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Assessing the simulation of snowfall at Dumont d'Urville, Antarctica, during the YOPP-SH
special observing campaign

Roussel M.-L., Genthon C., Vignon E., Bazile E., Agosta C., Berne A., Durdan-Alarcon C., Wiener
V., Dufresne J.-L., Claud C.

On the East Antarctic coast in Adélie Land, Dumont d'Urville station
OPP supersite is a favorable place to study regional meteorological
phenomena despite the extreme conditions prevailling there. The
_ OPP campaign during the 2018-2019 austral summer made it
e @ possible to combine significant means of measurement as well as

3 . umerical simulations, giving rise to an unprecedented local study of
“isnowfall, at the surface and at altitude highlighting the different
performances of the models.
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ground-based radar make it possible to evaluate the repre-
sentation of the vertical profiles of snowfall. Thus it is pos-
sible to see when small surface error is due to excessive
sublimation in the atmospheric boundary layer compensat-
ing for overly strong precipitation flux in the mid and low
troposphere. Therefore the need to expand the measure-
ment of precipitation across the atmospheric column using
radars is highlighted, in particular in Antarctica where the
cold cloud microphysics is poorly known and observations

are particularly rare.

KEYWORDS
Antarctica, snowfall, YOPP, observations, precipitation radar,
meteorology

1 | INTRODUCTION

The Antarctic continent - 14 million square kilometers-wide and almost totally covered by ice - is the largest continen-
tal reservoir of water on Earth. Assessing the future evolution of the inlandsis mass balance is therefore critical in the
framework of climate change. The surface mass balance (SMB) of the Antarctic ice sheet is the net snow accumula-
tion at its surface. The SMB is mainly fed by precipitation whereas surface loss is due to surface - and drifting - snow
sublimation and runoff of melted water to the ocean. The main focus of this study is the Antarctic precipitation, which
is expected to increase by the end of the century according to climate scenarios from the Coupled Model Intercom-
parison Project (CMIP) ([Palerme et al., 2017], Vignon et al. [2021]). When it comes to precipitation in Antarctica, the
different climate models are in great disagreement. While there was no significant improvement between the CMIP5
and CMIPé6 results (Roussel et al. [2020]), the reliability of the precipitation scenarios is questionable and there is a
urgent need to evaluate and improve the models. The evaluation of models requires reference observational data and
a well defined evaluation set-up. Satellite data are very useful for the study of the atmospheric column : thanks to
the measurements of the Cloud Profiling RADAR (CPR) onboard the CloudSat satellite the first model-free surface
snowfall climatology over Antarctica have been made (Palerme et al. [2014], Palerme et al. [2019]) then further ex-
panded by adding the vertical component (Lemonnier et al. [2020]). This dataset enables to assess some spatial and
temporal characteristics of the vertical distribution of antarctic precipitation. But there are limitations : the revisit time
is quite long, the CPR does not give measurements below 1200 meters - while it is often below this altitude that the
most intense snowfall occurs and especially in the lower layers of the atmosphere that sublimation by katabatic winds
takes place (Grazioli et al. [2017b], Duran-Alarcén et al. [2019], Vignon et al. [2019b]) - then it was only operational
between 2007 and 2010.

The Year Of Polar Prediction in the Southern Hemisphere (YOPP-SH) campaign which took place between 2017
and 2019 is a unique opportunity to carry out an in-depth evaluation of models thanks to the large amount of obser-
vational data collected and the simulations provided by climate and weather prediction centers. The YOPP was part
of the Polar Prediction Project (PPP) of the World Weather Research Program (WWRP) initiated by the World Meteo-

rological Organisation (WMO) whose main objective was i) to improve the meteorological observations at the poles, ii)
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1
2 to enhance the prediction capabilities of Numerical Weather Prediction (NWP) models at high-latitudes, iii) to advance
3 our understanding of the dynamical and physical processes that govern the polar climates and their interactions with
4 mid- and low-latitudes (Bromwich et al. [2020]). A Special Observation Period (SOP) took place at both poles, with a
5 particular focus at so-called Supersites - i.e. specific points of interest with an enhanced observational system - such
6 as the french scientific station Dumont d’Urville (DDU) in coastal Adélie Land, East-Antarctica (see section 2.1 for the
7 description of the site). At this station, the frequency of observations was increased and simulations have been made
g especially to cover the campaign period between November 2018 and February 2019. Beyond WMO standards, the
10 station is also equipped with a Micro Rain RADAR (MRR) which is very useful for evaluating the vertical structure of
11 precipitation. Although the ground-bases MRR data only make it possible to evaluate the precipitation modeled at a
12 specific location, they provide information along the vertical and in particular on the lower layers of the atmosphere,
13 and with a very fine temporal resolution (Lemonnier et al. [2021], Vignon et al. [2019a]). While it is common-practice
to evaluate the surface precipitation as simulated by models, this approach misses the relative importance of certain
14
15 physical processes in the atmospheric column such as sublimation - which takes place above the surface and impacts
16 substancially the final result at the ground - especially in case of katabatic winds (Grazioli et al. [2017b]) which are
17 prevailling at DDU. Thus an outlook of the atmospheric column is considered in this work especially thanks to the
18 MRR.
19 In this study we focus on two operational analyses, two reanalyses and two climate models including a global
20 atmospheric model and a regional one in the vicinity of the DDU station : ARPEGE (Action de Recherche Petite
;; Echelle Grande Echelle) outputs of the operational NWP model with a zoom focused on the Dome-C - about 1000
23 kilometers from DDU, IFS (Integrated Forecast System) outputs of the operational NWP model, LMDZ zoomed on
24 DDU, MAR, ERA5 and MERRAZ2 reanalysis (see Section 2.3 for a complete description of the models). The objective
25 is to evaluate the performance of the different types of models. To this end, a comparison with the observational
26 data of the occurrences and quantities of snowfall flux at the surface and along the vertical is carried out. A detailed
27 presentation of the observations and model output data used in this work is given in Section 2. Section 3 presents
28 the meteorological conditions at the Dumont d’Urville station during the YOPP campaign, with a particular focus on
29 days with snowfall. Then, the results of the evaluation of the models are given in Section 4. Section 5 closes the paper
30 with a general discussion and conclusions.
31
32
33 2 | DATA & METHODS
34
35 2.1 | Presentation of the DDU station
36
37 The Dumont D’Urville (DDU) station is located at latitude 66.663 S and longitude 140.0 E (local time : UTC + 10H)
38 on Petrel’s Island at about five kilometers off the coast of Adélie Land (see Figure 1). This is a privileged point for
39 observation, in particular thanks to the many technical means which are deployed there. DDU is located in a region
affected by the katabatic winds that are very frequent on the East Antarctic coast. It is a coastal site that receives a
40 ffected by the katabatic winds th f he East A i Iti I site th i
significant amount of precipitation. Thus its location and the presence of its operational meteorological station (Kénig-
41 ionifi ¢ initation. Thus its | . dth fi ional logical ion (Kéni
angloetal. since ave motivated various studies and have led to some scientific missions concerning the
42 Langl 1.[1998]) since 1956 h i d vari di d have led ientific missi ing th
ji study of precipitation, such as the APRES3 (Antarctic Precipitation, Remote Sensing from Surface and Space) project
45 that ran from 2015 to 2019 and during which instruments (including a MRR and a snow gauge) were deployed at the
46 station to measure snowfall quantities (Genthon et al. [2018]). However, it is difficult to compare the observations at
47 this site to the models because of the strong land-sea contrasts - with masks - as well as the altitude of the surface.
Nevertheless, it has been chosen to be a supersite during the southern hemisphere part of the YOPP campaign from
48
49
50
51
52
53



oNOYTULT D WN =

Quarterly Journal of the Royal Meteorological Society Page 6 of 22

4 Marie-Laure Roussel et al.

november of 2018 to february of 2019.

FIGURE 1 Map of Antarctica and the Southern Ocean produced by the LIMA (Landsat Image Mosaic of Antarctica) Project
(left) zoomed on the East coast (right). Blue lines indicates the topography of Antarctica. Research stations are in red text,
ice-free rock areas in brown, ice shelves in gray and names of the major ocean water bodies in blue uppercase text (USGS
[2022]). The DDU station is indicated by a red dot.

2.2 | Ground-based observations and satellite remote-sensing measurements

2.2.1 | Snow gauge

Surface snow precipitation is measured using a OTT PLUVIO2 snow gauge (Grazioli et al. [2017a], Genthon et al.
[2018]). The gauge measures the mass of snow falling in a bucket placed on a scale that detects mass changes. It
is worth emphasizing that this system cannot distinguish between the accumulation of snow due to snowfall from
blowing snow entering the gauge. A wind shield reduces the undercatch of airborne falling particles but the weather
conditions at DDU are so extreme (severe gusts occasionnally reaching 180km.h~", wind direction changes and turbu-
lences) that recorded measurements may be affected by artifacts. Here phantom events due to vibration and blowing
snow were removed with MRR data using the method of Grazioli et al. [2017a]. However, phantom mass measure-
ments due to strong wind events occuring simultaneously with snowfall (both measured by the snow gauge and the

MRR) cannot be corrected.
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2 222 | MRR
3
4 The METEK MRR is a 24.3GHz K-band radar and its half-power beamwidth is 2° - corresponding to a diameter of
5 50 meters at 3000 meters above ground level. It was installed in a radome in November 2015 and provides since
6 then vertical profiles of reflectivity and Doppler velocity with a vertical resolution of 100 meters up to 3 kilometers.
7 Data have been processed following the processing chain for snow hydrometeors developed by Maahn and Kollias
8 [2012]. Snowfall rates are computed every 10 seconds using the Z-S relationship derived in Grazioli et al. [2017a]
9 for DDU conditions, which was calibrated for the same season that the YOPP-SH campaign was carried out. The
10 first valid range gate is at 300 m a.g.l., which can be compared to the measurements of snowfall at the surface by
1 ; the snow gauge. Nevertheless, as this law has been developed for the lowest radar gate (300 meters) its parameters
13 are calibrated for certain types of particles which varie with altitude, from 1000 meters and in particular above 2000
14 meters, because of the different properties of hydrometeors. The confidence interval of the parameters of the law
15 given in Grazioli et al. [2017a] then makes it possible to evaluate an uncertainty range on the snowfall profile (see
16 Figure 8).
17
18
19 2.2.3 | Weather sensors and monthly climatological tables
20
21 The scientific station of Dumont d’Urville is instrumented with an operational meteorological station operated by
22 the french weather service Meteo-France according to the World Meteorological Organization (WMO) standards.
23 Standard measurements of meteorological variables (2-m temperature and humidity, 10-m wind, and surface pressure)
24 are collected all year long at a 1-min temporal resolution. Radioprobes are launched daily and up to 3 times a day
25 during the YOPP SOP. Visual observations of present weather (cloud cover, cloud type, precipitation type) are also
26 made every day at 00, 03, 06, 09 and 21 UTC (no observation during local "night"). Daily summaries are reported in
27 climatological monthly tables (TCM). It is worth noting that visual observations are not completely objective and may
;g also be tainted by errors. In the automatic dataset, there is also a code (see Table S.2) which gives information about
30 the present weather. It is particularly interesting because it informs about the type of precipitation which is visually
31 observed during the past hour.
32
33
34 2.3 | Datafrom atmospheric models and meteorological reanalyses
35
36 Details of each models are given in this section. General information concerning the horizontal, vertical and tem-
37 poral resolutions of the datasets used is given in Table 1. Among all the weather forecasting models, atmospheric
38 circulation models and reanalyses available on Antarctica, we have chosen to analyze only 6 of them, which are well
39 representative of the area studied and whose data are freely accessible. Since we simultaneously study outputs of
40 real forecasting models (with a forecasting time step), quantities calculated from analyses of forecasting models, as
41 well as models nudged by continuous reanalyses, it is necessary to pay attention to the temporal dimension of the
42 data compared. The daily average results of the different models (computed using UTC times) will be called "forecasts"
43 hereinafter, whether they are predictions from weather forecasting models or outputs from nudged climate models.
44 For ARPEGE and IFS, the daily average forecast for one day will be calculated from all the time steps of the forecast
22 of this day (starting at OOH). However for climate models and reanalyses there is no forecasting time step. The daily
47 average is therefore calculated respectively from all the hourly (or tri-hourly) results of the simulation and analysis of
48 the day.
49
50
51
52
53
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TABLE 1 Caracteristics of models outputs used in this work. Daily outputs (averages or cumulative values for precipitation)
are used in the analysis to match the various models resolutions. For the vertical description, the number of levels and the
altitude of center of the first and the last levels are given.

Model (reference) Horizontal resolution Vertical resolution  Temporal resolution of the output
ARPEGE-SH variable (zoom on Dome-C) 106 levels )
1 hour (instantaneous)

(Pailleux et al. [2014]) near DDU : 10km 10-75000m
ECMWEF-OPER 91 levels

18km 1 day (average)
(ECMWEF [2021]) 9-80000m
LMDZ

variable (zoom on DDU) 95 levels
+ ERA-Interim nudging 1 hour / 1 day (average)

near DDU : 50km 9-87000m
(Hourdin et al. [2020])
MAR

24 levels
+ ERA5 nudging 35km 1 day (average)
2-15000m

(Kittel et al. [2021])
ECMWEF-ERA5 137 levels

18km 1 hour (instantaneous)
(Hersbach et al. [2020]) 9-80000m
MERRA2 73 levels

55km 3 hours (average)
(Gelaro et al. [2017]) 100-80000m

2.3.1 | Simulations from Numerical Weather Prediction models: ARPEGE and IFS

ARPEGE-SH

ARPEGE (Action de Recherche Petite Echelle Grande Echelle) is a global hydrostatic model of NWP (Pailleux et al.
[2014]). Itis developed by Météo-France and used for weather forecasting. The model is sometimes used for Antarctic
studies (Ricaud et al. [2020]). The cloud microphysics of ARPEGE has four pronostic variables (cloud ice and water,
solid and liquid precipitation). ARPEGE-SH is the dedicated configuration built for the YOPP-SH campaign. This
specific configuration of the operational model is used with a higher resolution (around 7.5km) over Antarctica (with a
zoom centered on Dome-C, 123.3E 75.1 S, East Antarctic Plateau) than for the NWP operational version over France
(see Table 1). A 4DVar assimilation was performed every 6 hours with the in-situ (radiosondes, aircrafts, ground-based
stations, buoys and ships datasets) and satellite observations used by the operational version of ARPEGE. We focused
only on the 1-day forecasts initialized at 0:00 UTC (10:00 LT) every day for the DDU supersite for which two nearest

grid points have been extracted for ARPEGE (one point is over sea and one is over land).

IFS

The IFS (Integrated Forecasting System) model is a global NWP model developed at the European Centre for Medium-
range Weather Forecasts (ECMWEF). Its cloud microphysics scheme is described in ECMWEF [2021]. The ECMWF
contribution in the YOPP dataset archive consists of two different products that have been made available for the
whole campaign : one operational ensemble medium-range forecast - performed at around 18 kilometers resolution

with hourly outputs of selected meteorological fields from the IFS - and one dedicated short-range research run which
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1
2 is similar to the operational control forecast of the ensemble run. In this work we evaluate the second product. The
3 YOPP dataset can be founded on the ECMWF website (ECMWF [2017]) and it is presented in Bauer et al. [2020].
4
5
6 2.3.2 | Reanalyses datasets : ERA5 and MERRA2
7 ERAS5
g ERADS is a global reanalysis of the atmosphere produced by the ECMWEF based on the IFS model (version CY41R2) and
10 its data assimilation system (Hersbach et al. [2020]). Numerous atmospheric, land and oceanic variables are computed
11 on a 30 km resolution grid. Since 2019, ERA5 supercedes the previous ERA-Interim reanalyses dataset - for the whole
12 time period since 1979. We also computed the instantaneous solid precipitation fluxes by applying the methods used
13 in line in the IFS model - detailed in the description of the model (see S.2). However, this method to retrieve solid
14 precipitation fluxes has uncertainties because the computation is not made at the native time step of the model.
15
16 MERRA2
17 The Modern-Era Retrospective analysis for Research and Applications, (MERRA) is a global reanalysis based on the
18 Goddard Earth Observing System Version 5 (GEOS5) Earth System Model - which is a set of atmospheric, ocean and
19 land model components developed by the Global Modeling and Assimilation Office (GMAO) of the National Aero-
;? nautics and Space Administration (NASA) - and with an advanced assimilation system including several in-situ and
22 space-based meteorological observations. Since 2016, the second version MERRA2 (Gelaro et al. [2017]) supersedes
23 the original MERRA dataset, providing data from 1980 on a 50 kilometers resolution grid. The dataset used in this

24 study can be founded on the NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC) web-
25 site (GMAO [2015]).

26

27 . . .

28 2.3.3 | Simulations from climate models: LMDZ and MAR

29 LMDZ

30 The LMDZ General Circulation Model is the atmospheric component of the Institut Pierre Simon Laplace (IPSL) - Earth

g; system Coupled Model (Boucher et al. [2020]), historically and still actively used in CMIP. LMDZ has been long used

33 for Antarctic climate studies (e.g. Genthon et al. [2002], Krinner et al. [2019]) and its physics has been evaluated

34 and improved for Antarctic conditions, especially regarding boundary-layer (Vignon et al. [2019b]) and precipitation

35 processes (Lemonnier et al. [2021]). The 6th and last version of the model that is used in this paper is presented

36 in Hourdin et al. [2020] and the cloud and precipitation parametrization is thoroughly described in Madeleine et al.

37 [2020]. For this study, we have carried out LMDZ simulations with the zooming capability of the model (see Table 1) in

38 a nudged mode, as described Vignon et al. [2018]. The zoom consists in stretching the horizontal Arakawa-C 64 x 64

39 grid in both latitude and longitude in order to obtain a refined domain of 62 km x 62 km centered on DDU (see Figure

40 S.1). A nudging on the temperature, humidity, zonal and meridional wind component with ERA-Interim reanalyses is

141 applied outside the zoom region with a time-scale of 6 hours. Therefore, the subcomponents of the physics of the

42 model can be evaluated apart from likely deficiencies in the represention of the large-scale atmospheric dynamics and

43 makes it possible to perform a chronologic comparison with in situ data from the DDU observatory.

44

45

46 MAR

47 The Regional Atmosphere Model (MAR) is a limited-area regional model (Gallée [1995]). It has been specificaly devel-
opped for polar regions and is thoroughly used in Antarctic studies (Agosta et al. , Kittel et al. , Amory

48 d f | i dis th hl d in Al i dies (A I. [2019], Kittel 1. [2021], A

49

50

51

52

53
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et al. [2021]). In this study, we used MAR version 3.11, as in Kittel et al. [2021], solving conservation equations
for five water species : snow particles, cloud ice crystals, rain drops, cloud droplets, and specific humidity (Kessler
[1995], Gallée [1995]). Airborne particles can be advected vertically from one atmospheric layer to another and con-
tribute through sublimation to the heat and moisture budget of the atmosphere (Agosta et al. [2019], Le Toumelin
et al. [2021]). Limited area requires forcing at the limits of the domain. MAR simulations used in this study are made
with a ERA5 nudging (from mid-troposphere to the top) on a grid of 6000 x 7000 kilometers (see Table 1 for details)
around the Antarctic continent.

2.4 | Evaluation methodology

To assess the quality of prediction of the six simulations and reanalyses we evaluate both the accuracy of the timing
of the precipitation occurences and of the amount of snowfall during the campaign. At surface, the reference used
for total snowfall is the data from the snow gauge OTT PLUVIO2. The surface solid precipitation was extracted from
modeling datasets to perform the surface comparison. Along the vertical, the reference observational dataset is that
from the MRR, which is compared to the profiles of solid precipitation fluxes from the simulations and reanalyses.
As all the simulations and reanalyses are not available with hourly timesteps, we chose to make the comparison at
the daily time scale. Also we choose to consider PLUVIO2 as the daily surface reference to keep a single framework
between comparisons of occurrences and quantities. Thus daily observed snowfall accumulations - according to the
reference selected (PLUVIO2 for surface snowfall or MRR for snowfall on the vertical column) - are considered as

individual events and compared to those that have been predicted.

241 | Grid point selection

Three grid points (see Table 2 - note that non zero altitudes on ocean surface are due to the spectral representation of
the surface geopotential - and Figure 2 - note that some points are overlapping) were selected for each model studied
: the closest to the real coordinates of the DDU station, the closest fully oceanic grid point (i.e. the closest with 100%
of type "sea") and the closest fully terrestrial grid point (i.e. the closest with 100% of type "land"). For ARPEGE and
MAR, only two points are extracted because the closest point is already fully oceanic or terrestrial. A preliminary
comparison of the three grid points, based on surface and vertical snowfall amounts (see Table S.1), made it possible
to assess that the most accurate representation of snowfall amounts is the one of the closest grid point regardless of
the surface type for most of the outputs. Therefore we only present and analyse the detailled comparison between

the simulations or reanalyses to the observations for the closest grid point whatever the nature of surface.
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1
2
3 = 67.25°5
4
5 = m
6
7 k8
8 * P i
® : k) -66.5°5
9 ' ! <
10 e % DDU
8 + ARPEGE-SH
11 ECMWF-OPER
12 + LMDZ
° + MAR
13 + ECMWF-ERA
14 o L BLLu .
15 141°E 140.25°E 139.5°E lBB.%S“E 138'“E o
16
17 . y B ) N )
18 FIGURE 2 Location of the models grid points. Crosses, circles and squares respectively indicate the nearest, oceanic and
19 terrestrial grid points. Real coordinates of DDU are indicated by a black star. The grey line represents the actual coastline.
20
21
22 TABLE 2 Grid points information (coordinates, distance from DDU and altitude) of modeling datasets
23 Model / Grid point  Nearest Nearest fully oceanic  Nearest fully terrestrial
24
. 66.652S 1399 E 66.743 S 140.004 E
25 ARPEGE-SH Fully oceanic
26 3km, 91m 9km, 1617m
27 66.625S 1400 E 66.5S 1400 E 66.875S 1400 E
28 ECMWEF-OPER
29 4km, 108m (28% land) 18km, -16m 24km, 603m
30 LMD 66.711S 140433 E 65.756 S 140.433 E 67.180S 140433 E
31 20km, 2027m (57% land) ~ 103km, Om 60km, 10796m
32
66.523S 140.492 E 66.760 S 139.994 E
33 MAR Fully terrestrial
34 34km, Om 11km, 321m
35 ECMWE-ERAS 66.6255140.0 S 66.375S5 140.0 E 67S139.25E
36 -
37 4km, 118m (43% land) 50km, -18m 32km, 1063m
38 66.5S 140 E 66S 140 E 67 S 138.125E
39 MERRA2
18km, 1892m (34% land)  74km, Om 90km, 11184m
40
41
42 . I .
43 2.4.2 | Thresholding and classification of days with snowfall
2451 Precipitation events are considered at the daily time scale. In order to filter the instrumental noise as well as spurious
46 numerical precipitation in models, it is necessary to determine precipitating days that are considered as significant or
47 non-negligible. The snow gauge having already been filtered out using data from the lowermost MRR gate data, it is
48 considered that any precipitating day with more than 0 mm is not negligible. Also, the manufacturer’s manual indicates
49
50
51
52
53
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that a native threshold of 0.1mm per hour is already taken into account in the raw results of the snow gauge. Across
the vertical atmospheric column, it can happen that values measured by the MRR are masked. They are echoes filtered
out by the processing algorithm depending on a threshold set to distinguish if the reflectivity is strong enough to be
considered. We then choose to consider that these cases of undefined values are non-precipitating days - given that
there are no zero values in the MRR dataset - except for the cases where the quality variable indicates an absence
of data. It is also necessary to consider that the sensivity of the MRR decreases vertically because electronic and
thermal noise increase with altitude. By construction, the minimum reflectivity detectable by the MRR increases with
the square of the distance from the instrument. To take this into account, it has been chosen to filter out the data
according to the value of the Signal to Noise Ratio (SNR), which guarantees that a clearly visible signal is kept. Thus
a minimal value of SNR is considered in order to remove precipitation measurements that are strongly impacted by
noise before any comparisons. The choice of this threshold as well as its impact on the observations are detailed in
S.6. In the models comparisons (not in models statistics), we choose a threshold of 0.28mm per day. This criterion
has been established by Palerme et al. [2014] to optimize the agreement between observations (CloudSat in Palerme
et al. [2014], MRR here) and the numerical simulations, based on a comparison between ERA-Interim and CloudSat
datasets. We choose to use this threshold by coherence with the preceding works and in order to be able to extend
this study thereafter to a comparison of the reanalyses of the ECMWF with instruments such as that carried on board
CloudSat (during its operating period) or the one planned for the future EarthCare satellite platform.

We apply this threshold on the whole vertical by considering that the numerical error in the models does not
depend on the altitude. In order to analyze their occurrence, we classify days with snowfall at the surface into six
quantitative classes : intense with 10 mm or more per day, medium with 5 to 10 mm per day, small with 1 to 5 mm
per day, very small with 0.28 to 1 mm per day, negligible with less than 0.28 mm per day, and null event with exactly
0 mm per day. This last category has very different results depending on the model conventions to treat the absence
of precipitation (see Figure 5) or low precipitation values - some models may have non-zero values due to numerical

accuracy and rounding errors.

2.4.3 | Evaluation of the detection of snowfall occurence

A contingency table is used to qualify the quality of the simulations and reanalyses results regarding daily occurence
of snowfall regardless of quantity, except the minimal threshold of 0.28mm per day for daily snowfall that is chosen to
distinguish days with precipitation from those without (or negligible) precipitation in the measurements or numerical
outputs. A dichotomous result based on the threshold mentionned above is attributed for each day and at each
level (for the comparison with the MRR dataset - considering the closest model level to the level of the MRR). In
the special case of the inter-comparison between observations (see Figure S.3), the minimum threshold retained to
consider precipitating days is Omm per day. An additional comparison has been made between visual and instrumental
observations of surface snowfall occurences (see S4) showing a good agreement between human observations and
data from the snow gauge. In this study, the following basics scores are analysed to investigate the quality of the
predicted precipitation occurence, with H, FA, M and CR being respectively Hits, False Alarms, Misses and Correct

Rejects :

— Bias(B): Bias = "If/’jr’;_\;,“ Ratio of forecasted days with snowfall on observed ones. If B > 1 (respectively B < 1),

then the model over-estimate (respectively under-estimate) the occurence. The perfect score is 1.

—  Probability Of Detection (POD): POD = HfM Proportion of hits among forecasted days with snowfall. It is

sensitive to hits but ignores false alarm. The perfect score is 1.
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1
2 — False Alarm Ratio (FAR): FAR = % Ratio of predicted days with snowfall on unobserved ones. The perfect
3 score is O.
4 —  Heidke Skill Score (HSS): HSS = (H+M)*(ﬁi%ﬁf@iﬁ%i(mwm It measures the performance of forecasting
5 against a random forecast. A negative value indicates that the random forecast is better. 0 means that the model
6 has no particular skill. The perfect value is 1.
7
8
9 3 | METEOROLOGICAL CONDITIONS IN ANTARCTICA AND AT DUMONT
10 D’URVILLE DURING THE YOPP CAMPAIGN
11
12 . . . .
13 3.1 | Standard meteorological variables during the YOPP campaign
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26
27 FIGURE 3 a) Time serie of the daily mean of hourly 2-m temperature in degrees Celsius (minimum, maximum and mean
28 temperatures are respectively in solid blue, red and black lines). b) Time serie of the daily mean of hourly 10-m wind speed in
29 m.s~! on the right (mean and instantaneous wind speed are respectively in solid black and red lines) during the YOPP-SH
30 campaign measured by the Météo-France sensors at the DDU station (November 2018 - February 2019). Median values are
31 illustrated in dashed lines.
32
33
34 The climate at DDU station is milder than on the continent but very windy. As it is located on the east coast where
35 the altitude is close to sea level, the influence of synoptic systems transiting over the Southern Ocean is not negligible
36 as well as the warming by the ocean (Kénig-Langlo et al. [1998]). The temperatures rarely fall below -30°C and the
37 maximum can exceed 0°C. Winds at DDU are mostly katabatic winds forming on the slope of the continent with
38 an easterly direction (Vignon et al. [2019b]). Their strength can be particularly strong when the synoptic conditions
39 favor a plateau-to-ocean pressure gradient force (Bromwich and Parish [1998]). The direction - from South East to
40 South at DDU - is determined by the slope and deviated by the force of Coriolis. The main direction of the winds at
41 DDU during YOPP-SH is between 90 and 130 degrees, which corresponds to katabatic winds. It is more frequent
42

during the inter-seasons and when the synoptic situation is favorable - especially after the passage of a low pressure

43 at the north of Terre Adélie. The dry air carried by a katabatic wind significantly influences the lower layers of the
44 atmosphere at the coasts, notably through the sublimation of precipitation. Snowfall at DDU is mostly associated
22 with the passage of a warm front of an extratropical cyclone transiting over the Southern Ocean (Jullien et al. [2020]).
47 Dry katabatic winds sublimate a substantial part of the precipitation (Grazioli et al. [2017b]) especially during the pre-
48 frontal and post-frontal phase of the precipitation event (Jullien et al. [2020]). As summer temperature can sometimes
49
50
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exceed 0°C, rainfall occasionally occurs (Vignon et al. [2021]) especially when a strong blocking anticyclone form to
the north east of the station. A study carried out by Grazioli et al. [2017a] over one year has shown that the annual
precipitation amount at DDU would be between 740 and 989 mm. The evolution of the temperature and wind force
variables recorded during the YOPP campaign all well as statistics are presented in the Figure 3. During the YOPP
campaign, the daily average of the hourly maximum temperature have been 0.5°C with only 8 days of positive daily
mean temperature. The daily average of the hourly minimum and mean temperatures have been respectively -4.6°C
and -2.0°C. Over 92 days, the daily average of hourly maximum temperature remained below 0°C for 34 days and
the daily average of hourly minimum temperature did not exceed -5°C for 38 days (see Figure 3). Most of the wind
blowing at the station is easterly or south-easterly and ranges between 7 to 14 m.s~! (not shown). The daily average
of the hourly mean wind speed and hourly instant wind speed during the campaign are 6 and 21 m.s~'. The strength
of the hourly gusts averaged over the day exceeded 28 m.s~! per hour for 25 days out of 92 days of the campaign.

3.2 | Days with snowfall observed during the YOPP campaign
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FIGURE 4 a) Time serie of the surface snowfall measured by the snow gauge OTT PLUVIO2 during the YOPP period (red :
days with intense snowfall, blue : days with medium snowfall, green : days with small and very small snowfall). b) Time serie of
the vertical snowfall flux measured by the MRR during the YOPP period (white : no or negligible precipitation) and the surface
snowfall measured by the snowgauge OTT PLUVIO2

Considering the threshold mentionned above of 0.28mm per day, the snow gauge has detected 24 non-negligible days
with snowfall during the 92-day campaign. The Figure 4 shows the daily time serie of the snowfall measured by the
instrument at the surface. During the summer campaign, there were respectively 3, 2 and 19 days of high, medium
and low or very low snowfall intensity. The time series of surface precipitation as well as that on the vertical show
a drier period from the 25th (10/12/2018) to the 80th (03/02/2019) day of the period. The Figure 4 shows a very
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good agreement between the occurrences observed by the MRR (at its first level) and those of the snow gauge.

4 | EVALUATION OF THE MODEL PRECIPITATION OCCURENCE AND AMOUNTS

TABLE 3 Scores (Bias, Probability Of Detection and Ratio of False Alarm) of model outputs for the occurence of surface and

vertical snowfall during the YOPP campaign respectively compared to observations. Green and red respectively indicates the

best and worst score among all models

I
=]

Surface Vertical
Model / Score BIAS POD FAR  HSS BIAS POD FAR HSS
ARPEGE-SH 1.78 0.94 047 0.57 1.05 0.87 0.17 0.74
ECMWEF-OPER 2.11 1.00 0.53 0.51 1.10 0.89 0.19 0.74
LMDZ 1.50 0.78 048 051 1.13 0.81 0.29 0.7
MAR 1.28 0.89 0.30 0.72 1.20 0.86 0.29 0.60
ECMWF-ERA5  2.28 1.00 0.56 0.46 1.15 0.90 021 071
MERRA2 2.28 1.00 0.56 0.46 1.14 0.89 022 0.71
4.1 | Atthe surface
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FIGURE 5 Left bars: Daily total amount of surface snowfall for model outputs and observations classified by daily surface

snowfall amount classes (in mm). Right bars : Number of days classified by daily surface snowfall amount classes for model

outputs and observations (for the MRR, there is no day with a null daily snowfall because no zero value is present in the dataset)



oNOYTULT D WN =

Quarterly Journal of the Royal Meteorological Society Page 16 of 22

14 Marie-Laure Roussel et al.
L 2001 — ARPEGE-SH i
TABLE 4 Total surface accumulation in 1 — ECMWF-OFER )
- . 75— f
millimeters for model outputs and observations ! = L:':;/ o
150 ECMWF-ERAS /
Total surface snowfall | — MERRA2 A

-
(¥
w

PLUVIO 2

ARPEGE-SH 101

-
Q
a

w
[=]

ECMWEF-OPER 130

pe)
v

LMDZ 125

Cumulative total precipitation

MAR 85.1

[
w

ECMWEF-ERA5 198

o4

MERRA2 175 1511 2611 0612 1612 2612 05.01 15.01 25.01 0402 1202

Date
PLUVIO 109 FIGURE 6 Time serie of the cumulative surface (or at the lowest
MRR 182 available gate i.e at 300 m a.g.| for MRR) snowfall for model outputs

and observations

At the surface, regarding precipitation amounts, the model outputs with best agreement with observations are those
from ARPEGE-SH with a global underestimation of 7% of the total accumulation (see the Table 4) and LMDZ with
an overestimation of 15%. MAR is underestimating it with an error of 24%. The two reanalyses are overestimating
the quantity with larger errors : 61% for MERRAS5 and 82% for ERA5. When considering days with snowfall by
intensity class, LMDZ reproduces the best distribution of day types with the smallest standard deviation compared to
surface observation data (not shown). The repartition of different contribution is illustrated in the Figure 5. ARPEGE
and MERRA2 have the most dissimilar repartition from the snow gauge, especially due to a major overestimation of
negligible snowfall daily amounts. All models do not represent days with exactly Omm or with a negligible amount
of snowfall (0-0.28mm/day) the same way. However we investigated days with little accumulation considering small
(1-5mm/day) and very small (0.28-1mm/day) snowfall amounts : the analysis of the contribution of those days with
snowfall shows that their occurences are predominant, and that they are generally well represented in all the models.
Regarding the total accumulation, the contribution of days with very weak snowfall is negligible (see Figure 5) and the
major part of the overall surface snowfall originates from days with intense, and medium or small snowfall. The time
serie of cumulated precipitation day by day - illustrated in the Figure 6 - for all the models and observations shows
that reanalyses are well representing the days with intense snowfall but overestimate some medium and small ones.
ARPEGE is generally underestimating all strong and medium days with snowfall, MAR overestimates the number of
days with negligible snowfall and does not simulate enough intense one. Finally, ARPEGE, IFS and LMDZ do not
always simulate intense and moderate daily snowfall amounts well, but the compensation for these errors leads to
a total accumulation close to that of the snow gauge (see Table 4). The HSS value for the models is close but major
differences between them are highlighted by the other scores (see Table 3) : ERA5, MERRA2 and IFS have a perfect
POD and ARPEGE has also a very high value for this score which is most probably a result of optimal assimilation
of observed standard variables at the surface (as temperature, wind speed and humidity) while the other models are
merely nudged at boundaries. The time serie of the results of the comparison of the models to the snow gauge
observations at the surface (see Figure 6) shows that ERA5, MERRA2 and IFS do not miss a day with snowfall at the
surface during the YOPP campaign and ARPEGE only misses a single day with snowfall. ERA5, MERRA2 and IFS have
higher bias and ratio of false alarm due to too many precipitating days. MAR and LMDZ have the lowest bias, slightly

overestimating the number of days with snowfall. However, the higher number of missed days with snowfall of these
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1
2 models contributes to lower values of POD. MAR has the lowest false alarm ratio because of its under-representation
3 of the number of days with significant snowfall which may be due to too small intensities of snowfall events. MAR
4 and LMDZ have the same missed days with snowfall (around the twentieth day of the campaign - see Figure 6).
5
6
7 4.2 | Along the vertical
8
9
10 TABLE 5 Cumulative maximum snowfall in the 3000
11 column during the YOPP campaign across all
12 vertical levels for model outputs and MRR 2500
13 observations in millimeters N
X £ 2000
14 Maximum snowfall g
12 in the column En 1500 {
£ —— ARPEGE-SH
17 ARPEGE-SH 209 § 10001 —— ECMWF-OPER
18 ECMWF-OPER 203 ey
19 500 | —— ECMWF-ERA
2 LMDZ 263 —— MERRA
— MRR
21 MAR 182 0 . . . !
0.3 04 05 0.6 07 08 0.9 1.0
22 3 Relative accumulation / maximum snowfall flux
23 EIER 2 9 27 FIGURE 7 \Vertical profiles of cumulative snowfall during the
24 MERRA2 207 YOPP campaign normalized by the maximum snowfall flux in the
column for model outputs and MRR observations
25 MRR 217
26
27
28 o0 —— ARPEGE-SH
29 ECMWF-OPER
30 TABLE 6 Standard deviation of the vertical 2500 — MDZ
31 distribution of total snowfall during the YOPP EE ?g,:wp_[m
32 campaign for model outputs in millimeters g‘ 2000 == x;’;m
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34 g: 1500
35 ARPEGE-SH 9.67 £
i
36 ECMWF-OPER  11.67 A
37 LMDZ 24.69 5001
38
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41 MERRA2 17.22 FIGURE 8 \Vertical profiles of cumulative snowfall during the
42 ’ YOPP campaign for model outputs and MRR observations (with the
43 centered uncertainty associated at each vertical level in grey color)
44
45
46 To perform the comparison between the MRR and the various model outputs, model data were vertically interpolated
47 (using linear interpolation) on MRR levels. Along the vertical, each score is computed with the daily results of every
48 level of the whole vertical column for each model. The analysis of the total precipitation flux profiles modeled during
49
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the period (see Figures 7 and 8) shows that the result closest to the observation by the MRR is that of the ARPEGE
model, with the smallest standard deviation (computed with absolute values) compared to the observed profile. IFS
has closest values of quantity and height of the maximum value on the vertical compared to the MRR. Despite a
small bias in the value of surface snowfall - and all along the atmospheric column - the ERA5 reanalyses have a good
representation of the observed distribution as well as a close maximum snowfall flux on the vertical to the MRR
one. On the opposite the LMDZ and MAR models have the less consistent shape of vertical distribution with the
observation, respectively overestimating and underestimating maximum snowfall flux. In particular, the profiles with
relative snowfall values show that the sublimation of precipitation is too strong for all the models in the lower layers of
the atmosphere. It should be noted that the quantitative comparison of precipitation modeled by the different models
is done with the precipitation values obtained from the reflectivity measurements of the MRR. The uncertainty due to
the reflectivity-snowfall conversion ranges from 5% of the measured snowfall quantity at the bottom (lowest available
gate i.e at 300m a.g.l) to 2% at the top. Along the vertical, the scores of the different models were calculated only from
the occurrences of non precipitating days observed by the MRR, which reduces the number of model data processed
out of the totality available (see Table 3). All the models have a bias greater than 1 signifying a slight overestimation of
occurence of days with snowfall. The ARPEGE and IFS models have the biases closest to 1 as well as high POD values
which indicates a good representation of snowfall occurence. This interpretation is confirmed by the greatest values
of HSS. The two reanalyses MERRA2 and ERA5 have the best POD which can be explained by a higher number of
hits. However, they suffer from higher biases due to a higher number of excess predicted days with snowfall due to

an overestimation of the precipitation occurences at DDU, concurring with the results of Jullien et al. [2020].

5 | DISCUSSION & CONCLUSION

Model-observation intercomparisons in the vertical are rare for precipitation : precipitation from models is generally
evaluated at ground level, because surface observations are the primary source of data available as a reference for
calibration or validation activities. Although accurate knowledge of average but also extremes surface precipitation
is our main goal, it is also important to verify that these precipitations are the result of the right physical processes.
The vertical profile offers the possibility to distinguish the altitudes where precipitation is formed by condensation
from those where it is sublimated, and thus to evaluate these two processes separately. Ideally a good model. Ideally
a good model will be able to represent it across the entire atmospheric column in terms of quantity and occurence. It
is important for weather prediction that a model manages well the timing and therefore indirectly the precipitation
detection thresholds - because this is what defines whether precipitation occurs or not.

Despite the short time of available data, during the YOPP-SH SOP at DDU the comparison performed in this
study between models illustrates the potential of vertical information for model evaluation. YOPP-SH offers a good
opportunity to comparatively evaluate the performance of several meteorological and climate models and reanalyses
in both weather prediction and nudged mode in the polar environment. Here models have been evaluated at the DDU
YOPP-SH supersite during the YOPP austral summer special observing period, for their capabilities with respect to

precipitation thanks to ground-based radar data that are now available.

Even though we cannot indubitably ensure that better performances are due to data assimilation in these prod-
ucts, weather prediction models and reanalyses that benefits from the assimilation of observations better represent
the occurences of precipitation. The ERA5 and MERRA2 reanalyses faithfully reproduce the chronology of surface
precipitation, allowing for example to characterize the water cycle in the region. However their positive bias must

be taken into account to make a surface precipitation climatology. The weather prediction models IFS and ARPEGE



Page 19 of 22 Quarterly Journal of the Royal Meteorological Society

Marie-Laure Roussel et al. 17
1
2 are reliable in predicting accumulations of surface precipitation at DDU with less than 20% error on the accumulation
3 measured during the campaign. Good confidence can be also placed in the weather forecast models and the reanal-
4 yses to reproduce the precipitation profiles. The ARPEGE and IFS models have a correct vertical gradient, testifying
5 to their good representation of hydrometeores growth mechanisms. Contrary to the reanalyses, the MAR model un-
6 derestimate the total cumulative precipitation at the surface that can be explained by its less accurate representation
7 of the snowfall profile or by its underestimation of days with intense surface snowfall amounts. The LMDZ model
8 produces too much precipitation at altitude but this is compensated by strong sublimation towards the surface so
9 that it has a good estimate of surface accumulation. Regarding the precipitation occurrences, the calculated scores
1 (1) indicate a better success of all the models on all the vertical levels compared to the surface only. This makes it possible
12 to account for the differences in the vertical distribution of precipitation. This vertical aspect is particularly critical for
13 DDU because of the evaporation near the surface but we can assume that this is also the case for all of Antarctica.
14 Even if the important information is what remains on the surface, in particular in the contribution to the calculation
15 of the SMB, the vertical is crucial to examine the deficiencies of a model in terms of representation of the processes -
16 for the Antarctic it is particularly important for the parameters of cold microphysics by which water vapor (advected
17 from the ocean) condenses (forming clouds) and whose particles grow by different processes until they fall and become
18 precipitation. Since we show here how important the information along the vertical is to properly evaluate a model
19 in Antarctica, and that now we can obtain observations of precipitation profile from in-situ radar, we recommend to
20 deploy instruments of the same type as the MRR as well as favoring the passage of satellites capable of profiling
;; precipitation above the polar regions as CloudSat did and as EarthCare will soon do.
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