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ABSTRACT

The latest polar version of the Regional Atmospheric Climate Model (RACMO2.3) has been applied to the
Antarctic Peninsula (AP). In this study, the authors present results of a climate run at 5.5 km for the period
1979-2013, in which RACMO2.3 is forced by ERA-Interim atmospheric and ocean surface fields, using an
updated AP surface topography. The model results are evaluated with near-surface temperature and wind
measurements from 12 manned and automatic weather stations and vertical profiles from balloon soundings
made at three stations. The seasonal cycle of near-surface temperature and wind is simulated well, with most
biases still related to the limited model resolution. High-resolution climate maps of temperature and wind
showing that the AP climate exhibits large spatial variability are discussed. Over the steep and high mountains
of the northern AP, large west-to-east climate gradients exist, while over the gentle southern AP mountains
the near-surface climate is dominated by katabatic winds. Over the flat ice shelves, where katabatic wind
forcing is weak, interannual variability in temperature is largest. Finally, decadal trends of temperature and
wind are presented, and it is shown that recently there has been distinct warming over the northwestern AP

and cooling over the rest of the AP, related to changes in sea ice cover.

1. Introduction

Over the past 50 years, the Antarctic Peninsula (AP) has
experienced warming that is significantly greater than the
rest of the Antarctic continent and possibly greater than all
other regions on Earth (Turner et al. 2005). This resulted in
the (partial) disintegration of multiple ice shelves that
fringe the AP [e.g., Larsen A, Larsen B, and parts of the
Wilkins Ice Shelf (Cook and Vaughan 2010)]. In turn, this
led to the speedup and thinning of the grounded glaciers
that feed into these ice shelves (Scambos 2004; Rott et al.
2011) and consequently to an increased grounded ice dis-
charge and contribution of AP glaciers to global sea level

Corresponding author address: Jan Melchior van Wessem, Prince-
tonplein 5, Utrecht 3584 CC, the Netherlands.
E-mail: j.m.vanwessem@uu.nl

DOI: 10.1175/JCLI-D-15-0060.1

© 2015 American Meteorological Society

rise (Rignot et al. 2004). Although the exact cause of AP ice
shelf disintegration is still under debate, it is generally be-
lieved that the disintegration of Larsen A and B ice shelves
was mainly driven by enhanced surface melt in response to
stronger atmospheric westerlies in summer (van Lipzig
et al. 2008; Marshall et al. 2006), resulting in meltwater
ponding and hydrofracturing (Scambos et al. 2000; Van den
Broeke et al. 2005; Scambos et al. 2009).

The climate of the AP is shaped by its narrow mountain
range, which acts as a barrier to the Southern Hemisphere
westerlies, introducing large horizontal gradients in tem-
perature and precipitation. Moreover, AP temperatures
are sensitive to sea ice cover in the Bellingshausen Sea,
especially in winter (King 1994). To understand recent
changes, continuous records of temperature, wind, and
pressure are available from manned surface and automatic
weather stations mainly along the western and northern AP
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coast. Some of these time series date back to well before
the International Geophysical Year of 1957-58. The auto-
matic weather stations and the manned stations combined
now provide a reasonable spatial coverage of the AP
(Turner et al. 2005). Nevertheless, large regions of the AP
remain devoid of data because of the steep mountain slopes
and the harsh climatic conditions, including extreme
amounts of precipitation, especially on the western side
(Genthon and Krinner 2001). To fill these gaps, remote
sensing techniques can be used, such as microwave sensors
to detect (brightness) temperatures (Tedesco et al. 2007) or
radar backscatter to identify melt episodes (Barrand et al.
2013). Atmospheric reanalysis products (Bracegirdle and
Marshall 2012) and global climate models (GCMs) provide
gridded climate information, but with horizontal resolu-
tions that range from 25 to 150 km, these do not accurately
resolve the rough topography of the AP. Dynamical
downscaling using high-resolution regional atmospheric
climate models (RCMs) has proven to be a good method to
represent climate at 5-10-km resolution. Moreover, RCMs
can be specifically adapted to simulate the climate and
surface mass balance of glaciated regions, such as the
Antarctic ice sheet (Lenaerts et al. 2012c; Van Wessem
et al. 2014b), but also of smaller partly glaciated regions,
such as Greenland (Fettweis 2007; Ettema et al. 2010),
Patagonia (Lenaerts et al. 2014), and Svalbard (Claremar
et al. 2012; Lang et al. 2015).

Previous simulations of AP climate only covered short
time spans because of limited computational resources
(Van Lipzig et al. 2004), lacked the resolution to accu-
rately resolve the topography of the AP (Van Wessem
et al. 2014b), or were performed for operational purposes
by short-range forecast models (Powers et al. 2012) with
changing physics. Here, we use the Regional Atmo-
spheric Climate Model, version 2.3 (RACMO2.3), to
simulate the AP climate at a relatively high horizontal
resolution of ~5.5km and the longest period for which
reliable forcing is available (1979-2013). We evaluate the
simulated near-surface temperature and wind fields over
the AP by comparing model output with observations
from 12 manned and automatic weather stations and us-
ing profile data from balloon soundings. Section 2 pres-
ents the RACMO2.3 model and the observational data
used; section 3 discusses the model evaluation; and sec-
tion 4 presents high-resolution maps of modeled tem-
perature and wind, followed by conclusions in section 5.

2. Data and methods
a. Regional Atmospheric Climate Model

The Regional Atmospheric Climate Model, version 2.3,
combines the dynamics package of the High Resolution
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Limited Area Model (HIRLAM; Undén et al. 2002) with
the physics package of the European Centre for Medium-
Range Weather Forecasts (ECMWF) Integrated Forecast
System (IFS). RACMO2.3 has been adapted for use over
the large ice sheets of Greenland and Antarctica (Reijmer
et al. 2005); it includes a multilayer snow model to calcu-
late melt, percolation, refreezing, and runoff of liquid
water (Ettema et al. 2010); a prognostic scheme for snow
grain size to calculate surface albedo (Kuipers Munneke
et al. 2011); and a routine that simulates the interaction of
drifting snow with the surface and the lower atmosphere
(Lenaerts et al. 2012a). ERA-Interim data with 6-hourly
resolution from January 1979 to December 2013 (Dee
et al. 2011) are used to force the model at the lateral at-
mospheric boundaries as well as at the lower ocean
boundaries by prescribing sea ice fraction and sea surface
temperatures. Tests with different relaxation zones have
confirmed that the relaxation zone is sufficiently wide that
the model interior (Fig. 1) is allowed to evolve in-
dependently of the lateral boundary relaxation. A model
time step of 2 min is used.

RACMO2.3 is a hydrostatic model that we run at a
horizontal resolution of ~5.5km and 40 vertical levels.
The high horizontal model resolution is a significant
improvement over previous RACMO simulations of
Antarctica, which used horizontal resolutions of 55, 27,
and 14 km respectively. We assume hydrostatic balance
to hold at 5.5-km horizontal resolution: the validity of
this assumption is confirmed by the fact that
RACMOZ2.3 output agrees very well with surface and
upper-air observations (see section 3), although obvi-
ously there would be processes that will be better re-
solved in a nonhydrostatic model [e.g., winds over
sloping surfaces (Cassano and Parish 2000)]. The surface
topography is based on the 100-m digital elevation
model (DEM) from Cook et al. (2012) for the grounded
ice sheet north of 70°S and on the 1-km DEM from
Bamber and Gomez-Dans (2009) for the ice shelves and
the remainder of the domain. This is a major update of
the previous model topography, which was based on the
Radarsat Antarctic Mapping Project, version 2, DEM
(RAMPv2 DEM; Liu et al. 2001). The ice sheet mask is
kept constant through the simulation and includes the
(former) Larsen B and Larsen A ice shelves. For further
details on the model, the reader is referred to Van
Wessem et al. (2014a,b).

The model is initialized on 1 January 1979, with the
atmospheric state and sea surface boundary conditions
adopted from ERA-Interim. The initial firn pack of the
AP is inferred from a simulation with an offline firn
densification model (FDM; Ligtenberg et al. 2011),
which was driven by an earlier simulation of the AP
climate by RACMO?2.3, largely comparable to the one
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FIG. 1. RACMO2.3 Antarctic Peninsula model domain (black box in inset map of Antarc-
tica), boundary relaxation zone (dotted area, 16 grid points) and surface topography (m) of the
Antarctic Peninsula. Locations of SCAR-READER surface stations are marked (red di-
amonds), as is the location of AWS 14 (black circle). Model topography is based on digital
elevation models from Cook et al. (2012) and Bamber and Gomez-Dans (2009). White areas

represent the floating ice shelves; colors represent the elevation of the grounded ice sheet.

used in this study. More details on the FDM can be
found in Ligtenberg et al. (2011).

b. Observational data
1) SCAR-READER STATIONS

To evaluate RACMO2.3 we use temperature and
wind observations from the Scientific Committee on
Antarctic Research (SCAR) Reference Antarctic
Data for Environmental Research (READER; Turner
et al. 2004) manned stations and automatic weather
stations (AWS). The locations of these stations are
marked in Fig. 1, and details are given in Table 1. We
have omitted stations with time series <10yr and

stations that are located within a distance of ~10km
(2 grid boxes) from other stations, choosing the one with
the longer time series. For the remaining 12 SCAR-
READER stations, we extracted monthly averaged
values of air temperature and wind speed/direction
from 1979 onward. As there are considerable elevation
differences between model topography and the actual
topography for the western AP stations, modeled
temperature is corrected using a constant lapse rate of
7.2Kkm~! (Morris and Vaughan 2003). Output is not
corrected for sensor height differences or variations
(see Table 1). More information about the SCAR-
READER stations and their data quality is given in
Turner et al. (2004).
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TABLE 1. Topographic and climatological information for the 12 SCAR-READER stations used in this study. For air temperature 75y
and wind speed Vo, starting years and number of available/total months are given. All time series run until December 2013. Between
parentheses, M denotes a manned surface station, A denotes an automatic weather station, and UA denotes a manned station with upper-
air measurements (2002-13). Sensor heights for 7>, are 2m for manned stations and variable (~3 m) for automatic weather stations.

Sensor heights for Vg, are 10 m for manned stations and variable (~5 m) for automatic weather stations. Data are not corrected for

differences between sensor and model height.

Name Lat (°S) Lon (°W) Elevation (m) Start T, Months T, Start Vipm Months Vipm
Arturo Prat (M) 62.5 59.7 5 1979 326/420 1983 260/372
Bellingshausen (M, UA) 62.2 58.9 16 1979 420/420 1979 420/420
Bonaparte Point (A) 64.8 64.1 8 1992 161/264 1992 121/264
Butler Island (A) 722 60.2 91 1986 285/336 1986 196/336
Esperanza (M) 63.4 57.0 13 1979 407/420 1979 389/420
Faraday/Vernadsky (M) 65.4 64.4 11 1979 416/420 1979 413/420
Larsen Ice Shelf (A) 67.0 67.0 32 1985 228/348 1985 222/348
Limbert (A) 75.4 59.9 40 1995 164/228 1995 91/228
Marambio (M, UA) 64.2 56.79 189 1979 413/420 1995 91/228
O’Higgins (M) 63.3 57.9 10 1979 366/420 1983 259/372
Rothera (M, UA) 67.4 68.1 32 1979 418/420 1979 417/420
San Martin (M) 68.1 67.1 54 1979 269/420 1979 217/420

2) BALLOON SOUNDINGS

At the manned surface stations of Rothera, Belling-
shausen, and Marambio (Fig. 1), regular (1200 UTC)
balloon soundings are performed to measure vertical
profiles of temperature, wind speed, and wind di-
rection. We use the upper-air monthly climatology
(2002-13) of these stations from the SCAR-READER
database to assess the quality of simulated RACMO2.3
upper-air conditions. In addition, at AWS 14 on the

annual cycle being retained in the comparison, and
overall temperature is slightly underestimated by the
model (bias = —0.17K), mostly because of an un-
derestimation of summer temperatures. Individual
station statistics are presented in Table 2: for all sta-
tions, the coefficient of determination is high (+* > 0.9),
and biases are generally less than 1 K.

Larsen Ice Shelf (LIS), during a short experimental 280 T 1 1
campaign in January 2011 and at irregular intervals, 1 Monthly r
additional balloon soundings were performed (Kuipers 2 1 biras==0-‘(s))i3 A
Munneke et al. 2012). Two of these profiles are used =— | RMSD <137 L
together with simultaneous Rothera soundings to g 270 Yearly _ =
evaluate RACMO2.3-modeled gradients across the AP ‘@ .r2 ~0.97 North-west |
mountain range. 2 | bias=-0.22 ' |
= | RmMsD=07 |
2 260 L
3. Results: Model evaluation c% ] I
a. Near-surface temperature 8 | I
Figure 2 shows modeled versus observed average § 250 i R
(1979-2013), yearly, and monthly 2-m temperature at = 1 Average |
the 12 SCAR-READER stations. The stations 1 : Yearly |
include a broad range of annual mean temperatures, 240 | [ [ [ Monthly I
from the cold (~250 K) southeastern ice shelves toward 240 250 260 270 280

the warm (~270 K) northern and western regions of the
AP (see Table 2). Interannual variability (one standard
deviation, expressed as error bars) is relatively low and
similar for all stations. Figure 2 demonstrates that
RACMO2.3 accurately simulates average near-surface
(i.e., 2m) temperature, both east and west of the
mountain range. The coefficient of determination of all
monthly values is high (+* = 0.97), partly because of the

Observed 2 m temperature [K]

F1G. 2. Modeled vs 1979-2013 observed average (red), yearly
(blue), and monthly (black) 2-m temperature 7>, (K). Red error
bars denote interannual variability (1o). For annual and yearly
average values, the only years used are those that include obser-
vations for all 12 months. Coefficients of determination /2, bias, and
root-mean-square deviation (RMSD) of all monthly and yearly
data are shown. The black line represents the 1:1 line.
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TABLE 2. Observed (12 SCAR-READER stations) mean, bias
(model — observation), standard deviation of the bias o, root-
mean-square deviation, and coefficient of determination 7 (all with
significance level p < 0.0001) of all individual (not detrended)
monthly 2-m temperatures 7>, (K). Modeled temperature is cor-
rected for elevation differences between model and actual eleva-
tion using a lapse rate 7.2 Kkm ™.

RACMO2.3 5.5km

Obs
Mean Bias Obias RMSD 7
Arturo Prat 2711 027 0.76 0.64 0.95
Bellingshausen 2709  —0.51  0.56 0.54 0.97
Bonaparte Point 271.0  —-0.06 143 1.25 0.82
Butler Island 256.5 —094 175 1.75 0.96
Esperanza 268.3 —-0.52  1.04 0.83 0.97
Faraday/Vernadsky 2702  —0.15  0.99 0.85 0.93
Larsen Ice Shelf 258.7 145 172 1.10 0.98
Limbert 250.5 015 132 1.25 0.98
Marambio 264.9 018 1.63 1.28 0.94
O’Higgins 269.6 —0.71 0.74 0.71 0.96
Rothera 2689  —0.02 122 0.97 0.94
San Martin 268.8 002 173 1.36 0.90

Figure 3 compares the observed and modeled sea-
sonal cycle and interannual variability of monthly mean
2-m temperatures at the 12 individual stations that are
used in this study. For the northern and western stations
(Figs. 3a,b,c,e.fijk,]l), summer temperatures are un-
derestimated, likely as a result of the stations being lo-
cated on or near ice- and snow-free rock outcrops, while
RACMO2.3 assumes continuous year-round snow/ice
cover. As a result, model albedo is likely overestimated,
and too much solar radiation is reflected. For these
stations, winter temperatures match very well. The other
stations (Figs. 3d,g,h) are located on the flat eastern ice
shelves and are generally much colder in winter. The
seasonality in 2-m temperature is captured well, in par-
ticular the “peaked” summer and the “‘coreless’ winter,
characteristic of East Antarctic temperature seasonality
(Wendler et al. 1988). For the Larsen Ice Shelf station
(Fig. 3g), an overestimation of winter temperature is
seen; this could be related to overestimated wind speed
warming the surface layer too much (see section 3c) or
to the many missing winter measurements for this sta-
tion and/or poor data quality caused by icing-riming
that happens during relatively warm-moist winter
episodes.

b. Trends in near-surface temperature

Figure 4 shows seasonal modeled 7,, trends as a
function of the observed trend for long-term (1979-
2013) and short-term (decadal) periods (1981-90, 1991—
2000, 2001-13). The observed trends are represented
well by the model, especially in autumn and winter (+* =
0.83,0.71), when warming rates are the largest and most
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significant, but uncertainties (one standard deviation;
only plotted if significant >95%) are relatively large.
We find that cooling trends predominantly stem from
the last two decades, the 2001-13 period in particular,
not showing a clear seasonality and is present both in the
eastern and the western AP stations. Because of limited
observation lengths, no long-term trend could be cal-
culated for the eastern ice shelf stations, and trends
shown are mostly from the 2001-13 period.

c. Near-surface wind speed

Figure 5 shows modeled versus observed average
(1979-2013), yearly averaged and monthly 10-m wind
speed (Viom), and average (1979-2013) 10-m wind di-
rection at the 12 SCAR-READER stations. The sta-
tions show a broad range of 10-m wind speeds: annual
average Vo ranges from 3 to 8m sfl, while interannual
variability (one standard deviation, expressed as error
bars) also varies somewhat among the stations, which is
partly because of different observation lengths. Wind
directions are mostly westerly, except for Rothera and
San Martin, which experience northerly flow. Wind di-
rection is represented well by the model, except for
Faraday/Vernadsky. The scatter in monthly Vigy is
relatively large (#* = 0.5), but the bias is small
(0.18ms ™ !). The coefficient of determination of the in-
dividual stations (Table 3) ranges from 0.2 to 0.7, where
lower values are mostly for stations with shorter and
incomplete records. Apart from model errors, discrep-
ancies are caused by the difficulty of representing the
rough terrain in which the stations are located at 5.5-km
spatial resolution. This is especially the case for Bel-
lingshausen and Arturo Prat, located on the South
Shetland Islands (SSI), where biases in wind speed are
large, probably as a result of poor representation of
these islands in the model DEM. For all other stations,
there is a slight tendency for low wind speeds to be
overestimated and high wind speeds to be under-
estimated; this is caused by the still-limited horizontal
resolution compared to the locally complex terrain and
the fact that katabatic forcing is important for the near-
surface wind climate. Apparently, as was the case for
RACMO2.3 at 27km (Van Wessem et al. 2014a), there
is too much katabatic forcing for stations located in
relatively flat terrain (i.e., LIS) and too little for stations
located in steep terrain (i.e., most stations in the western
AP), although the effect should be smaller at the reso-
lution presented in this study.

Figure 6 compares the observed and modeled
seasonal cycle and interannual variability of 10-m
wind speed at the 12 individual stations. Seasonality
in wind speed is represented relatively well by
RACMO?2.3 for most stations, but the variability
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F1G. 3. Monthly average 2-m temperature 7>, for SCAR-READER stations (black dots) and RACMO2.3 (red lines). Error bars
denote observed interannual variability of the respective month (1¢). Data for a particular month are only used when both the model and
the observational data are available for that month. Modeled temperature is corrected for elevation differences between model and

observations using a lapse rate of 7.2 K km ™!

(represented by the error bars) is generally less than
in the observations. The largest bias is seen for the
Larsen Ice Shelf in winter. Apart from model errors,
this might be partly explained, as with temperature,
by sensor problems such as icing/riming, as suggested
by the frequently missing winter observations for this
station.

Figure 7 shows that the generally weak seasonal cycle
in wind direction at most stations is simulated well for
most stations, except for Faraday, although wind speed
at this station is well simulated. This suggests that, at this
location, the direction of the slope is poorly resolved,
which is likely because of the station being located on a
small island. At the ice shelf stations Larsen C and
Limbert, the strong wind direction seasonality is caught
particularly well.

. Information about the stations can be found in Table 1.

d. Vertical profiles of temperature and wind

Figure 8 presents RACMO2.3, ERA-Interim, and
observed average (2002-13) upper-air temperature,
wind speed, and wind direction for three SCAR-
READER stations. RACMO2.3 and ERA-Interim
correctly resolve the temperature profile at all sta-
tions. The model simulates the winds well for the lower
atmosphere, but at higher levels in the atmosphere,
modeled and observed wind speed slightly deviate,
which, apart from model errors, may be partly related
to the horizontal advection of the balloons. The
westerly wind direction in the upper atmosphere and,
especially at Rothera, the turning toward more
northerly lower-atmosphere winds is represented well
by the model; this effect is absent in ERA-Interim,
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peranza, Marambio, Larsen Ice Shelf, Butler Island, and Limbert). Coefficients of determination 7, bias, RMSD, and
regression slope (rc) of all trends are shown; regression lines are based on all trends. Note the different axes for the

bottom panels.

showing the additional value of RACMO2.3 over
ERA-Interim.

We use two balloon soundings from 11 January and
23 January 2011 performed simultaneously east and west
of the AP at the locations of Rothera and AWS 14 on the
Larsen C Ice Shelf to evaluate modeled gradients across
the AP mountains. These dates represent two very dif-
ferent meteorological situations, with a strong low pres-
sure system to the east of the AP on 11 January (Fig. 9a)
and to the west of the AP on 23 January (Fig. 9b). To the
east of the AP, 11 January, cold air is advected from the
south along the mountain range by the large-scale circu-
lation. The wind speed maximum close to the surface
represents a barrier wind jet, which is a phenomenon

frequently observed in the eastern AP (Schwerdtfeger
1975; Parish 1983). It is formed by cold air, advected from
the southeast, piling up against the AP mountains
creating a pressure gradient that forces a cold southerly
flow. RACMO2.3 simulates the characteristic temperature
and wind profiles well, although the wind speed in the jet is
overestimated. At AWS 14, the inversion in temperature
at ~1000m is also simulated well. RACMO2.3 accurately
simulates the weaker upper-air winds and their pre-
dominantly southerly direction.

Figure 9b shows the conditions for 23 January 2011,
with northerly large-scale winds. Warm air is now ad-
vected toward the AP, which is reflected in the higher
temperatures when compared to 11 January. RACMO2.3
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FIG. 5. As in Fig. 3, but for 10-m wind speed Vion, (ms™ ') and
1979-2013 average wind direction (green, right axis) (°). SSI de-
notes the two South Shetland Island stations.

resolves the temperature profile with reasonable pre-
cision, although the inversion at 2000 m is not suffi-
ciently pronounced. The profiles for wind speed/
direction also show reasonable correspondence, espe-
cially for wind direction. The observed wind speed
profile at Rothera shows larger variability with height
than the model. Apart from model errors, this mis-
match is likely a combination of multiple effects that
complicate a correction of the data and, thus, a direct
comparison: it is related to the mismatch of model and
the actual topography, the horizontal displacement of
the balloon, and the radiosonde measurements being
performed over a longer time period than the (in-
stantaneous) model output.

e. Effects of horizontal resolution

For the same day as in Fig. 9a, Fig. 10 shows the daily
average (11 January 2011) 10-m wind speed and 2-m tem-
perature of RACMO2.3 at 5.5km and of ERA-Interim at
~80-km horizontal resolution. In addition, Figs. 11, 12, 13,
14, and 15 show ERA-Interim climate maps next to the
RACMO2.3 climate maps, all illustrating the added
value of the high-resolution results over the ERA-
Interim fields. The high resolution has a significant
impact on simulated winds in rough terrain, which has
been previously discussed in Bromwich et al. (2005)
and Lenaerts et al. (2012b), which focused on other
regions in Antarctica. At 5.5 km, more detail and more
pronounced temperature and wind speed gradients are
simulated over the AP mountain range. Moreover,
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TABLE 3. As in Table 2, but for 10-m wind speeds Viom (m s’l).

RACMO2.3 5.5km

Obs
Mean  Bias  opes RMSD e
Arturo Prat 6.0 264 125 1.07 0.36
Bellingshausen 7.4 145 072 0.72 0.68
Bonaparte Point 4.8 099 1.03 0.92 0.50
Butler Island 49 0.40 0.75 0.61 0.66
Esperanza 7.4 —0.81 1.44 1.22 0.53
Faraday/Vernadsky 4.5 037  0.90 0.81 0.55
Larsen Ice Shelf 3.6 132 0.90 0.69 0.21
Limbert 4.8 0.99 092 0.78 0.37
Marambio 8.7 -1.1 1.31 0.93 0.59
O’Higgins 6.5 -024 153 1.10 0.19
Rothera 6.2 -0.83 0.79 0.72 0.72
San Martin 4.8 -1.09 131 0.71 0.32

local features, such as wind and temperature over the
George VI Ice Shelf or the strong downslope winds on
the southeastern slopes, are now resolved. Also, note
the strong wind speed gradient over the Larsen C Ice
Shelf.

4. Results: Climate of the Antarctic Peninsula

In this section, we discuss the Antarctic Peninsula
climate in terms of upper-atmosphere and near-surface
wind and temperature, their seasonality, and spatial and
interannual variability.

a. Seasonality

Figures 1la,b show the RACMO2.3 and ERA-
Interim climatological average (1979-2013) large-scale
circulation and geopotential height pattern at 700 hPa.
The Antarctic Peninsula climate is characterized by
persistent upper-air westerly winds that advect warm
and moist southern Pacific Ocean air toward the AP.
The strong resemblance of the RACMO2.3 and ERA-
Interim circulation patterns shows that the simulation is
strongly constrained by the lateral boundaries and that
much of the good model performance at these scales
comes from the quality of the reanalysis. Figure 12a
shows that the westerly winds are notably weaker in
summer than in winter (Fig. 12b), following the seasonal
variations in the depth of the circumpolar pressure
trough. West of the AP mountain ridge, which peaks at
elevations of 2500 m above sea level, the upper-air winds
are deflected toward the south, especially in summer,
transporting relatively warm and moist maritime air to
the ice sheet. In winter, winds are more zonal.

The strong upper-air westerlies are only partly re-
flected in the near-surface (10m) winds (Figs. 11c,d),
where there are significant differences between
RACMO?2.3 and the reanalysis over the ice sheet
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FIG. 6. As in Fig. 3, but for 10-m wind speed Viom.

topography. In summer, near-surface winds over the
ocean are largely blocked by the mountain range: west
of the AP, the winds veer toward the south, following
the topography, but are relatively weak (Orr et al. 2008).
In winter (Fig. 12c), winds are stronger over the south-
western slopes because of katabatic wind forcing. This is
especially true toward the southwest, where slopes are
more extensive and clouds are less persistent, resulting
in more longwave cooling of the surface: here, annual
mean Vyom, reaches values >10ms™'. To the east of the
AP, winds are mostly southerly, following the AP
orography, advecting cold air from the south. These are
the well-known AP barrier winds, caused by the in-
teraction between cold air from the Filchner Ronne Ice
Shelf, the ice-covered Weddell Sea, and the AP moun-
tains (Schwerdtfeger 1975; Parish 1983).

The AP near-surface (2m) temperature, shown in
Figs. 11e,f and 12e,f, is closely related to elevation,

latitude, and circulation: average (1979-2013) 75, de-
creases from ~270K along the northwestern coastline
to ~250K at the top of the spine in the southern AP.
Note the wintertime relative maxima in 7>, over the
lower slopes of the mountain range, indicative of kat-
abatic winds that enhance sensible heat transport to-
ward the surface (Van den Broeke et al. 1999). This
feature is strongest in winter when temperatures over
the flat ice shelves are, in the absence of katabatic flow,
lower than over the nearby slopes. The large (~10K)
wintertime east-west temperature gradient over the
AP is caused by the advection of cold air by southerly
winds to the east of the AP and the advection of
warmer air by northerly winds in the west of the AP.
These differences are further enhanced by the ensuing
differences in sea ice cover, with sea ice cover being
more extensive in the Weddell Sea to the east of
the AP.
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F1G. 7. As in Fig. 6, but for wind direction (°). Wind direction and standard deviation are calculated from monthly vector means.

b. Variability

Figure 13a shows there is low interannual variability
of T, for the western AP and high interannual vari-
ability for the eastern slopes of the AP. This is probably
associated with the presence of a layer of cold air in the
east, its variable depth causing variable thermal winds
opposing the katabatic winds (Van Angelen et al. 2011),
as well as lee slope effects of the variability in westerly
atmospheric circulation; these effects are not caught in
the low-resolution dataset (Fig. 13b). On the ice shelves,
wind speed variability is low in the absence of katabatic
forcing.

Figures 13c,d show that directional constancy (DC;
the ratio of absolute and vector mean wind speed) is
high over the AP slopes, where katabatic forcing is
strongest. In the northwest, where katabatic winds
oppose the relatively strong large-scale circulation, DC
is lower. Over the flat ice shelves, DC is also relatively

low in the absence of katabatic forcing; here, conditions
are mostly influenced by varying large-scale/mesoscale
pressure gradients. Over the Ronne Ice Shelf toward
the AP mountain range, a barrier wind signature is
visible with locally higher DC values. Particularly in-
teresting and counterintuitive are the high DC values
over the northeastern AP mountain slopes, while si-
multaneously the interannual variability of Vip, on
these slopes is high. This indicates high variability in
wind speed but low variability in wind direction. It is
likely that, over the eastern AP slopes, variable barrier
winds, in combination with synoptically forced foehn
winds (Elvidge et al. 2014), influence the wind strength
over the slopes, which affects the magnitude of the
wind but not its direction.

The impact of katabatic winds on sensible heat exchange
and temperature is clearly illustrated in Fig. 14c: over the flat
ice shelves, a strong surface-based temperature inversion is
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able to develop, especially in winter. This inversion is
weaker over the mountain slopes, where katabatic winds
and hence downward mixing of warm air are strongest, re-
sulting in higher potential temperatures, which is more

VOLUME 28

clearly seen in the high-resolution data than in ERA-
Interim (Fig. 14d). Locations with strong surface-based
temperature inversions are also susceptible to strong
warming when the inversion breaks up (e.g., because of
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clouds and winds warming the surface), enhancing temporal
variability. This explains the patterns seen over the AP in
Figs. 14a,b, where T, variability is low in regions where
0> is high, and variability is high in regions where 6, , is
low. Over the ocean, variability in 75, is mostly determined
by variability in sea ice cover. For instance, the area with a
local minimum in the Weddell Sea is characterized by a
semipermanent sea ice cover.

c. Trends

Figure 15a shows the modeled 1979-2013 trend of
2-m temperature. A warming occurred in the northwest
of the AP and over the adjacent oceans of up to
~0.05Kyr~', which is significant at the >95% level
near the mountain range. Over most of the AP, but

especially over the east and the south, there has been
significant cooling of up to ~0.03Kyr ™!, which has
mostly occurred in the last decade (2001-13, not
shown). This notable distinction between western AP
warming and eastern AP cooling is closely related to
the changes in the near-surface winds (Fig. 15b). Over
the western AP, northerly winds have increased in
strength. Over the eastern AP, enhanced barrier winds
over the Ronne Ice Shelf have led to enhanced south-
erly winds near the surface and a decreased magnitude
of the katabatic winds down the eastern AP slopes.
These southerly winds increased the transport of cold
air over the sea ice and Ronne Ice Shelf toward the
northern AP ice shelves, leading to the cooling in
this region.
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surface elevation.

This clear west-to-east distinction in trends and fea-
tures such as the seasonality, where over the western AP
most warming occurs in winter, while for the eastern AP
the warming is found in summer—autumn, are also found
in ERA-Interim (Figs. 15b,d) and the SCAR-READER
stations (Fig. 4) and have been previously reported using
lower-resolution datasets (Bromwich 2004; Bracegirdle
and Marshall 2012). However, the significant warming
for the southwestern AP ice sheet in the low-resolution
ERA-Interim dataset is not seen at 5.5 km, which rather
shows a cooling.

These changes in near-surface wind speed and di-
rection are also related to changes in sea ice fraction

(Holland 2014). Figure 15e shows a significant de-
crease in sea ice to the west of the AP, which has fur-
ther enhanced the warming in the western AP,
especially in autumn and winter, when the retreat in
seaice is strongest (in summer this region is nearly free
of seaice). Over the Weddell Sea, the sea ice cover has
increased near the front of the Larsen C and Larsen D
Ice Shelves, possibly in response to enhanced flow
from the south. Maps of decadal temperature trends
(not shown) and Fig. 4 confirm that the long-term
cooling signal in Fig. 15a stems mainly from the last de-
cade in spring and summer; the other decades (in par-
ticular, 1991-2000) mostly show a warming signature,
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which was also discussed by Bromwich and Fogt (2004)
and Turner et al. (2005).

5. Summary and conclusions

We present and discuss the near-surface temperature
and wind climate of the Antarctic Peninsula (AP) for
1979-2013, as simulated by the Regional Atmospheric
Climate Model, version 2.3 (RACMO2.3), at a relatively
high horizontal resolution of 5.5 km. The model is forced
by ERA-Interim data at the lateral boundaries and in-
cludes an updated model surface topography. We eval-
uate model performance by comparing output to
temperature and wind measurements from 12 manned
and automatic weather stations in the SCAR-READER
dataset and vertical profiles of temperature and wind

from balloon soundings. The seasonal cycle in temper-
ature is simulated well, although summer temperatures
are slightly underestimated at the western AP stations,
probably as a result of an overestimated summer (rock
vs snow surface) albedo near the stations. The winter
temperature at most stations is represented well, in-
cluding the coreless winter at the ice shelf stations and
the peaked winter for the warmer (western) coastal
stations. In general, the model simulates wind speed/
direction fairly well in terms of temporal and spatial
variability, but considerable biases are found as a result
of the model not adequately resolving the complex ter-
rain in which the stations are situated, even at 5.5-km
horizontal resolution. RACMO2.3 vertical profiles of
temperature and wind at a daily scale are simulated
relatively well, as a comparison with balloon soundings
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shows, but because of both measurement and model
uncertainties, there are also important discrepancies.
High-resolution AP climate maps of modeled near-
surface temperature and wind show that winds and tem-
perature have large spatial variability: over the steep and
high mountain ranges of the northern AP, there are pro-
nounced west-to-east climate gradients, while in the more
gently sloping southern AP mountains, temperatures are

FIG. 15. (left) RACMO2.3 and (right)
ERA-Interim 1979-2013 trends for
(a),(b) Tom and (c),(d) 10-m wind speed
Viom- () The RACMO2.3 sea ice frac-
tion (which is equal in RACMO2.3
and ERA-Interim). Black contour lines
represent the ice shelf edge and 100-m
surface elevation. Dotted pattern rep-
resents areas where trends are signifi-
cant at >95%.
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low and wind is dominated by katabatic forcing. Over the
ice shelves, in the absence of katabatic forcing, a strong
surface-based temperature inversion develops, resulting in
strong temporal variability in temperature. Katabatic wind
forcing has a strong influence on the southern AP climate:
here, the wind is mostly uniform in direction throughout
the year, and the potential temperature is high because of
enhanced vertical mixing in the surface layer. Over the
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eastern AP slopes, katabatic winds interact with barrier
winds, and wind speed is highly variable, but wind direction
remains constant.

Maps of temperature trends for 1979-2013 show a
statistically significant warming of the northwestern AP
and statistically significant cooling of the eastern and
southern AP, in agreement with observed trends from
the SCAR-READER stations. The temperature trends
are related to a complex interplay of changes in atmo-
spheric circulation, near-surface winds and sea ice, let-
ting more warm ocean air to be transported to the
northwestern AP and more cold ice shelf air to be
transported to the eastern AP.

In future research, in order to further improve model
results, the effects of more dynamic ocean and sea ice
models should be investigated. Currently, ocean tempera-
ture and sea ice fraction are prescribed from reanalysis
data, and a constant sea ice thickness is used. Moreover, at
5.5km and higher horizontal resolutions, the limit of the
hydrostatic assumption likely is reached, and a non-
hydrostatic model should be used and may further improve
model results. However, nonhydrostatic physics are be-
yond the scope of the current configuration of RACMO2.3.
Finally, there is an increasing necessity for using more re-
alistic prognostic cloud physics, such as taking into account
the horizontal advection of precipitation. Recent studies
(e.g., Van Wessem et al. 2014a; King et al. 2015), as well as
this study, have shown clouds and their interaction with
high mountain ranges and detailed topography to be of
prime importance for the Antarctic climate, and this is
especially true in regions like the Antarctic Peninsula.
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