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Summary

In the current context of climate change in the poles, one of the objectives of the APRES3 (Antarctic Precipitation
Remote Sensing from Surface and Space) project was to characterize the vertical structure of precipitation in
order to better simulate it. Precipitation simulated by models in Antarctica is currently very widespread and it
overestimates the data. Sensitivity studies have been conducted using a global climate model and compared to
the observations obtained at the Dumont d’Urville coast station, obtained by a Micro Rain Radar (MRR). The
LMDz/IPSL general circulation model, with zoomed configuration over Dumont d’Urville, has been considered
for this study. A sensitivity study was conducted on the physical and numerical parameters of the LMDz model
with the aim of estimating their contribution to the precipitation simulation. Sensitivity experiments revealed
that changes in the sedimentation and sublimation parameters do not significantly impact precipitation rate.
However, dissipation of the LMDz model, which is a numerical process that dissipates spatially excessive
energy and keeps the model stable, impacts precipitation indirectly but very strongly. A suitable adjustment
of the dissipation reduces significantly precipitation over Antarctic peripheral area, thus providing a simulated
profile in better agreement with the MRR observations.
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Pe3rome

B Texymiem Tpenjae U3MEHEHUs KIMMaTa Ha Mojrocax ofHa u3 3ajgay npoekra APRES3 ([ucranumonnoe
30H/IUPOBAHUE OCA/KOB B AHTAPKTHKE C MOBEPXHOCTH M U3 KOCMOCA) 3aKIII0YAETCSl B TOM, YTOOB! yTOUHHTH
BEPTHKAJIBHYIO CTPYKTYPY OCaJKOB U MOBBICHTH Ka4eCTBO UX MPOTHO3a. VI3BeCTHbIE pe3ynbTaTbl MOAEIHPO-
BaHMs 0CAJIKOB B AHTapKTH/IE OA3UPYIOTCS HA JIAHHBIX C BHICOKOH CTEMEHBI0 HEONPEAETCHHOCTH U CHIIBHO
pasuarcs. Vcecnenoanue n3duparenbHOH UyBCTBUTENBHOCTH pacyeTa 0caJKoB MPOBOAMIOCH HA OCHOBE
r100aIbHON KITMMAaTHIECKOIl MOJICIN U COMOCTABISIOCH C HAOMIOICHHSIMH, TIOTYyYSHHBIMH C TIOMOIIBIO Me-
teopajapa (MRR) Ha Geperosoii cranuuu JJomon-1"FOpsumb. Mcnons3osanacs LMDz/IPSL-monens o6ueit
[UPKYISLUH C TIOBBIIIEHHOMN leTanu3aiueil B paifone craniuu JlroMmoH-1’ KOpBuiib. bblia BeImonHeHa oLieHKa
BKJIaa (PM3MUIECKHUX U YUCICHHBIX MAPAMETPOB AAHHOW MOJENH B PaciyeT 0CaaKOB. BelUnCIHUTEIbHBIE IKC-
HEPUMEHTBI TI0Ka3aJI1, YTO U3MEHEHHS apaMeTPOB CeAMMEHTALUH U CyOIMMAal[UH He BIUIOT CyIECTBEHHO
Ha IPOTHO3UPYEMYI0 CKOPOCTh BbINaieHus 0caikoB. OJHAKO Auccunanus, Bo3HuKaromas B Mmoxean LMDz B
Tpolecce BEIYUCICHUH, paccenBas IPOCTPAHCTBEHHO H30BITOYHYIO SHEPTHIO U 00eceunBast yCTOHIHBOCTh
MOJIETIH, XOTA M KOCBEHHO, HO OYeHb CUJIBHO BIMAET HA PACCUMTHIBAEMYIO BEIMUMHY OCAIKOB. AJeKBaTHAS
TIO/ITOHKA YPOBHS PACCEHBAHHUS IPU MOJISTMNPOBAHUH 3HAYUTEIBHO CHIDKAET KOJINYECTBO OCAKOB B MEpHe-
PUITHBIX paifoHax AHTapKTHKH, 00ecreunBast TAKUM 00pa3oM Jydlliee CONTaCOBAHUE MOSTHPYEMOro Hpoduist
C IAHHBIMH METEOpaapHbIX HAOMIOICHHI.

KitroueBble cj10Ba: aHTapKTHYECKHE OCAIKH, MOJIEIMPOBAHKE MOJSIPHOTO KJIMMATA, OLIEHKA YUCIICHHOM Jic-
CHMAINH, OTICHKA MOJICIIA OONICH [IUPKYIALHH.

Jast uurupoBanus: Lemonnier F., Chemison A., Krinner G., Madeleine J.-B., Claud C., Genthon C. Evaluation
of coastal Antarctic precipitation in LMDz6 global atmospheric model using ground-based radar observations.
Problemy Arktiki i Antarktiki. 2021, 67 (2): 147-164. https://doi.org/10.30758/0555-2648-2021-67-2-147-164.
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1. INTRODUCTION

Between 1880 and 2012, the Earth’s mean global temperature increased by
0.85 £ 0.2 °C, and this warming is predicted to intensify during the 21% century. As
temperatures warm, sea level rises as continental ice melts and the oceans expand
thermally. Sea levels have already increased by 190 = 20 mm between 1901 and 2010
and the Antarctic contribution is estimated at 0.27 mm-yr ! [1]. Antarctica has already lost
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2720 £ 1390 billion tonnes of ice between 1992 and 2017 [2]. To understand the impact
of the Antarctic ice cap on mean sea level, it is essential to calculate its mass balance.

Precipitation represents the only positive contribution of the surface mass balance,
but is difficult to assess over this continent. Precipitation estimates are inferred from
surface accumulation observations during field campaigns, but is affected by high wind
speeds over the ice-sheet leading to under-estimation of the snow accumulation [3]. It is
also observed from space with the CloudSat satellite [4] and recent studies have greatly
improved confidence in the results of this satellite [5, 6]. However, the observations are
unavailable below 1200 meters above the surface due to contamination of radar reflections
by icy surfaces [7]. There are also in-situ observations of precipitation measurements and
snow accumulation. However, field campaigns allowing this are difficult to be conducted
and are mainly located near the coast [§].

Climate models are used to analyze and understand dynamical and physical
processes, such as precipitation, and then to predict the future climate of Antarctica.
Different types of climate models exist, ranging from basic 1D models to meso-scale and
coupled global climate models. These models provide a better understanding of the current
climate with its fluctuations, as well as a prediction of future climate change. This ability
to predict climate change makes it a particularly interesting tool, notably for the Coupled
Model Intercomparison Project (CMIP, [9]) in the current context of global warming.
These models have different uses, depending on whether they are global or regional, as
well as different levels of complexity and various horizontal and vertical resolutions. The
calculation time is crucial, so a regional model can easily include developed and complex
physical processes, while a global model has to provide suitable simulations in any region
of the globe thus limiting the complexity of the processes it integrates.

Most climate models predict that the Antarctic ice sheet surface mass balance is
subject to increase due to higher precipitation rate, which is itself associated with an
increase in atmospheric temperature [10]. This change in precipitation ranges from 5.5 to
24.4 % during the 21* century, depending on greenhouse gas emissions scenarios. However,
the Palerme et al. [11] and Roussel et al. [12] studies presenting an intercomparison of
CMIPS5 and CMIP6 models with CloudSat observations and ERA-Interim reanalysis shows
that the models overestimate precipitation in comparison with CloudSat climatology [4],
sometimes by more than 100 %. And even though the simulated surface precipitation is
compared to an observation level at an altitude of 1200 meters above the local surface, the
discrepancy between data and models is large, and questionable for the future prediction
of precipitation. In addition, the agreement between data and models is even worse for
the simulation of precipitation on the plateau than over the peripheral regions [11-12].

Since November 2015, during a field campaign at the French base in Dumont
d’Urville, instruments have been installed, including a Micro Rain Radar (MRR) observing
clouds and precipitation particles from surface [13]. This instrument has provided
a continuous vertical structure of precipitation and its climatology. Among other results, this
has highlighted the sublimation of precipitation by katabatic winds, as well as providing
information on the mean sedimentation rate of precipitation [14—15]. This vertical profile
is also an excellent tool for evaluating the simulated vertical structure of precipitation.

In this study, we propose to evaluate the vertical structure of precipitation at Dumont
d’Urville, simulated by the general circulation model LMDz [16, 17], using the MRR
dataset. This model is the atmospheric component of the coupled IPSL model.
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This model having different degrees of complexity because of different uses, it is
important to verify how precipitation is simulated by itself, and especially to verify if the
vertical profile of precipitation is in agreement with the observed profile. In section 2, the
model configuration and the ground radar observations are presented to do this study. The
sensitivity experiments performed on each configuration of the LMDz model and their
results are discussed in section 3. Then, an exploration of numerical dissipation in the
LMDz model applied to temperature and its impact in simulated precipitation is discussed
in section 4. Finally, we conclude this study in section 5.

2. METHODS

2.1. The LMDz-IPSL climate model

The LMDz dynamical core is based on finite difference and finite volume discretization
of the primitive equations of meteorology and transport equations, coupled to a set of
physical parameterizations [16,17]. The radiative transfer scheme is the Rapid Radiative
Transfer Model (RRTM) from [18]. Clouds are predicted by a statistical cloud scheme
which is described in detail in Madeleine et al. [17]. Regarding the microphysics of cold
clouds, a fraction f, of the condensed water qc is assumed to be frozen, depending on the
temperature between 273.15 K where f, = 0 and 243.15 K where f, = 1. Then a fraction
of the condensed water is partially precipitated according to Zender and Kiehl [19]. The
associated sink of cloud water is:

dq,, 10
R = (Pud), (1

where w, =17, -w, w, = 3.29(pq, )*'° being the characteristic sedimentation rate of ice
crystals given by Heymsfield and Donner [20] depending on the solid cloud water and
y,, being a tunable parameter. Precipitation is then re-evaporated and included into the
vapor water following:

d—P=B(1—iJJF, @
dz Dot
where P is the precipitation flux and B is a tunable parameter.

This model configuration only admits the atmospheric model, without taking into
account vegetation or ocean circulation models. However, there is a surface scheme. It
is composed of four categories: oceans, continental surfaces, sea-ice and glaciers. The
surface fluxes are calculated by taking into account the parameters of each type of surface.
Regarding thermal conduction of the ice cap and surface properties, the albedo in the
near IR is 0.68 and 0.96 in the visible, the thermal inertia is 2000 J-m2-K'-s7"2, which is
a typical value of pure ice [21]. In order to have the better resolution possible above
Dumont d’Urville with a GCM, the model is stretched longitudinally and latitudinally,
reaching a horizontal resolution of ~25 km. We nudged the LMDz model with wind,
temperature and humidity extracted from ERA-Interim reanalysis with a 6-hours time-
step outside the zoom. It is nudge-free inside the zoomed area [22]. This allows us
to use the full physics, not influenced by the nudging tendencies, inside the zoomed
region while having at the same time the best atmospheric conditions outside this
zoomed region.

The model has 79 vertical levels in its current configuration, with refinement in the
boundary layer troposphere. The vertical precipitation profile studied at Dumont d’Urville
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in the LMDz model is selected over continental surface. A spin-up of 4 months is necessary
to balance the model, then each simulation is conducted for one month corresponding to
our dataset period.

2.2. Micro Rain Radar (MRR) observations

The MRR is a vertically profiling Doppler radar operating at a frequency of
24.3 GHz (K-band) and having a beamwidth of 2° (around 50 m in diameter at
3000 m). The vertical resolution is set to 100 m per bin ranging from 300 — first valid
available measurements — to 3000 m [13]. The MRR’s raw measurement — Doppler
spectral densities — are available at 10s temporal resolution then minute averaged. The
collected data are processed using the IMProTool developed by Maahn and Kollias
[23]. The radar reflectivity derived from MRR was calibrated by comparison with
a colocated X-band polarimetric radar over the period from December 2015 to January
2016 (for more details, see [13]. Through this calibration with the second radar, the
reflectivity (at X-band) is converted into snowfall rates using a radar reflectivity Ze/20
snowfall rate Sr relation [13] :

Ze=176-S"", 3)

with Ze the radar reflectivity (in dBZ) and Sr the snowfall rate (in mm/hr). Grazioli et
al. [13], proposed a range of values of [69—83] for the prefactor and [0.78—1.09] for the
exponent corresponding to a confidence interval of 95 %.

The period selected for this study is February 2017. During this period precipitation
events are particularly frequent with different amplitudes and durations. Rather than
studying a particular event, we focus on the monthly accumulation of precipitation at
each vertical level of the MRR. The monthly accumulation of precipitation is presented
in Figure 1. The sublimated part of the precipitation can be clearly observed below
1000 meters, due to katabatic winds [14].

3000
2500 [
2000

1500 -

Altitude [m]

1000 -

500 -

0 20 40 60 80 100 120 140

Precipitation accumulation [mm]
Fig. 1. Vertical precipitation accumulation over the February 2017 period recorded by the MRR. Red
filled area corresponds to the 95 % confidence interval of the MRR observations

Puc. 1. BepTrukanbHoe HaKOIUICHHE 0CaIKoB 3a (heBpans 2017 ., 3aperucTpupoBaHHOE METEOPAAAPOM.
O06nacTsb, 3aKpalieHHast KpaCHbIM, COOTBETCTBYET 95 % J0BEpUTENLHOMY MHTEpBAy HaOMIOAEeHNI
MeTeopanapa
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2.3. Description of sensitivity experiments

Models are very sensitive to horizontal resolution, as the consideration of many
parameterizations will strongly depend on it. We used different dimensions of the grids
as well as the size of the domain under study. Two domains are presented: the first is
250 km x 250 km, the second is 1000 km x 1000 km, and they are called respectively
SMALL and BIG. These areas are presented in Figure 2, the maps are at the size of the
zoomed region of the BIG simulation and the red frames represent the size of the zoomed
region of the SMALL simulation. We evaluated the horizontal resolution of LMDz by
performing simulations on two zoomed domains of different sizes. Indeed, when zooming
with the LMDz model, the zoomed region can be widened. The size of the “SMALL”
zoom domain in LMDz allows the model to adapt its own physics inside the zoom in an
environment where large-scale wind, temperature and humidity advections are controlled
by ERA-Interim reanalyses. The 5 second configuration with a BIG domain is larger, so
the model can have its own mesocyclonic circulations within the zoom. The center of the
zoom is in this case not very affected by the ERA-Interim reanalysis.

a)

b) NUDGE

Small configuration Big configuration
Fig. 2. Representation of the LMDz SMALL (@) and BIG (b) domains
Puc. 2. Ilpencrasneane MAJIOI'O (a) u BOJIBILIOI'O (b) nomenos B mopenn LMDz

The first sensitivity experiment is evaluating the feedback of the LMDz model to
the extent of the nudged-free zoomed domain. Indeed, in the case where the zoom area
is restricted in size, the center of the zoom is very sensitive to forcing outside this area.
This case is similar to a regional climate model. Inversely, when the zoom area is large,
the center of the zoom area is less affected by the forcings imposed on it from the outside
and the model is more like a global climate model in a free configuration.

The second experiment studies the sensitivity of solid precipitation to
sedimentation velocity rate. To do so, we have tested different values of the parameter
w, in the equation 1 through its parameter y, . The different imposed values are
summarized in Table 1.

It is important to note the difference between experiment SedEx 02 whose
sedimentation rate tends towards 1 m.s™' and the experiment SedEx 03 which sedimentation
Table 1
Sedimentation rate experiments on LMDz precipitation simulation
Tabnuya 1
JKCIEePUMEHTHI M0 CKOPOCTH CeTUMEHTALMH IPH MOIeJIHPOBAHUH 0caiKkoB B LMDz

. Sedimentation rate,
Experiment .
m-s
Control simulation 7., 0.25
SedEx 01 7 W, — 0.5
SedEx 02 7 W, — 1
SedEx 03 7= 1
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Table 2

Sublimation tunable parameter experiments on LMDz precipitation evaporation

Tabnuya 2
JKCIEePUMEHTHI ¢ HACTPAHBAaeMbIMU NapaMeTPaMu CyOJIMMALIMH 0 HCIAPEHUIO 0CATKOB
B Moaeau LMDz

Experiment f sublimation
parameter
Control simulation B=2-10"*
SubEx 01 B=4-10"*
SubEx 02 p=2810"
SubEx 03 =210

rate is equal to 1 m-s™" (see equation 1). Indeed, the value of w, is varying with qiw and
the air density as a function of pressure and temperature. In the SedEx 03 experiment,
this variation is not taken into account.

The third sensitivity study with LMDz has been performed on the precipitation
sublimation equation 2. To do this, several orders of magnitude have been fixed to B tunable
parameter value. These values are summarized in the table 2.

3. RESULTS OF SENSITIVITY EXPERIMENTS

3.1. Horizontal resolution in LMDz
We have evaluated two horizontal configurations of LMDz with different sizes of the
zoomed domain. The SMALL configuration is a zoomed domain with a size of 250 x 250 km
and the BIG configuration is a zoomed domain with a size of 1000 x 1000 km. It is important
8000

MRR data
LMDz SMALL
- --- LMDz BIG

7000 -

6000 -

Altitude [m]
B w
o o
o (=]
o o

w

o

o

o
T

2000

1000

O 1 1 1 1 1 =" - 1 1
0 20 40 60 80 100 120 140 160 180
Precipitation accumulation [mm]

Fig. 3. Precipitation profiles simulated with LMDz and compared with MRR observations. Blue
solid line corresponds to LMDz configuration with a SMALL zoomed domain. Blue dashed line
correspond to LMDz configuration with a BIG zoomed domain. Red solid line is the observed MRR
vertical profile of precipitation accumulation and red filled area corresponds to the 95 % confidence
interval of the MRR observations

Puc. 3. Conocrapnenue npoduiieit 0caakoB, pacCYMTaHHBIX 1Mo Monesii LMDz, ¢ HabmoneHus M
Meteopanapa. CHHsIS CIUIOIIHAS JIMHUSL COOTBETCTBYET 3yMy KoHurypannu LMDz mis MAJIOT'O
nomeHa. CHHSIS IyHKTApPHAS THHAS — 3yM KoHuryparmu LMDz s BOJIBIIOI'O nomena. Kpacuast
CIUIOIIHAS JINHMS IIPEJICTaBIsIeT cO00H BepTHKAIBHBIA MPO(IIb HAKOIICHHS 0CAIKOB MO JaHHBIM
MeTeopasapa; 3aKpalleHHas KpacHBIM 00JacTh COOTBETCTBYET 95 % HOBEpHUTEIEHOMY MHTEpPBATY
HaOIroeHuit MeTeopanapa
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to note that there is the same horizontal resolution inside the zoom. Figure 3 shows the
accumulation profiles at Dumont d’Urville resulting from this experiment. The BIG
simulation produces a high precipitation accumulation on the surface with 130 mm
compared to 55 mm for the SMALL simulation. The two simulated precipitation profiles
overestimate the observed accumulation profile. The maximum before inversion of the
BIG simulation is below 1000 m, which is in accordance with the observations. The
maximum precipitation of the SMALL simulation is at a higher altitude, at 1200 m.

3.2. LMDz microphysical parameterizations

Considering that the SMALL configuration of the LMDz model is in better
agreement with observations than BIG configuration (see Figure 3), and that the
large-scale advected fields are well known thanks to ERA-Interim reanalysis,
we performed this experiment in order to evaluate the physics of the model
only. Figure 4 presents sensitivity experiments summarized in Tables 1 and 2, in
comparison with MRR vertical observed precipitation accumulation profile. The
surface precipitation rate appears to be in agreement with the MRR at 300 m.
However, the amount of simulated precipitation is far too high in all experiments.
The maximum precipitation reached by the MRR exceeds 100 mm of accumulation
at 1000 m, while the model simulates almost 50 mm more. Moreover, precipitation
variations in the simulated profiles, either for the sedimentation rate experiment or
the sublimation experiment, are small.

8000
a) MRR data b) MRR data
7000 —*— CTRL simulation L —*— CTRL simulation
—— SedEx 01 ——SubEx 01
SedEx 02 SubEx 02
6000 ~ SedEx 03 L % SubEx 03

Altitude [m]
B
o
o
o

0 2‘0 4‘0 66 80 160 120 11‘10 166 0 2‘0 4‘0 66 80 ] 160 150 11‘10 166
Precipitation accumulation [mm] Precipitation accumulation [mm]

Fig. 4. Precipitation accumulation profiles of SMALL LMDz simulations. Red solid line is the
observed MRR vertical profile of precipitation accumulation and red filled area corresponds to the
95 % confidence interval of the MRR observations. Blue solid line corresponds to the standard LMDz
zoomed configuration with a 25 km horizontal resolution and a SMALL domain. Purple, yellow and
orange solid lines correspond to sensitivity experiments summarized in Table 1 for (a) and in Table
2 for (b)

Puc. 4. I[Tpoduiu HakomeHus ocaaxos st MAJIOI'O nomena B mogenu LMDz. KpacHast crutomiaas
JIMHYS TIPECTABIsET COO0M BEpTHKAIBHBII PO UIIH HAKOTUICHHSI 0CA/IKOB 110 JAHHBIM METE0paiapa;
3aKpallleHHass KPacHbIM 00JIaCTh COOTBETCTBYET 95 % NOBepHUTEIbHOMY MHTEpBAy HAOMIONCHUI
Mmereopagapa. CuHss crjiomHas JMHus cootBeTcTBYeT MAJIOMY noMeHy npu cTaHAapTHOH JeTa-
s3annu Mojenu LMDz ¢ ropuzoHTansHbIM pasperienueM 25 kM. CIUIOIIHbIE TypITypHas, XKeaTas
Y OpaHXKeBasi IMHUM COOTBETCTBYIOT BHIUMCIUTEIbHBIM SKCIIEPUMEHTAM C TapaMeTpaMH, IPeCcTaB-
neHHbIMH B Tabmuuax 1 (a) u 2 (b)
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3.3. Discussion on the resolution and the microphysics

Figure 3 shows a significant difference in the amount of simulated precipitation
between BIG and SMALL LMDz simulations. One of the zoomed regions being small
and its circulation very sensitive to ERA-Interim reanalysis while the other being big
enough to allow mesoscale circulations to develop without influence from ERA-Interim
reanalysis, we verified if the temperature and humidity fields are at the origin of this
difference. Figures 5a and 5b present the absolute difference in potential temperature
at 950 hPa and 500 hPa respectively between SMALL simulation and BIG simulation.
Figures 5c and 5d present the absolute difference in specific humidity at 950 hPa and

a) Potential temperature at 950 hPa b) Potential temperature at 500 hPa

625 S

650 S 650 S
05 01
I g
0o 7 [
< <
675 S 0.5 615 S 01
-0.2
=1
-0.3
’ S R
70.0 15 0.4
) -0.5
135.0 E 145.0° ¢ 135.0 E 145.0"g
C) Specific humidity at 950 hPa d) Specific humidity at 500 hPa
- - - 0.1
o z 55
625 62 0.08
0.06
o o 0.04
650 650 S
- 0.02 _
g 2
> 0 E‘
3 3
615 S &15 8 " -0.02
0.04
0.06
700°S B, 700 S 0.08
= -0.1
135.0 E 145.0° 135.0 E 1450

Fig. 5. Difference of potential temperature in LMDz between SMALL and BIG simulations: at
950 hPa (a); at 500 hPa (). Difference of specific humidity between SMALL and BIG simulations:
at 950 hPa (c); at 500 hPa (d). The zoomed area of the SMALL domain is represented by the red
frame and the zoomed area of the BIG domain is represented by the size of the map. The colours
range from blue to red. When the SMALL configuration overestimates a variable compared to the
BIG configuration, the color is red

Puc. 5. Paznuune noTeHImanbpHoi Temmeparypsl B pacuetrax LMDz mms MAJIOI'O u BOJIBILIOT'O
nomenoB: ipu 950 rlla (a); ananoruuneie pe3yasrarel pu 500 rlla (b). Pasmiuue ynenpHON Brax-
Hoctu it MAJIOT'O u BOJIBIIOI'O momenos: npu 950 rlla (c¢); ananoruunsie pe3yabTaTsl IpU
500 rla (d). O6mactp geranmuzanuu MAJIOI'O nmomeHa orpaHn4eHa KpacHOW paMKoii, a 00nacTb
neranuzanuu BOJIBIIIOI'O nomena coBnagaet ¢ pasMepamu KapTel. L{BeTa namuTpsl H3MEHSIOTCS OT
CHHEro 710 kpacHoro. Koraa B citydae Masioi KoHGHUIypaluy 3Ha4eHUE KaKOH-TM00 XapaKTePUCTUKH
3aBBILIACTCS 110 CPABHEHHMIO C OOJIBIION, IIBET CTAHOBUTCS KPACHBIM
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500 hPa respectively between SMALL simulation and BIG simulation. For the SMALL
simulation, the wind, temperature and humidity trends outside the zoomed region are
constrained by ERA-Interim. This means that outside the red frame, the BIG simulation
is closely following ERA-Interim reanalysis. Concerning the temperature, the model in
its BIG configuration is warmer than the SMALL configuration over the continent and
colder over the ocean. There is clearly a more humid air mass above Dumont d’Urville
in the BIG simulation. And in a general way, the continent and the ocean region along
the coasts are moister in the BIG simulation, with a correlation between temperature
and humidity. This shows that mesoscale circulations in the LMDz model redistribute
quantities of potential temperature and humidity, thus concentrating moisture along the
coasts, as seen on Figures Sc and 54, with a warm bias over the Antarctic continent, as
seen on Figure 5a and 5b.

Sensitivity tests on the microphysics of LMDz have shown that it has almost no
impact on the amount of simulated precipitation. In addition, the amount of simulated
precipitation overestimates by approximately 50 % the amount of precipitation observed
along the vertical profile at Dumont d’Urville. The existing microphysics of the LMDz
model does not balance first order warm and moist biases for the representation of polar
solid precipitation.

4. EXPLORING THE IMPACT OF LMDZ
NUMERICAL DISSIPATION
ON PRECIPITATION

LMDz, like many GCM, implements a dissipation scheme to prevent the accumulation
of energy at scales close to the grid resolution. These accumulations of energy appear when
GCM is not resolving turbulent scales at the grid resolution [24, 25]. In the LMDz model,
it involves a spatial displacement of dynamic or thermal fields, which can induce, for
example, local warming or a variation in dynamics created by purely numerical processes.
Thus, a model that is too dissipative may generate precipitation that has no physical
relevance.

The dissipation is expressed in LMDz as an iterated Laplacian term on a given
variable v as follows:

dy (G =
{51- i Vg, 4)
issip

where g, is the order of dissipation and t* the damping timescale associated with the
variable vy at the smallest spatial scale 10 / . depending on the horizontal resolution of
the model. g, is an iterative operator, it acts as a filter on the spatial resolution. When
q,= 1, the process is overly dissipative on circulations at large scales and at higher
values, dissipation occurs more at the grid scale than at the large scale. Large values of
Ty means weaker dissipation. Indeed, t¥ represents the time to dissipate a perturbation
on variable y developing at the spatial scale / . The three variables designated by y are
vorticity and divergence of winds, and potential temperature. They are chosen to set
horizontal dissipation on the rotational component of the dynamic flows (qdrot and trot,
i.e. Rossby waves), its divergent component (¢, and t*, i.e. gravity waves) and the
diabatic perturbations (¢, and t, i.e. latent heat of condensation, rain re-evaporation,
snow sublimation, ...).
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In LMDz, and more generally in the GCMs methodology, qd and 1ty are determined
empirically. A trade-off between model stability, damping energy at the smallest scales and
minimizing impact on the large-scale flows is sought. There are general rules for refining
the dissipation parameters for LMDz, with qd ranging between 1 and 4, and ty taking
values ranging between one and two hours for a 0.5° — 1° GCM simulation. The standard
configuration of the LMDz model uses as dissipation values ¢,/ =1, ¢, =2, q/ =2 as
operators and t = 600 s, T = 1200 s, " =1200 s as timescales.

4.1. Sensitivity experiments results

In order to study and understand the impact of the different dissipation parameters
on precipitation, we have performed sensitivity tests that are summarized in the table 3.
For all sensitivity tests, the resulting simulations are less dissipative than the control
simulation. The corresponding vertical precipitation accumulation profiles are shown in
the Figure 6. These experiments were performed on the two configurations of the LMDz
under consideration, the results and behaviors are similar but we will only present those
performed on the SMALL configuration, which has a precipitation profile closer to the
observed profile (see Figure 3).

Table 3
Dissipation parameter experiments on SMALL LMDz precipitation
Tabnuya 3
IKCNepuMeHThI ¢ TapaMeTPaMu AMCCHIIALUY /15 MaJIoro JjoMeHa B mofean LMDz
Experiment q,parameter T parameter
D01 q,v=2 _
D02 q =4 -
D03 q)=4 -
D04 - v =1200s
DO05 - 7% = 2400s
D06 - 7 = 2400s
D07 q,"=2,q"=4q)=4 -
D08 - 7 =1200 s; 7 = 2400 s; 7" = 2400 s
D09 q,"=2,9"=4q/=4 @ =1200s; 7% = 2400 s; " = 2400 s
D10 q=2;q"=4 " =1200 s; 7 = 2400 s
D11 q)=4 7" =2400 s

Note. The values displayed in the table correspond only to tested parameters. When a parameter is not
modified, its value corresponds to the standard parameters of LMDz and it is not displayed.

In a general way, sensitivity experiments on and parameters have little
impact on precipitation. The same applies to the t* and ' parameters. However,
the dissipation applied to the parameter 1" has a strong impact on the dissipation
profile, as observed on the simulations D03, D06 and D11. For the D07 simulation,
where all ¢, parameters are modified, it can be deduced that the excellent agreement
between the simulated and observed precipitation is due mainly to the modifications
on diabatic perturbations.

Finally, the D09 experiment best reproduces the MRR observations. Indeed, the
simulated profile is very close to the observed profile and within the confidence range
of the instrument.
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Fig. 6. Precipitation accumulation profiles of LMDz. Red solid line is the observed MRR vertical
profile of precipitation accumulation and red filled area corresponds to the 95 % confidence interval
of the MRR observations. Blue solid line is the standard LMDz simulation, the red lines represent
the experiments on the g, operators, green lines represent the experiments on the damping timescale
T parameter. Purple and blue dashed and dotted lines represent experiments on combinations between
g,and t

Puc. 6. [Ipodunu HakorieHus ocaakos o moaean LMDz. KpacHast criionrHas THHUS IPEACTaBIIeT
c000ii BepTHKAIBHBINA MPOQHIb, 3apETHCTPHUPOBAHHBIN METeOpasapoM, a 3aKpalleHHas: KPaCHBIM
00s1acTh COOTBETCTBYET 95 % NOBEPUTEIBHOMY HHTEPBAITY MOJYyYSHHBIX JaHHbIX. CHHSS CIIOIIHAS
JIMHUS — CTaHIAPTHBIN pe3yabTaT MOJACIUPOBAHMS, KPACHBIE TMHUH COOTBETCTBYIOT BHIUMCIUTEb-
HBIM 3KCTIEPUMEHTaM Ha OCHOBE ¢, OTIEPATOPOB, 3EJICHbIE JTUHUK — PACYETHI 10 JIEMII(PUPOBAHUIO
napaMmeTpa BpeMeHHOM mmikaisl T. [lyprnypHble U cuHME, IITPUXOBbIE U MyHKTUPHBIC JTUHUH — pe-
3yJbTaThl KOMOMHMPOBAHHUS XapaKTEPUCTHK ¢, U T

4.2. Discussion on the dissipation adjustment

In order to study and understand how dissipation affects precipitation, we have
investigated the time series of temperatures of the control simulation and the D09
simulation with the best results relative to the MRR observations. They are presented in the
Figure 7. The impact of the dissipation is mainly visible at low altitude, where the control
model is about 3 °C warmer than the D09 simulation. In addition, when a precipitation
event occurs (e.g., February 1, 10, 14, and 21), the control simulation is warmer than the
D09 simulation, which can result in higher precipitation rates being triggered by higher
temperature gradients and moister atmospheric masses.

In order to understand the behaviour of the dissipation on a spatial scale, we
averaged the temperatures over the month of February according to a transect from Dumont
d’Urville (140° E 66.7° S) to Dome C (123.2° E 75° S), showed in Figure 8. When
time series are averaged and projected over a larger spatial scale, there is a geographic
reorganization of temperature in the less dissipative simulation. In the D09 simulation, the
area above Dumont d’Urville is on average colder than in the control simulation. This is
due to warmer temperature fields over ocean regions that are less laterally diffused over
Antarctic coastal regions.

As shown in Figure 9, as the atmosphere cools over the peripheral regions of
Antarctica, air masses become less humid and this has a strong impact on precipitation
by concentrating it over ocean regions. Thus, the variation in precipitation observed in
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Fig. 7. Temperature time series of over the February 2017 period: control experiment (a); D09
experiment (b); differential time series of temperature between control and D09 simulations (c).
The colors range from blue to red. When the control configuration of the model overestimates temperature compared
to the D09 simulation, the color used is red

Puc. 7. Bpemennsle TeMmeparypHbie psiibl 3a GeBpans 2017 In: 11 KOHTPOIBEHOTO SKCIIEpUMEHTa (@);
JUISL BRIYUCIIHTENBHOTO dKenepuMenta D09 (b); muddepennuansHbli BpeMeHHOH psJ] OTKIOHEHH
TeMIIepaTypbl MEeXIy KOHTPOIBHEIM pacdeToM H 3kcrepumentoM D09 (¢).

Koraa xkoHdurypanus ynpaBieHus MOJEIH 3aBBIIIACT TEMIIEPATypy MO CPaBHEHHUIO ¢ cumymsnued D09, uc-
TIOJIB3YCTCA KPACHBIN IIBET
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Fig. 8. Differential averaged temperature between control and D09 simulations along a Dumont
d’Urville (140° E 66.7° S) — Dome C (123.2° E 75° S) Dome C transect.
The colors range from blue to red. When the control configuration of the model overestimates temperature compared

to the D09 simulation, the color used is red

Puc. 8. Paznmume B ycpeqHEHHOH TeMIIepaType KOHTPOIBHOTO pacyera u skcnepumenTa D09 Bronn
paspesa Jromon 1n’lOpemis (140° E 66,7° S) — Kymon C (123,2° E 75° S). LiBeta BapbupyrT OT
CHHETO JI0 KPaCHOTO.

Korzna xoH(urypanus ynpasieHHs MOACIN 3aBBILIIACT TEMIIEPATYpPy MO CpaBHEHHIO ¢ cumysinueit D09, uc-
TIOJIb3yeTCs KPACHBIIT IIBET
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Fig. 9. Average precipitation over the February 2017 period along a Dumont d’Urville (140° E 66.7° S)
—Dome C (123.2° E 75° S) transect: in the control LMDz simulation (@), in the D09 LMDz simulation.

The black lines represent the average isotherms

Puc. 9. Cpennee kKomnuecTBO ocaakoB 3a (espansb 2017 r. Ha paspese dromon-a"FOpsuis (140° E
66,7° S) — Kynon C (123,2° E 75° S): npu konTpoiasHOM MozenupoBanun LMDz (a), ans BapuanTa
pacuera D09 (b).

YepHble THHUY IPEACTABILIIOT COOO0H CpeIHIE H30TEPMBL.
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Fig. 10. Precipitation accumulation profiles of MRR and LMDz. Red solid line is the observed MRR
vertical profile of precipitation accumulation and red filled area corresponds to the 95 % confidence
interval of the MRR observations. Blue dashed line is the D09 LMDz simulation

Puc. 10. [Ipodrm HakoIIIeHHUS 0CaIKOB 110 JaHHBIM MeTeopaaapa u moaeimu LMDz, Kpachas crutomsas
JIMHUS TIPEACTABILIET cOO0H HaOIOnaeMBbIif MeTeopaapoM BEPTHKAIBHBIN IPO(IITE HAKOILICHHUS 0CAJIKOB,
3aKparieHHast KpaCHBIM 00J1acTb COOTBETCTBYET 95 % NOBEpUTEILHOMY HHTEPBAILY HAOIIONCHHIT METeo-
panapa. Cussist IyHKTUpHAS JIHIS — nporHo3 LMDz B skcriepumente D09

the Figure 6 corresponds to a horizontal redistribution of precipitation in a less dissipative
configuration of the LMDz model.

When comparing the MRR observations with the D09 simulation of the LMDz
model, as shown on Figure 10, the average vertical evolution of precipitation is consistent
between the model and the data. This result is interesting because it shows that a model
whose microphysics is simplified to satisfy a global issue can correctly simulate solid
precipitation in the Antarctic region. The LMDz model only contains a precipitation
autoconversion equation and a snowfall resublimation equation, but this allows the climate
in Dumont d’Urville to be accurately represented during the month of February 2017,
and in particular for the katabatic inversion of precipitation. The LMDz model is too
dissipative in its control version, but the dissipation adjustment takes priority over the
microphysics adjustment and this allows precipitation to be redistributed over oceanic
rather than continental regions.

5. CONCLUSION

Comparison of the vertical precipitation profile observed at Dumont d’Urville with
the general circulation model LMDz provided a new perspective on precipitation modelling
in the polar regions. We evaluated a global model in several zoomed configurations over
Dumont d’Urville station in order to compare the simulated precipitation profile by testing
its microphysics and its numerical dissipation settings with ground radar observations.

Variations in microphysical parameters related to LMDz precipitation have a small
impact on the simulated precipitation profile. However, LMDz is very sensitive to the
size of its zoomed region as well as to the advections of large-scale fields of winds,
temperatures and humidity of ERA-Interim reanalysis. Indeed, in a large domain, where
the model is able to generate its own mesoscale circulation, moisture is concentrated above
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Dumont d’Urville area and warm and moist bias is generated over the continent near the
coasts (blue patterns on Fig. 5d). This is not an expected outcome. When a correct general
circulation is forced by configuring a small zoomed region where the centre of the zoom
remains influenced by the ERA-Interim reanalysis and by improving the GCM dissipation
adjustment in a less dissipative way, the model generates a precipitation profile at Dumont
d’Urville that is in excellent agreement with the observed profile.

Numerical parameters that guarantee the stability of a model, such as dissipation,
often require empirical adjustments. Dissipation being applied in cases of excess energy
to be diffused at the mesh scale, the large-scale currents are not significantly affected by
this numerical setting. Thus, the use of observations such as local precipitation rather than
large-scale field can be an excellent tool for the fine-tuning of the dissipation of a model,
as illustrated here with the LMDz model. This study showed that a better adjusted GCM
model such as LMDz is correct for assessing the climate over polar regions and provide
an additional element to the major problem of calculating the mass balance in Antarctica.

6. CODE AND DATA AVAILABILITY

Data from the Micro Rain Radar at Dumont d’Urville station have been obtained
with the logistical support of the French Polar institute IPEV (program CALVA) and
are available at https://doi.pangaea.de/10.1594/PANGAEA.882565. The LMDz model
is available from http://web.lmd.jussieu.fr/trac (last access: 9 January 2020). Due to the
size of the high-frequency outputs (several To of simulation outputs) of the LMDz, only
simulations of the small domain of the LMDz are available: https://doi.pangaea.de/10.1594/
PANGAEA.917641.
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