point (Fig. 1). The consistent warm bias of T data
indicates that location within ERA Interim grids
may affect values, but it is neither the only factor
nor an important factor.

Typically, daily T was underestimated by ERA
Interim (Figs. 2, part b, and 3, part b), with cool
biases of 2.8 °C, 0.5 °C, and 4.4 °C at Zhongshan,
EAGLE, and Dome A, respectively. Meanwhile,
ERA Interim T  showed a mean warm bias of
1.4 °C at LGB69. On average, ERA Interim al-
ternately overestimated and underestimated the
daily T, giving RMSEs of 3.1 °C and 3.4 °C at
LGB69 and EAGLE. Similar to T, T was best
replicated at Zhongshan Station, with a RMSE of
2.2 °C and an explained variance of 92.6% (Ta-
ble 2). ERA Interim consistently underestimated
T, with only occasional overestimation in winter
and autumn at Zhongshan Station. ERA Interim
performed worst at Dome A, with a RMSE of 4.9
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FIGURE 3. In situ values at Zhongshan Station
(black, ZS), LGB69 (green), EAGLE (blue), and Dome
A (red) for (a) T ., (b) T __,and (c) daily temperature
range.

max

°C and an explained variance of 84.1% (Table 2).
Hence, the cool biases in daily T indicate that
ERA Interim underestimated the strength of the
daily temperature rise. Dome A was located north
of and lower in elevation than the grid center point,
whereas LGB69 was located south of and higher
in elevation than the grid center point for ERA
Interim data (Fig. 1), which may explain the cool
bias at Dome A and the warm bias at LGB69 in the
reanalysis T . However, Zhongshan Station and
EAGLE were both located south of and higher in
elevation than their grid center points (Fig. 1), sug-
gesting again that interpolation is not an important
factor affecting T in our comparison.

Given the warm bias of daily T . and the cool
bias of daily T, ERA Interim clearly underes-
timated the daily temperature range, usually with
a negative bias, but occasionally with a positive
one (Figs. 2, part ¢, and 3, part ¢). ERA Interim
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TABLE 2

Bias (°C) and root mean square error (RMSE; °C) between ERA Interim and field observations, and the ex-
plained variance (%) of ERA Interim results at the four weather stations.

Daily Minimum

Daily Maximum

RMSE  Explained RMSE Explained
Bias (°C) Q) variance (%) Bias (°C) (°C) variance (%)
Zhongshan 1.0 2.4 92.7 —2.8 2.2 92.6
LGB69 5.7 2.6 88.3 1.4 3.1 86.0
Annual EAGLE 6.9 3.0 91.7 —0.5 3.4 92.4
Dome A 4.1 4.3 87.5 —4.4 4.9 84.1
Average 4.4 3.1 90.1 -1.6 3.4 88.8
Zhongshan 0.5 2.2 91.1 -3.9 1.9 92.1
LGB69 5.7 2.9 80.5 2.0 3.4 76.5
Spring EAGLE 7.5 3.0 90.3 -1.9 2.8 93.3
Dome A 5.1 3.9 86.7 5.2 4.8 80.8
Average 4.7 3.0 87.1 -2.2 3.2 85.7
Zhongshan -0.1 1.1 87.4 -3.6 1.4 80.9
LGB69 4.8 2.3 69.4 -0.2 2.7 50.7
Summer EAGLE 6.4 1.9 90.0 -1.9 1.6 90.9
Dome A 6.4 2.6 84.3 22 3.3 72.2
Average 4.4 2.0 82.8 -2.0 2.3 73.7
Zhongshan 1.5 2.2 87.9 -2.0 1.8 88.2
LGB69 6.4 2.6 80.4 1.7 2.7 82.3
Autumn EAGLE 6.8 3.2 75.9 0.5 3.5 82.0
Dome A 2.4 4.5 425 5.6 5.2 40.0
Average 4.3 3.1 71.7 -1.3 3.3 73.2
Zhongshan 2.0 2.8 83.8 -1.7 2.4 87.3
LGB69 6.0 2.3 82.8 2.6 3.2 70.3
Winter EAGLE 6.7 3.4 77.0 1.0 4.1 74.3
Dome A 2.7 4.5 44.5 —4.6 5.4 33.9
Average 4.3 3.2 72.0 -0.7 3.8 66.4

had mean biases of =3.8 °C,—4.3 °C,—7.4 °C, and
—8.5 °C for daily temperature range at Zhong-
shan, LGB69, EAGLE, and Dome A, respectively.
This suggests that underestimation of daily tem-
perature range increased with increasing altitude,
latitude, and distance from the coast across the
East Antarctic Ice Sheet. This is consistent with
in situ surface meteorological observations that
decrease with increasing latitude and altitude

(Fogt et al., 2016).
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Although ERA Interim explains more than
84% of daily and annual variance, there are always
inevitable errors and RMSEs between reanalysis
and observations. This can reflect three mismatch
types: Scale/spatial mismatch occurs when the ob-
servational data refer to temperatures measured at
specific points, while ERA Interim data provide
an average value over a grid cell. Temporal mis-
match occurs when daily T . and T _ are ob-
tained from hourly observation values, while ER A
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Interim data are often generated from different
intervals. Topography mismatch occurs when to-
pography in ERA Interim is different from the
real landscape. Furthermore, the paucity of data
toward the interior can also explicate the regional
difference of performance of ERA Interim daily
T —and T and daily temperature range. The
following two reasons are most significant: (1) The
stations over the Antarctic continent are confined
mainly to coastal margins, and huge interior areas
are devoid of long-term, in situ tropospheric tem-
perature observations (Fogt et al., 2016). (2) There
are no observations poleward of 82.5° from the
polar orbiting satellites (Johanson and Fu, 2007),
hence ERA Interim reanalysis is devoid of one of
the most important data sets that could be assimi-
lated (Dee et al., 2011).

Assessment of the Monthly and
Seasonal Performance of ERA
Interim T . And T

Figure 4 shows the explained variance (%)
and RMSE (°C) for ERA Interim reanalysis data
compared with monthly observations for T
T _in the austral spring (September—Novem-
ber, SON), summer (December—February, DJF),
autumn (March—May, MAM), and winter (June—
August, JJA) seasons. Monthly ERA Interim T
performed similarly to T in terms of explained
variance. At Zhongshan Station and EAGLE,
monthly ERA Interim accounted for more than
60% variance, with no obvious seasonal variabil-
ity. At Dome A, ERA Interim displayed marked
monthly variability, with the lowest variance scores
in April (26.7% for T . and 20.3% for T ), and
highest variance scores in November (75.7% for

T —and 56.7% for T ).At LGB69, ERA Interim

min

X

and

exhibited the largest range in variance, with low-
est variance scores in January (39.1% for T . and
12.7% for T ) and higher ones in autumn and
winter (more than 60% for T . and T ). Thus,
reciprocal seasonal trends are observed at LGB69
and Dome A.

In contrast, monthly RMSEs of ERA Interim
for T and T  (Fig. 4) show less monthly vari-
ability, especially at LGB69. In general, the monthly
RMSE for ERA Interim T is large at Dome
A, but smaller at the other three sites. The perfor-

mance of T at the three sites is similar to that of
T . (Xieetal,2014).

Figure 5 presents Taylor diagrams summariz-
ing the performance of ERA Interim reanalysis
for the austral seasons of spring, summer, autumn,
and winter. The scatter of points varies with each
season. In general, points are more clustered in
spring and more scattered in summer. In autumn
and winter, points are clustered, except for some
at Dome A (stars). Figure 5 confirms that ERA
Interim corresponds best with observations in
spring, having high correlation coefficients and
low RMSEs, and explaining more than 85% of
the variance (Table 2), especially at Zhongshan
Station and EAGLE. ERA Interim performs
worst in autumn and winter, especially at Dome
A, where less than 34% of the variance is ex-
plained (Fig. 5, Table 2). The seasonal differences
in performance of ERA Interim T  and T
are very similar to that of T (Xie et al.,2014),
and it may in fact be worse for T because of
temperature extremes.

Several factors contribute to the seasonal perfor-
mance, which was worse in autumn/winter than in
summer. During winter, in the absence of solar ra-
diation, the most prominent element of the climate
of East Antarctica is the near-surface temperature
inversion of up to 30 K (Allison, 1998; Connol-
ley, 1996), and the phenomena is persistent (Allison,
1998). In summer, the surface is in near-radiative
balance, so that the horizontal and vertical poten-
tial temperature gradients are strongly reduced over
the ice sheet and the coastal seas. Analysis of the
heat budget elucidates the possible impact of inac-
curacies of parameterizations on the model climate
(Connolley, 1996;Van de Berg et al., 2007). In win-
ter, the atmosphere is much colder and more stable
compared to summer. As a result of the semiannual
oscillation (SAO), the surface pressure in middle
and high latitudes shows a clear half-yearly wave.
In response to the variation in the meridional pres-
sure gradient, the zonal westerlies show equinoc-
tial maxima, which are 20-30% stronger than those
in summer and winter (Van Den Broeke, 1998).
In the seasons of SAO transition, the temperature
field tends to be more complex, and is more dif-
ficult to simulate. The ECMWF parameterizations
of clouds, longwave radiation, and turbulent mixing
still have flaws in the cold and stable atmosphere
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by ERA Interim at Zhongshan (black dashed line with red triangle), LGB69 (blue dashed line with blue cross),
EAGLE (green dotted line with red rhomboid) and Dome A (black solid line with open red circle) for (left, a

and ¢) T . and (right,band d) T __

over the East Antarctic Ice Sheet (Bromwich et al.,
2012;Van de Berg et al., 2007). From spring to au-
tumn, when incoming shortwave radiation domi-
nates over longwave cooling, T increases with
decreasing opaque cloud cover, while T
independent of cloud cover. During the winter pe-
riod, both T and T fall with decreasing cloud
cover, as longwave cooling dominates over the net
shortwave flux, which is reduced by the high solar
zenith angle and surface reflection by snow (Betts
et al., 2013).

1s almost

Special Cases of the Temperature
Extremes from ERA Interim

Based on the extreme temperature indices com-
monly used (IPCC, 2012;You et al., 2010) and the
weather/climate in Antarctica, we define cooling or
warming as weather extremes, if temperatures at all
four stations have abrupt drops/rises of more than
10 °C within 24 hours, and last for more than 3
days. From 2005 to 2008, 8 cooling and 11 warm-
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ing extremes occurred (data not shown). Here we
select one cooling and one warming extreme to
evaluate ERA Interim reanalysis of these events.
The selected cooling weather extreme happened
from 25 to 31 July 2005. During this extreme, field
temperatures dropped by 28.6 °C, 14.9 °C, 24.3 °C,
and 23.8 °C at Zhongshan Station, LGB69, EAGLE,
and Dome A, respectively. The temperatures extract-
ed from the ERA Interim fell by 16.8 °C, 20.2 °C,
16.8 °C, and 17.4 °C at these four stations. Figure
6 shows the spatial distribution of temperatures ex-
tracted from the ERA Interim at 500 hPa, with the
wind field along the 77°E meridional profile. Com-
pared with earlier data from 17 to 24 July (Fig. 6,
part a), the spatial distribution of the ERA Interim
temperature during the extreme weather (Fig. 6, part
b) shows that the low temperature center strength-
ened and moved eastward to the region of the re-
search AWSs in East Antarctica, and then expanded
and lessened from 1 to 7 August (Fig. 6, part ¢). The
wind field along the vertical profile of the 77°E me-
ridian (Fig. 6, parts d, e, and f) also changed, especially
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FIGURE 5. Taylor dia-
grams showing correlation
coefficients, standard devia-
tion, and root-mean-square
error (RMSE) of mean (a)
T . and (b) T _ extracted
from ERA Interim. The ra-
dial coordinate gives the
magnitude of total stand-
ard deviation, normalized
by the observed value, while
the angular coordinate gives
the correlation with the ob-
servation. It follows that the
distance between the ob-
served point and ERA In-
terim point is proportional
to the RMSE. Numbers 1,
2, 3, 4, and 5 indicate an-
nual, spring, summer, au-
tumn, and winter T . (a)
and T __ (b), compared with
their corresponding obser-
vations at Zhongshan Sta-
tion (closed blue circle),
LGB69 (closed green circle),
EAGLE (black circle with
cross), and Dome A (red
star).
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FIGURE 6. (a, b, and c) Spatial distributions of mean temperature at 500hPa, with red arrows representing
the region from Zhongshan Station to Dome A, as well as (d, e, and f) wind profiles along the 77°E meridional
profile, where black dots show stations during the temperature fall in July 2005, with data covering the period
from 17 July to 7 August 2005. NB: a and d show data for 17 to 24 July (before the extreme); b and e show data
for 25 to 31 July (during the extreme); and c and f show data for 1 to 7 August (after the extreme).
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at lower levels near Zhongshan Station. During the
extreme weather (Fig. 6, part ¢), wind blew from the
interior to the coast. The shift in the wind field from
ERA Interim reanalysis is consistent with such ob-
servations (not shown).

A warming weather extreme occurred from 9 to 11
June 2007. During this extreme, field temperatures in-
creased by 10.6 °C,28.6 °C, and 22.7 °C at Zhongshan,
EAGLE, and Dome A, respectively. There were no ob-
servational data at LGB69 for this period. Temperatures
from the ER A Interim were elevated by 9.2 °C,21.7 °C,
and 16.9 °C at Zhongshan Station, EAGLE, and Dome
A, respectively. Changes in temperature and wind field
during this warm extreme are shown in Figure 7.

Thus, the ERA Interim replicates both these
cool and warm weather extremes in East Antarctica,
although sudden jumps in the temperature record
are difficult to find (Johanson and Fu, 2007). How-
ever, as an assimilated product including the adap-
tive estimation of data numbers from many sources
(Uppala et al., 2005), ERA Interim inevitably un-
derestimates the strength of cooling or warming.
In addition to the reasons for the underestimation
from three mismatch types (scale/spatial, temporal,
topographical) mentioned in the previous section,
the uncertainties from clouds play an important
role. Through their shortwave and longwave radia-
tive properties, clouds influence the temperature
of atmosphere, and the microphysical properties
of cloud particles can have a major impact on the
ice sheet’s radiation budget (Bromwich et al., 2012;
Lachlan-Cope, 2010;Van Wessem et al., 2014). It is
therefore important that they are correctly repre-
sented in climate models.

Specific Weather Events of ERA
InterimT . And'T__

Figure 8 displays cross correlations for all the
daily T . and T _ from ERA Interim and the field
data for all four AWSs. Cross-correlation functional
(CCF) analysis confirms that cool weather events
(Moore, 2004; Moore and Semple, 2006) extracted
from the ERA Interim appeared on the same days
as observations (Fig. 8, top row). Cross-correlation
coefhicients (CCCs) are 0.618 (N = 1461, P <
0.001) at Zhongshan, 0.424 (N = 1131, P < 0.001)
at LGB69, 0.502 (N = 1434, P < 0.001) at EA-
GLE, and 0.287 (N = 1445, P < 0.001) at Dome
A, respectively. The cool weather events in the rea-

nalysis data sometimes occurred two days ahead of
observations at Zhongshan Station with a CCC of
—0.275 (N = 1461, P < 0.001), or one day ahead
at LGB69, EAGLE, and Dome A, with CCCs of
—0.316 (N = 1131, P < 0.001), =0.425 (N = 1434,
P < 0.001), and —0.237 (N = 1445, P < 0.001),
respectively. In general, the explained variance of
the ERA Interim for cool weather events decreases
from the coast to the interior of the East Antarctic
Ice Sheet.

Similar to daily T, warm weather events re-
flected in the ERA Interim T _ (Fig. 8, bottom
row) occurred on the same days as the obser-
vations, with a CCC of 0.617 (N = 1461, P <
0.001) at Zhongshan Station, 0.442 (N = 1131,
P < 0.001) at LGB69, and 0.384 (N = 1434, P <
0.001) at EAGLE, respectively. Warming weather
events from the ERA Interim appeared one day
ahead of observations, with a CCC of —0.219 (N
= 1461, P < 0.001) at Zhongshan and —0.293 (N
= 1131, P < 0.001) at LGB69, respectively. How-
ever, for EAGLE observations, the CCCs for T
are —0.346, 0.343, 0.384, and —0.329 for events
occurring with a two day lag, one day lag, no lag,
and 1 day ahead, respectively. These CCCs show
that the ERA Interim can explain similar variance
over four days. At Dome A, the explained variance
of the ERA Interim was smaller than for other
stations, although the CCCs over the five days ex-
ceeded the confidence limits.

Conclusively, the weather events in East Antarc-
tica extracted from the ERA Interim data set for
retrospective periods occurred mainly on the same
day as indicated by field observations. This is very
practical from the standpoint of improving the safe-
ty of researchers and travelers in East Antarctica for
both scientific and recreational purposes, using var-
ious weather products. In the meantime, the abil-
ity of the ER A Interim to predict/forecast weather
events will diminish with increasing distance from
the coast, in a manner similar to the daily to annual
performances of the ERA Interim for temperature
data presented in this study.

CONCLUSIONS AND DISCUSSION

Comparison of daily 2m T and T from the
ERA Interim reanalysis against in situ observations
from 2005 to 2008 at Zhongshan Station, LGB69,
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EAGLE, and Dome A in East Antarctica demon-
strates that:

(1) The ERA Interim captured daily and annual

' and T variations, with a variance explained
of more than 84%. Annual average RMSEs of 2.4
°C, 2.6 °C, 3.0 °C, and 4.3 °C for daily T, and
22 °C,3.1 °C, 3.4 °C,and 4.9 °C for daily T
were calculated based on observational data from
Zhongshan Station, LGB69, Eagle, and Dome A,
respectively. This suggests that errors in the ERA
Interim increased from the coast to the interior of
the East Antarctic Ice Sheet.

(1) Little seasonal variability was observed in the
performance of the ERA Interim for T and T
except at the summit site (Dome A), where perfor-
mance was best in the austral spring and worst in
winter and autumn.

(111) The spatial distribution of temperatures and
wind fields from the ERA Interim replicated the
evolution of temperature extremes, as they devel-
oped, persisted, and disappeared in this region.

(iv) Weather events extracted from the ERA In-
terim occurred mainly on the same day as observa-
tions, having a high cross-correlation coefhicient (R
= 0.287, N = 1131, P < 0.001). The performance
of the ERA Interim showed clear regional trends,
worsening from the coast to the interior of the East
Antarctica Ice Sheet.

Despite its regional limitations in T and T
in East Antarctica, we show that the ERA Interim
1s still a powerful tool for weather and climate stud-
ies in this region.

Clouds in extreme southern latitudes, however,
are still poorly understood, because of the following
reasons: (1) There are relatively few measurements
of clouds in the Antarctic, because of Antarctica’s
remoteness and challenging environment (Brom-
wich et al., 2012). (2) Model cloud parameteriza-
tions are often based empirically on measurements
made in the Tropics and middle latitudes, so that
their applicability for Antarctic clouds is question-
able (Lachlan-Cope, 2010). (3) The ERA Interim is
constrained by a wide variety of atmospheric ob-
servations such as radiosoundings and satellite ra-
diances. Nonetheless, clouds are produced by the
reanalysis model short-term forecasts and are thus
strongly influenced by the model physics (Dee et
al., 2011). (4) From the Antarctic perspective, ob-
servations suggest that polar clouds are highly sensi-
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tive to the number concentration of ice nuclei (IN).
Fewer IN in clouds are present at low temperatures,
and realistic simulations are possible for Antarctica
(Guo et al., 2003). However, not surprisingly, early
attention has focused more on the Arctic (Morri-
son et al., 2008), and little on the Antarctic. (5) The
cloud impact on radiation may not be well simu-
lated by the Polar WREF (Wilson et al., 2012). The
ensemble average generally overestimates the cloud
amount over the Antarctic continent by 10%—15%,
and the excess of clouds over Antarctica may be,
in part, due to the coarse resolution of the atmos-
pheric models, resulting in a smoothing of the ice
sheet’s topography and an excessive influx of mois-
ture inland (Bromwich et al., 2012). (6) Verification
of modeled prognostic clouds versus observations
can be problematic. There are difficulties associ-
ated with obtaining objective cloud observations,
which are frequently reported in fractions or oc-
tas. In addition, many modern cloud prediction
schemes predict the mass of water substance but do
not directly produce a cloud fraction that can be
compared to observations (Bromwich et al., 2012).
(7) To our knowledge, no studies have attempted
to parameterize Antarctic clear-sky precipitation
in this way, and only limited efforts have been at-
tempted in the Arctic (Bromwich et al., 2012; Gi-
rard and Blanchet, 2001).

To acquire a thorough understanding of tem-
perature extremes and weather, more in situ ob-
servations and model simulations are required in
the vast inland regions of Antarctica. Furthermore,
improvement in observation and computational
technologies as well as analytical methods will help
refine small-scale characteristics and processes of
extreme events, enhancing our overall understand-
ing and modeling of extreme events.
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