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Abstract. In this study the effects of changes in the and moisture at the earth’s surface. Regional atmospheric
physics package of the regional atmospheric climate modetlimate models (RCMs) are important tools to improve our
RACMO2 on the modelled surface energy balance, nearunderstanding of polar SEB. They provide a physically con-
surface temperature and wind speed of Antarctica are presistent representation of the climate in areas with a low spa-
sented. The physics package update primarily consists of atial and temporal coverage of observations. RCMs are also
improved turbulent and radiative flux scheme and a revisedccapable of resolving detailed features that are not captured
cloud scheme that includes a parameterisation for ice cloudby global circulation models. Specifically, RCMs have been
super-saturation. The ice cloud super-saturation has led tsuccessfully applied to remote areas such as Antarctica (e.g.
more moisture being transported onto the continent, resultVan Lipzig et al, 2002 and GreenlandHettweis 2007 Et-
ing in more and optically thicker clouds and more downwardtema et al.20103 to assess the SEB and surface mass bal-
long-wave radiation. Overall, the updated model better rep-ance (SMB) of these ice sheets (e/gn Lipzig et al, 1999
resents the surface energy balance, based on a comparis®¥an de Berg et al.2005 Lenaerts et al.20123. Moreover,
with > 750 months of data from nine automatic weather sta-RCM output can be used to enhance the interpretation of re-
tions located in East Antarctica. Especially the representationmote sensing data such as GRAGEhén et al. 2006, In-
of the turbulent sensible heat flux and net long-wave radiativeSAR (Rignot et al, 2008 and radar/laser altimetry_igten-
flux has improved with a decrease in biases of up to 40 %. Aderg et al. 2012).
a result, modelled surface temperatures have increased andThe Regional Atmospheric Climate Model RACMO2,
the bias, when compared to 10 m snow temperatures from 6#vhich has been adapted for specific use over the polar re-
ice-core observations, has decreased fre2rB K to—1.3 K. gions, has recently undergone a major update of its physics
The weaker surface temperature inversion consequently impackage. In the present study we examine whether this up-
proves the representation of the sensible heat flux, whereadate from version RACMO2.1 to RACMO2.3 has improved
wind speed biases remain unchanged. However, significarthe representation of the Antarctic near-surface climate, with
model biases remain, partly because RACMO?2 at a resoluits extreme temperatures and winds, and surface energy bal-
tion of 27 km is unable to resolve steep topography. ance. Even though RACMO2.1 has proved to realistically
simulate the Antarctic near-surface climataif de Berg
et al, 2005 Lenaerts et al.20123, previous model evalu-
ations showed that downward long-wave radiation is gener-
1 Introduction ally underestimated by the modalan de Berg et a).2007)
resulting in a significant cold surface biagaf den Broeke
Understanding the climate of the polar regions and changesog. To see whether this has improved in RACMO2.3, we

therein requires a thorough understanding of the surface engj|| assess the changes for Antarctica in SEB, near-surface
ergy balance (SEB), which describes the exchange of heat
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wind speed and surface temperature and compare these sure is large) has to reach a higher value in order for con-
available observations. The Antarctic SEB historically hasdensation to occur. This leads to an improved representation
been the focus of many studies, based both on observasf clouds and moisture concentrations in the (upper) tropo-
tions (Schlattey 1970 Carroll, 1982 Reijmer and Oerle-  sphere Tompkins and Gieren2007). Aircraft observations
mans 2002 and modelling Yan de Berg et al.2007), in- with the Microwave Limb Sounder (MLS) have shown that
cluding evaluations of models like RACMOVédn Lipzig super-saturation frequently occurs over the steep coastal re-
et al, 1999 Reijmer et al.2005. Here we use new data col- gions of Antarctica $pichtinger et a).2003. Simulations
lected at Antarctic automatic weather stations (AWSs) thatwith the ECMWF IFS have already shown that the new pa-
have been specifically designed to close and quantify theameterisation leads to a better global distribution of super-
SEB (Reijmer and Oerleman2002). saturated atmospheres, albeit with a slight underestimation
Section2 discusses the model, the changes in model for-for Antarctica fompkins and Gieren2007).
mulation and the observational data used for evaluation. In Another change in the physics is the introduction of the
Sect.3 the effects of the model changes on clouds, the SEBMcRad radiation schemeMprcrette et al. 2008. It de-
and the near-surface temperature and wind are presented asdribes shortwave and long-wave radiation transfer through
a comparison is made to observational data (S8c3s3.5), clouds, based on the Monte Carlo Independent Column Ap-
followed by conclusions in Sect. proximation (MclICA,Barker et al. 2008, and a revision of
cloud optical properties making the parameterisations that
use these properties more accurate. This improves the inter-

2 Data and methods action of multi-layer cloud cover with shortwave and long-
wave radiation, but is believed to be of minor importance
2.1 RACMO2 physics update for Antarctica, considering the low occurrence frequency of

these cloud types in this region. In the shortwave radiation

RACMO2 combines the dynamical processes of the Highscheme (SRTMMlawer and Clough1997 the Fouqart—
Resolution Limited Area Model (HIRLAM) Undén et al. Bonnel scheme is replaced by a scheme that is based on the
2002 with the physics package of the European Cen-correlated method [acis 1991). The latter is shown to lead
tre for Medium-range Weather Forecasts (ECMWF) Inte-to an overallimproved accuracy in calculated fluxes and heat-
grated Forecast System (IFS). RACMO2 has been specifing rates ECWMF-IFS 2008.
cally adapted for use over the large ice sheets of Greenland The last relevant physics change is the newly implemented
and Antarctica (e.gReijmer et al. 2005. It is interactively ~ Eddy-Diffusivity Mass Flux (EDMFSiebesma et 312007
coupled to a multilayer snow model that calculates melt, per-scheme for boundary-layer turbulence/shallow convection.
colation, refreezing and runoff of meltwateEt{ema et a.  This scheme distinguishes between large-scale (updraughts)
2010h Greuell and Konzelmanri994. Surface albedo is and small-scale (turbulence) mixing processes in the sur-
based on a prognostic scheme for snow grain dfaepers  face and boundary layer by describing them with either
Munneke et a].2011) and a drifting snow routine simulates mass fluxes or diffusion. The surface flux relies on Monin—
the interactions of drifting snow with the surface and the Obukhov similarity theory but takes into account form drag
lower atmospherelgnaerts et a).20123. A horizontal res-  (Beljaars et al.2004 that is dependent on subscale orog-
olution of ~ 27 km and a vertical resolution of 40 levels is raphy. For topographically rough areas like the Antarctic
used. The model is forced by ERA-Interim re-analysis dataPeninsula these changes are expected to be especially im-
(January 1979—-December 20Dke et al.2011) at the ocean  portant.
and lateral boundaries, while the domain interior is allowed Furthermore, the RACMO2 model update incorporates
to evolve freely. changes in the HIRLAM dynamical core. These are mostly

Here we analyse changes in the modelled Antarctic nearef numerical nature and are not addressed here. For a more
surface climate after the ECMWEF IFS physics package cycledetailed and complete description of the entire RACMO?2 up-
CY23r4 in RACMO2.1 White, 200]) has been updated to date the reader is referred¥an Meijgaard et al(2012 and
cycle CY33rl in RACMO2.3ECWMF-IFS 2008. Theup- ECWMF-IFS (2008 and references therein. The changes
dates that have the most impact on Antarctic applications arén the cloud scheme influence precipitation patterns over
the changes in the cloud scheme, the cloud microphysics andntarctica. Whether these changes represent an improve-
the radiation and turbulence schemes. All changes will bement, and how these changes effect the mass budget of the
described below and are discussed in more detail in relatiorice sheet will be addressed in a forthcoming study. The im-
with the results in Sect8.3-3.5. pact of precipitation changes on the SEB is small, as will be

An important change in the cloud scheme is the inclu-shown in Sect3.3
sion of a parameterization for ice super-saturation as de-
scribed byTompkins and Gieren§2007). As a result, the
specific humidity of cold air parcels (at temperatures where
the difference between liquid water and ice saturation pres-
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The SEB can be written as

jladandcoceaniy M = SWhet+ LWhpet+ SHF+ LHF 4 G, (D]
where fluxes directed towards the surface are defined positive
with units of WnT2, M is melt energy # = 0 if the sur-
face temperaturds < 27315K), SWhet and LWyt are the

net shortwave and long-wave radiative fluxes, SHF and LHF
are the sensible and latent heat fluxes éhis the subsur-
ke face conductive heat flux. The sensible- and latent-turbulent
heat fluxes are calculated using Monin—Obukhov similarity
theory using the bulk metho&¥#n den Broeke et al2005h.

This implies that the turbulent fluxes and surface tempera-
tures are calculated values and not direct measurements. All
data from the nine AWSs are monthly averaged (resulting in
770 station-months) and compared with data from the same
months of the two RACMO cycles. An assessment of the
quality of the observational data can be foun&Reijmer and
Oerlemang2002; Van den Broeke et a(2004).

Fig. 1. Map of Antarctica with locations of the AWS (red diamonds) As the AWSs only cover a “m,'ted part of East Antarc'uca,
the 64 coring sites (black dots) and the position of the latitudi- 64 SNOW temperature observations (Fiy.are additionally

nal cross-section used in Fig. Also shown are the ice-shelf edge Used to evaluate the spatial performance of RACMOZor

and grounding line (solid lines) and height intervals every 500 m The 10 m snow temperature is assumed to represent the an-
(dashed lines) based on a digital elevation model ftamet al. nual mean surface temperature, a reasonable assumption in
(2002). areas without melt. Note that at a model resolution of 27 km,
the observational data are compared with data from the near-
est model grid point. For the 10 m snow temperatures, this
causes four locations to fall outside of the ice mask. For these
The near-surface wind, temperature and SEB are evaluiPsol:r;t:;he nearest grid point that does fall within the ice mask
ated using observational data from nine automatic weather ’

stations, maintained by the Institute for Marine and At-

mospheric research of Utrecht University (UU/IMAU), see 3 Results

the IMAU AWS websitehttp://www.projects.science.uu.nl/

iceclimate/awslmportantly, these AWSs measure all four ra- 3.1 General climate characteristics

diation components as well as humidity and snow temper-

ature, and therefore enable a full closure of the SEB. Allln Antarctica a negative to zero net radiation budget prevails
AWSs are of similar design: single level measurements ofduring most months. In summer the radiation budget regu-
wind speed/direction, temperature and relative humidity ardarly becomes positive due to absorption of shortwave radia-
performed at a height of approximately 3m. The individual tion at the surface. In winter, the radiation budget is balanced
radiation components (SW SW4, LW, LW1) are mea- mainly by a positive (downward directed) SHF, as LHF is
sured with a single sensor. Treatment of the radiation fluxeglenerally small due to the low humidity and thus small near-
follows Van den Broekg2004). Figure 1 shows the loca- Surface moisture gradients exist over the Antarctic ice sheet.
tions of the AWSs. They are located in Dronning Maud Land The negative radiation budget prevails and cools the sur-
(DML) in different climate regimes: from relatively mild and face, resulting in a quasi-permanent surface-based temper-
wet coastal sites (AWS 4 and 11) to the steep escarpment réture inversion. In combination with a sloping surface, this
gion of DML (AWS 5, 6 and 16), the south dome of Berkner leads to the characteristic persistent katabatic winds over
Island (AWS 10) and the high and cold East Antarctic pIateauthe Antarctic ice sheet. As the cooling is stronger in winter,
(AWS 8, 9 and 12). Observation lengths range from 4 to 15 yrthe katabatic winds increase in strength in winter. Stronger
of data. Due to instrumental problems and icing of the senXkatabatic winds enhance downward sensible heat transport,
sors some months of the data record are of lower quality. Awhich counteracts the strength of the surface temperature in-
summary of the location and data records of the AWSs is pro_version by increasing the surface temperature. This results
vided in Tablel. For more details seéan den Broeke et al. in @ weaker seasonality of (near-)surface temperature in high

(20053 b) andReijmer and Oerlemar(&002). wind speed areas.
To illustrate these interactive processes, Righows the

monthly mean values of 10m wind speeldid), surface

Pacific Ocean

2.2 Observational data
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Table 1. The AWS topographic characteristics and period of operation (until December 2011). No. months represents the number of available
months over total months (72%70) of the model period (January 1979-December 2011). If no end time is indicated, the AWS is still
operational end of 2011. Observed surface slope (m]@ris based on a 1km 1km digital elevation modelL{u et al, 2001), modelled

surface slope is based on the 27 km interpolated grid.

AWS 4 5 6 8 9 10 11 12 16
Latitude 7245 S 7306'S 74#28S 7600S 7500S 7934S T7ro9s 7®39S 7r57S
Longitude 1829.9W 1309.9W 11°31.0W 08°03W O0C00E/W 4547W 06°42W 35°38E 2320E
Elevation (obs) 34m 363m 1160 m 2400m 2892m 890m 700m 3620m 1300 m
Elevation (mod) 23m 332m 1219 m 2405m 2856 m 789 m 224m 3621 m 1130m
Slope (obs) 1.0 231 384 2.0 15 11 15.5 2.0 15.6
Slope (mod) 3.4 7.8 28.9 35 2.0 5.1 10.7 2.2 16.2
Start Dec 1997 Feb 1998 Jan 1998  Jan 1998 Dec 1997 Jan2001 Jan 2007 Dec 2007 Feb 2009
End Dec 2002 - Jan 2009  Jan 2003 — Jan 2006 - - -
no. months 60/60 167/167 134/134 19/44 162/168 48/54 57/59 49/49 29/35
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Fig. 2. Monthly mean(a) 10 m wind speed¥{1g m), (b) surface temperaturg¥) and(c) sensible heat flux (SHF) and net long-wave radiation
(LW net) for AWS 4, AWS 5, AWS 6 and AWS 9. The temperature curves for AWS 5, 6 and 9 ZB)aare shifted upward by 0.2, 4.9 and
18.2 K, respectively, to correct for elevation and continentality differenéas en Broeke2004).

temperatureqs), net long-wave radiation (LW and sensi- tical distribution of total cloud water/ice content, averaged
ble heat flux (SHF) for four AWSs in different climate zones over the period 1979-2011. A significant increase of mod-
of the Antarctic ice sheet (AWS 4, 5, 6 and 9). Fig@a  elled cloud content is found over the East Antarctic plateau,
shows that monthly mean wind speeds for AWS 5 and 6,while cloud content has decreased along the coastline and
in the steep escarpment region, exhibit a strong seasonal cyver the ocean. With the new parameterisation, moist air that
cle due to stronger katabatic forcing in winter, with monthly reaches the continent has to exceed 100 % relative humidity
mean wind speeds up to 9 m’s These katabatic winds mix by up to 50% in order to form clouds. As a result, clouds
warm air downward to the surface (large SHF), increasingform farther inland and higher up in the troposphere, result-
surface temperature (Figb), and hence upward long-wave ing in more clouds simulated by RACMOZ2.3 in the interior.
radiation (Fig.2c). For AWS 4 and AWS 9, located on the  The increase in clouds has caused more downward long-
relatively flat coastal ice shelf and interior ice sheet, respecwave radiation to be emitted as seen in Fgwhere the
tively, wind speeds are lower and show no seasonal cycledifference fields (RACMO2.3—-RACMO2.1) for L\W(a), Ts

At these sites the seasonal amplitude in temperature is largdb), Viom (c) and SHF (d) are shown. The increase in J.W
than at the sites dominated by katabatic winds (AWS 5 and 6)s found on most of the Antarctic ice sheet, but is strongest
mainly because the wintertime surface temperature inversiolon the East Antarctic plateau, and has led to higher sur-

is stronger. face temperatures (Figib), reducing the temperature gra-
dients in the surface layer and resulting in lower SHF values
3.2 Changes in cloud properties and impact on (Fig. 4d). A related pattern in near-surface wind speed is not
simulated near-surface variables seen (Fig4c), with changes being smaller than 5 %.

The increase in clouds over the continent also results in an
The new parameterisation for cloud ice super-saturatiorincrease of precipitation. This is illustrated in Fig.which
changes the total amount of modelled clouds over Antarcticashows the changes in total precipitation (mostly snowfall) for

most notably over the East Antarctic plateau. To illustrate DML, where the AWSs are located. The generally increased
this effect, Fig.3 shows a latitudinal cross-section of the ver-
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Fig. 3.Latitudinal cross-section of yearly (1979-2011) averaged total cloud water/ice cont@)tR&xCM0O2.3,(b) RACMO2.1 andc) the
difference (RACMO2.3—-RACMO2.1) atE. Location of cross-section is indicated in Fig.
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Fig. 4. Spatial distribution of difference (RACMO2.3—RACMO2.1) for lddfyn (), Ts (b), V1om (c) and SHH).

precipitation will have an effect on the SEB through in- age bias and correlation coefficients are summarized in Ta-
creased albedo (impacting the shortwave radiation) and sulble 2, as well as the bias standard deviatigyys and root
limation (impacting latent heat flux). As will be shown in the mean square deviation (RMSD). Most biases (and RMSD)
next section, the effects on S\ are small and limited to  are reduced in RACMO2.3: for SHF from 10.5W#hto
the short austral summer, while effects on LHF are generally7.1 Wnt 2, for LWpet from —10.4Wn12 to —6.3Wm™2.
small as well. The changes in LHF and S\ are small. For S\W; the
bias increased from1.3Wm~2 to —2.0 Wm~2 but the cor-
3.3 Impact on simulation of the surface energy balance  relation remains highr€ ~ 0.93). For LHF the slight im-
provement from 0.6 W2 to 0.4 Wn12 is of little signif-
Figure 6 shows the difference between the monthly aver-icance due to its small magnitude and the uncertainty of the
aged modelled and observed SEB fluxes for all nine AWSsobserved fluxes. The standard deviatgyys has the same
(>750 months) for RACMO2.3 and RACMO2.1. The aver-
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Fig. 5. Spatial distribution of difference (RACMO2.3-RACMO2.1) 1254567
for total precipitation (raint+ snowfall) in mm water equivalent per

year over Dronning Maud Land, for 1979-2011. Shown are aIItheFig' 7. Annual cycle of monthly mean difference

AWS, except AWS 10 that falls just outside of the boundary. (modelled-observed) of the SEB components (SHF (blue),
LHF (red), SWet (orange), LWet (green)), LW, (black circles)
a D and SW, (black asterisks) fofa) AWS 4, (b) AWS 5, (c) AWS 6

i ' ' ‘ F T oo and(d) AWS 9. Shown are RACMO2.3 (solid line) and RACMO2.1

+ RACMO23 (dashed line).

To investigate the seasonal effects, Fiy.shows the
: monthly mean difference (modelledbserved) of SEB
[t 1 - fluxes, LW| and SW, for AWS 4, 5, 6 and 9. LWetis under-
_2:, : - - -ZO_ZST“S TR estimated at the four AWS locations, and most significantly
Observed SHF [W m™] at AWS 4 and 9. The overestimated surface slope at these
two sites is responsible for activating a katabatic feedback in
winter, resulting in overestimated SHF. In RACMO2.3, the
improved LW reduces this problem for the stations located
more inland, as can be seen in Fig.most significantly for
AWS 9. For AWS 4 the improvement is not related to the
increased LW, but to a decreased LYV(not shown). For
this coastal siteV1omthat was overestimated has slightly de-
creased (the performance of the near-surface wind speed will
e ) e L e be discussed in Sec3.4), resulting in a lowerTs and less
Observed SW,,, [Wm’] Observed LW,,, [W m] long-wave cooling. For all AWS except AWS 9 the difference
in SW| has increased, most notably for the coastal AWSs.
(SHF), (b) latent heat flux (LHF),(c) net shortwave radiation Here, Chan_ges n th? re.1d.|at|on scheme haye led to increased
(SWhe and(d) net long-wave radiation (LWe) as a function of atmosph.erlc transmlsswlty. qu thg more !nland AWSs the
the AWS observations. Shown are RACMO2.3 (red) with biag,  €/1ect of increased transmissivity is increasingly balanced by

SHF Modeled - Observed [W m?]
LHF Modeled - Observed [W m?]

SW,,,, Modeled - Observed [W m?]
LW,,,; Modeled - Observed [W m?]

Fig. 6. Difference (modelledobserved of(a) sensible heat flux

and RACMO2.1 (blue) with biabgg. Biases (in [WnT2]) are av-  increased snowfall (see Fig), raising the surface albedo and
erages over all monthly average weather station datasQ data ~ SW*.
points). The underestimated surface slope results in too low wind

speeds at AWS 5 and 6, resulting in an overestimation of

the surface temperature inversion (Fgd). As a result, SHF
order of magnitude as the bias, suggesting that the improveis reasonably well represented, because stability effects re-
ments are not statistically significant because of the signifi-main small even at the underestimated wind spe&@s (
cant noise. den Broeke et al.2005h. The problem is further reduced
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Table 2. Mean, bias (model-observation), standard deviation of thedjasot mean square deviation and correlation coefficieht(th
significance levep < 0.0001) for sensible heat flux (SHF), latent heat flux (LHF), net shortwave radiatiopggs\Wet long-wave radiation

(LW net), 10 m wind speed¥{;g ) and surface temperatufe as modelled by RACMO2.1 and RACMO2.3 and as observed with the 9 AWSs
(770 months). Also shown are the values for annual averaggdcomparison with 10 m snow temperatures from 64 ice-core measurements.
For calculation of the statistics all 770 months are used.

Obs | RACMO2.1 \ RACMO2.3

mean | bias  opas RMSD r? | bias opas RMSD 72

SHF (Wm—2] 1424 | 1046 853 1358 057 7.07 812 1078 0.6
LHF Wm—2] -211| 056 295 3.0 031 036 277 279 0.38
SWhet Wm—2] 2273 | -1.33 623 641 094 -1.96 7.60 7.86 0.92
LWhet Wm—2] -35.03| —10.36 9.83 1422 0.66 -6.31 982 11.65 0.66
Viom [ms~1] 6.38 | —048 167 174 029 -051 1.64 172 0.27
Ts(AWS) IK] 24428 | —324 45 557 091 -191 436 477 0091
Ts (ice cores)  [K] 2406 | —2.32 229 323 09§ -128 213 245 0.98
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Fig. 9. Annual cycle of monthly mean difference
(modelled-observed) of(a) 10m wind speed W10m), (b) 2m
temperature®s ), (¢) surface temperaturd§) and(d) the surface
temperature inversiorf,, = Tom — Ts) for AWS 4, AWS 5, AWS

6 and AWS 9. Shown are RACMO2.3 (solid line) and RACMO2.1
(dashed line).

Fig. 8. Modelled and difference (modelledbserved) as a func-
tion of the AWS observations ofaf b) monthly averaged 10m
wind speed V1om) and €, d) surface temperaturerd). Shown
are RACMO2.3 (red) with correlation2,, and biasbnew and
RACMO2.1 (blue) with correlatiomgId and biasbg)q. Biases are

averages over all data with units [m% for V1o mand [K] for Ts.

in RACMO2.3, in which the SEB at AWS 5 and 6 is well tation of LW], but also changes in the turbulence scheme
represented. (Sect.3.5) contribute to the improvement.

In summer the SHF bias at AWS 4 is smaller because Figure6a confirms that high wintertime SHF values in the
SWhet and LHF help to balance the excess long-wave cool-escarpment zone are well represented, and that RACMO2
ing. For AWS 9, however, there is an increased negative biagienerally overestimates SHF in flatter areas. This leads to
in SWhetin RACMO2.3 due to an overestimated albetfar overestimatedls and hence too negative L\ (Fig. 6d).
de Berg et al.2007). To conclude, for most of the climate Both biases are significantly reduced in RACMO2.3, by 33 %
zones of the Antarctic ice sheet the improved representatiofSHF) and 39 % (LV§ep. In summer, RACMO2 underes-
of SEB components mainly results from a better representimates SWe; in the high interior (Figs.6c and 7d). As
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aresult of the underestimation of $¥ 7s is underestimated T S L
(Figs.8c, d and9c), while the surface temperature inversion 6.0 ;g”ew ::;'55 " Ao ]
and the SHF are overestimated (Figs, 7d). As a result ) Lot —— [o_RACMO23)
of too low T, sublimation (negative LHF) is underestimated 3 Plateau
) . . 30 Fo -
and summertime convection (upward SHF) is not modelled g | * . Escarpment
on the ice sheet (see SeBi5). é ot s, . CoastaI: & Wout
' 0.0 : . * d ' " . Antarctl.ca
3.4 Impact on simulation of temperature and 3 R I S Ledet s 2
near-surface wind speed 3 a0 | Yot
S I T
Figure 8 shows modelled values (Fi§a, c) and difference a 6.0 i s ° *]
(model-observation) (Fig8b, d) of the monthly averaged %*
wind speed and surface temperature of all AWSs as a func- »oo T o p— o

tion of the observed value. The figure also shows correlation T, Observed [K]
coefficient ¢2) and average bias (b), also denoted in Table
Figure 8a, b shows that the wind speed representation hagig. 10. Difference (modelled-observed) of the annual period av-
not improved in RACMO2.3 when compared to RACMO2.1 eraged (1979-2011) surface temperatdig s a function of 10m
(for both data setsh ~ 0.5, r2~ 0.27). Both model cycles ice-core observations. Shown are RACMO2.3 (red) with bias,
generally underestimate high wind speeds and overestimat@"d RACMO2.1 (blue) with biasoig (in [K]).
low wind speeds. Since near-surface winds over the Antarctic
ice sheet are dominated by katabatic forcing, this is caused
by an overestimation of surface slopes in relatively flat ar- Since the AWS are located mainly in DML, which has
eas (AWS 4, 8, 9, 10, 12) and an underestimation of surfacé topography that is not typical for the entire ice sheet, we
slopes in steep areas (AWS 5, 6, 11) in the escarpment regionse 10 m-snow temperature data to obtain a better spatial
of DML (and elsewhere in Antarctica), as a result of the lim- coverage for thels evaluation (Fig.1). Figure 10 shows
ited horizontal resolution of the moddRéijmer et al, 2005 the difference between modelled and obser¥igds a func-
Lenaerts et al.20120. The small differences iviom are  tion of the latter, averaged over the model time span. Aver-
due to the combined effect of model changes but the errorgige values, biasihiass RMSD and correlation are given in
in wind speed with respect to the observations are dominatedable 2. Surface temperatures in RACMO2.1 are underes-
by the smoothed model topography (note that the model totimated at almost all locations and on average are too low
pography is the same in both model cycles). by 2.3K. RACMO2.3 reduces this bias tel.3K. Overall
Figure 9a shows the monthly mean difference (model- the spatial variability of surface temperatures is well repre-
observation) of1om for AWS 4, 5, 6 and 9. For AWS 5 and sented by both model versions?(= 0.96 for RACMO2.1
AWS 6 (slope> 10mknm 1) wind speed is underestimated and r? =0.98 for RACMO2.3) although there seems to be
year round. For AWS 4 and AWS 9 the wind speed is overes-a tendency towards larger underestimations at higher tem-
timated in winter, when katabatic forcing is overestimated, perature locations. FigurE0 shows that the best agreement
and therefore shows a seasonality that is too pronounceds found on the cold East Antarctic plateau, where the overes-
This has a strong effect on surface and 2 m temperature, démnated wind speeds compensate for the bias in temperature
shown in Fig.9b, ¢, where temperature is underestimatedcaused by the underestimated |[\Because of the improved
at AWS 5 and 6. The surface temperature inversion, defined W, Ts on the plateau has changed from being slightly un-
here asliny = Tom — Ts, is underestimated when wind speed derestimated in RACMO2.1 to being slightly overestimated
is overestimated (AWS 4 and 9) (Figd), which is intuitively ~ in RACMOZ2.3. In coastal and West Antarcticg, is under-
expected. estimated the most, due to bdthy n and LWhet being under-
In contrast to wind speed, a clear improvement in surfaceestimated, and it is here that RACMO2.3 produces the largest
temperaturdy (Fig. 8c, d) in RACMO2.3 over RACMO2.1  improvement.
is seen, due to the increased |[WThe cold bias has been
reduced from 3.2K to 1.9K while the correlation has not 3.5 Impact on SHF regimes
changed #% = 0.91). This improvement occurs year round
for all the AWSs except for the coastal AWSs (see AWS 4), To assess the impact of changes in the atmospheric sur-
where the representation was already good due in part téace layer scheme, Fidll shows monthly averaged SHF
the overestimated wind speed. A comparison of monthly av-for all AWSs (a), RACMO2.3 (b) and RACMO2.1 (c) as
eragedViom and Tom from the Reference Antarctic Data a function of the surface temperature inversion and wind
for Environmental Research (READERyrner et al. 2004 speed (colour scheme). The filled circles represent winter
AWS and surface station data gave the same results (natonditions (April-September), open circles conditions for
shown). October—March. Figurella clearly shows four regimes.
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Fig. 11.Monthly averaged SHF as a function of the surface temperature inve®ign= 7> — Ts) for (a) all AWSs, (b) RACMO2.3 and

(c) RACMO2.1. The colour scheme represents wind spéeg, and model data is from the same months and locations as the observational
data. Filled circles are winter values (months 4-9) and open circles represent months (10-3). Four climate regimes are denoted, and explaine
in Sect.3.5.

Regime | represents the katabatic wind zone where SHF inupgraded from cycle CY23r4 (RACMO2.1) to CY33rl
creases quadratically with the katabatic wind forcing (inver- (RACMOZ2.3). This study evaluates the effects of this change
sion strength). Regime |l represents the exceptional condion the Antarctic surface energy balance (SEB), 10 m wind
tions at AWS 16 Thiery et al, 2012 Gorodetskaya et al. speedVigom and surface temperatufia by comparing both
2013, where despite stable conditions and low wind speedscycles with observational SEB data gathered from nine au-
SHF values are high probably due to large-scale circulatiortomatic weather stations in East Antarctica and 64 deep
effects. The model (FidL1b, c) does not simulate this regime snow temperature sites. The model has improved in sev-
accurately due to the limited spatial resolution as the statioreral aspects. Due to the inclusion of a parameterization for
is positioned in a topographically complex region. Regime Il cloud ice super-saturation, more clouds and increased mois-
represents the stable conditions of the AWSs in flat areasure content are simulated in the upper troposphere. As a
where static stability effects become important at high val-result, more clouds and an increased cloud optical thick-
ues of the temperature inversion, suppressing SHF. ness in the interior have resulted in more downward long-
For lower stabilities and towards summer conditions thewave radiation. Consequently, in RACMO2.3 the biases in
branches join and SHF shows a linear dependencgn the sensible heat flux (SHF) and the net long-wave radiation
the negative values indicating the convective summertimgLWe) have decreased from 10.5 to 7.1 W#and —10.4
conditions at plateau stations AWS 9 and 12 (Regime IV).to —6.3W nT 2, respectively. The change in long-wave ra-
This regime is exclusively found on the plateau, where thediation has improved the bias in the SHF through its tight
low summertime temperatures prevent sublimation (LHF) tocoupling with Ts and wind speed: the bias ift, based on
act as a surface energy sinKiig et al, 2006§. Because the deep snow temperature observations, has decreased from
RACMO?2 overestimates albedo and underestimates atmo-2.3K to —1.3 K. Near-surface air temperatures have also
spheric transmissivity, a positive radiation balance is not sim-increased but less so thdh, decreasing the surface-based
ulated and convection does not occur (at least not in theéemperature inversion. The biasWg m, which is mainly due
monthly mean sense). to the flattened ice sheet topography at the limited model res-
Figurel1b, c shows the inability of RACMO2 to simulate olution, remains unchanged.
regimes Il and IV. The behaviour in the katabatic wind zone
is represented well, although the branch is less pronounced
due to the underestimation of the slope and hence windicknowledgementsive are grateful for the financ_ial support of
speeds. RACMO2.3 simulates an improved separation of th&/WO/ALW, Netherlands Polar Programme. The installation and
most important regimes Il and 11l compared to RACMO2.1, Taintenance of AWS 16 was financed by the Belgian Science
. Pplicy Office under grant number EN/01/4B supervised by N. van
because of the improved surface layer turbulence scheme a ¢

X . r]_lpzig KU Leuven. We thank |. Gorodetskaya for providing
general changes in the simulated results. AWS 16 data.

Edited by: E. Hanna
4 Conclusions

The physics package of the regional atmospheric climate
model RACMO2 adopted from the ECMWEF-IFS has been
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