elidtudying measurements-infalling over areis
—and-its-probable-increase-in-the-coming-century-can-mitigate-sea-tew. However, precipitation
observations still remain scarce - and more particularly in the atmospheric column - due
to numerous experimental - e-caused-by-global-warming—his-papetsues related to the white continent.
This paper aims at helping to close this observation gap by

sing
5
S
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10
15
45 positiveinput surface
(Christopher et al. (1997). Krinner
et al. (2007))



1
et al. (2017) estimated from ice cores that the

20 Antarctic surface mass balance have increased in average by 14 + 2.8 Gt per
decade since 1900.

%
Even concentrating on precipitation proper (ignoring post-deposition processes) raises a number of issues
that may be

ignored in the most direct approaches to precipitation studies. In fact, many studies, and many available
climatologies of

25 precipitation, focus on precipitation at the surface (e.g. the Global Precipitation Climatology Project
(GPCP), Adler et al.

(2018)). This is sensible, as many issues with precipitation relate to the surface water budget, water
resources at the surface

25 and mass balance of continental water bodies such as lakes and ice caps. One practical reason for
concentrating on surface

precipitation is that it can be measured with ground-based instruments such as snow gauges (e.g., Seefeldt
et al. (2021)). The

fate of precipitation in the atmospheric column, on the other hand, is more elusive due to the difficulty of
monitoring the

30 atmosphere along the vertical dimension. Satellite-borne radars such as CloudSat, which operated from
2006 to 2011, enabled

the observation of precipitation above Antarctica on a continental scale (Palerme et al. (2014)), but with
limited temporal

30 resolution (one orbit every 5 days), limited spatial coverage (north of 82°S), and without information
below 1300 m above

ground level. Grazioli et al. (2017b) showed the importance of low-level processes such as the sublimation
of precipitation

due to the dry air flowing from the Antarctic plateau, which was estimated to reduce snowfall by 17% in
average all over the

eentinent35 continent, although other studies (Alexander et al. (2023), Bracci et al. (2022b)) find higher
values of local snowfall reduction

(up to 50%) from surface remote sensing data at two coastal stations. 'his process can bias satellite
estimates of precipitation

at the surface, and raises the necessity of ground-based

measurements of the atmospheric column.

35

Ground-based remote sensing using profiling techniques, such as meteorological radars and lidars, can
provide valuable

additional data. Instrumental challenges (cost, technical expertise, energy requirements) tend to limit these
applications to spe-

40 cific sites and contexts, e.g. for operational meteorology, or weather and hydrological risk predictions.
The recent availability

of affordable, compact, low power consumption, relatively easy to use precipitation profiling radars has been
a game changer

for the

study of the Antarctic precipitation in the atmospheric column rather than at the surface only. This has
opened the

possibility

48 of studying and documenting the processes occurring in the atmospheric column, from which surface
precipitation

results.

This has important added value for understanding the precipitation physics and evaluating meteorological
and climate

45 models.
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are provided with processing tools, designed
65 for liquid precipitation. Obviously, for Antarctica, this has to be revised to access

70 =olid precipitation(Maahn and Kollias (2012))

In this paper, we present 7 years of vertical profiling of precipitation at the Dumont d’Urville station in Adélie
Land, East

Antarctica using a Metek Micro-Rain Radar (MRR-2) precipitation profiler. The setting, instruments, data
processing methods

and datasets are presented in Sect. 2. The main characteristics of the MRR dataset, including variability,
statistics and extremes

785 are presented in Sect. 3.1. In Sect. 3.2, the mean MRR snowfall profile is derived from an empirical and
local Ze-S relation,

enabling a vertical comparison with two climate models in section 3.3 as an example of application of the
dataset. A general

conclusion with information on data access and format is provided in Sect. 4.

2 Setup, data and methods
2.1 Micro Rain Radar

#6580 A Micro Rain Radar (Metek MRR-2, see Fig. 2a) transmitting in the K-band at 24 GHz was deployed at
the Dumont d’Urville

Antarctic station in late 2015. Grazioli et al. (2017a) and Genthon et al. (2018) describe the setting,
processing and first set of

efdata from the instrument. The Dumont d’Urville (DDU) station is located on the Petrels Island longitude :
140.0014¢ latitude

:-66.6628¢, 41

m a.s.l., see Fig. 1), about 5 km off the coast of Adélie Land. As precipitation is essentially associated with
synoptic extra-

tropical cyclones there (Jullien et al. (2020)), observations at DDU are representative of precipitation at the

85 nearby coast of the

80 Antarctic ice sheet. Setting the radar at DDU rather than on the ice sheet has the advantages that it

provides

easy permanent

access to power and network, as well as servicing if necessary. It is installed within a unheated radome
which

protects the instruments

from the fierce winds that blow in the region. On the other hand, the radome induces some attenuation

of the radar transmitted

and reflected electromagnetic waves and thus some reduction of the sensitivity. This is in particular

3

discussed in Grazioli et al.

(2017a) that describes the first year of MRR data, Duran-Alarcon et al. (2019) that compares 2
90 years of the DDU MRR to

85 another MRR deployed at the Princess Elizabeth station (longitude : 23.3%, latitude : -71.9%), and

lastly in Roussel et al. (2023)
that presents an analysis of precipitation at DDU during the YOPP (Year Of Polar Prediction)
southern hemisphere special

observing period_(see Bromwich et al. (2020)). However, no accumulated snow on the radome is

reported by the winter-over staff, thanks to the strong winds and the radome’s domed shape. /
consequence of good operating
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Figure 2. Picture of the DDU MRR in its radome (a) and the DDU snow-gauge (b).

hich have been
used in numerous studies of snowfall in Antarctica (e.g.. Scarchilli et al. (2020). Alexander et al. (2023)) or
in the Arctic (e.q.,
110 Chellini et al. (2022)). w



This was quan-

405 tified by Grazioli et al. (2017a) by comparison with a nearby X-band radar. The regression between the
measured reflectivity

values at X and K bands exhibited a slope close to 1, and an offset of about 6 dBz (to be added to the MRR
data). This offset

was confirmed by Duran-Alarcon et al. (2019) by comparison with a second MRR deployed at DDU outside
of the radome for

115 a short period of time. In the present paper, the radome attenuation is hence corrected by adding 6 dBz
to the MRR reflectivity

values.

+Ho

Finally, the equivalent reflectivity, mean Doppler velocity and SNR are hourly-averaged, in accordance with
the integration

time recommended by Duran-Alarcon et al. (2019) for climatological analysis, in order to remove short time
perturbations

while keeping enough data for statistical significance. Hours with less than 10 valid minute timesteps were
discarded to avoid

120 spurious spikes.

2.2 Snow-Gauge

445 Along with the MRR, an OTT Pluvio2 (model 400cm2) weighing gauge (with a wind shield, see Fig. 2b)
was deployed during

the austral summer campaign 2015-16 at Dumont d’Urville. Hydrometeors falling into the bucket are
measured by a very

sensitive weighing system, and converted in mm water equivalent. The weighing gauge hourly snowfall in
mm hr-1 is then

125 obtained by summing the 1-minute bucket mass changes over one hour. These data are used in Sect.
3.2 to derive MRR snowfall

5
profiles. Various limitations affect the gauge data, which are also discussed in Sect. 3.2. The gauge was
deployed in the 2015-16

420 austral summer campaign, then removed in February 2016 and reinstalled in January 2017 until today.
Moreover, it was out

of order between December 2021 and December 2022 included. These 2 main gaps are taken into account
in the computation

of the MRR snowfall estimates in Sect. 3.2. For more information about the DDU snow-gauge, we refer the
reader to Grazioli

130 et al. (2017a) and Genthon et al. (2018). The MRR and snow-gauge data range from November 2015
to June 2023, and the

instruments are still in operation.

5
425-2 3 Météo-France Observations

Hourly surface meteorological variables such as 2-m temperature, 10-m wind speed and direction, and 2-m
relative humidity

with respect to liquid are provided by the Meteo-France weather station at Dumont d’Urville, from January
2015 to June 2023

135 included. They are used in Sect. 3.2 for the computation of the MRR snowfall profile as a quality-control
filter for the weighing

gauge data.

430 2.4 Models data
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the DDU
MRR and snow-gauge during the YOPP-YfearOfPelarPredietion) period. We evaluate the model physics
used for GiVHR-6;

the Sixth Coupled Model

Intercomparison Project exercise (CMIP-6), which has not been specifically adaptated and calibrated on
Antarctic precipitation.

Hourly precipitation profiles are simply

6

455 cxiracted at the grid cell nearest DDLU o'ecoerdinates440-4;longitude 140.4-and latitude -©6.63}. 2=
the

most accurate representation of snowfall amounts

is that of the closest grid point regardless of the surface type (Roussel et al.

165 (2023)).

3 Statistical analysis
3.1 Characteristics of the 7-year record

In this section, before estimating the precipitation flux from the radar data in Sect. 3.2, the hourly-averaged
equivalent re-

460 flectivity Ze, the mean Doppler velocity W and the signal-to-noise ratio SNR are analyzed for the whole
7-year period, from

170 November 2015 to June 2023 included. The derivation of these variables with the MK12 processing
method is described in
Sect. 2.1.

Fig. 3 presents the daily-averaged 7 years of MRR reflectivity profiles, giving an overview of individual
precipitation events

and variability with respect to intensity over the whole period. The timeseries is quasi-continuous except for
several interrup-

465 tions identified on the figure by gray zones.

175 2-D joint distributions of equivalent reflectivity, mean Doppler velocity and SNR are presented in Fig.
4a, 4b and 4c. The

percentage of occurrence of those variables along each radar gate is color-coded (left blank for
occurrences below 1%), the

median is the solid-dotted black line and the 5th, 25th, 75th and 95th quantiles are the gray dashed lines.

The median equivalent reflectivity in Fig. 4a ranges from 5.5 dBz in altitude, then increases as ice crystals
grow through

4#0 deposition and aggregation and densify through riming (Planat et al. (2021)) towards a maxima of 10.2
dBz at 800 m. Then,

180 reflectivity decreases slightly to 9.7 dBz at 300 m due to snowflake sublimation by low-level dry air
blowing from the plateau

(katabatic flow). The physics of this process is discussed in Grazioli et al. (2017b). The 95th quantile
exceeds 20 dBz in the

lower gates, indicating the occurrence of rare but heavy snowfall events. There is no equivalent reflectivity
below 1 dBz, as K-

band reflectivities lower than -5 dBz have been discarded and an offset of +6 dBz was added to correct for
radome attenuation

475 (see Sect. 2.2). Hence, the radome attenuation correction reduces the MRR sensitivity.

185



_Fiqure 3. MRR equivalent reflectivity in dBz. Hatches indicate periods during which the MRR was not in

operation. Periods with more than
10% of missing data are in gray shading.

of rainfall per year, although their projections from seven climate models indicate that rainfall events in
coastal Antarctica will
190 increase in frequency and intensity in the next decades.

All quantiles show a sharp increase of approximately 0.2 m s—1 at the lowest gate, which is probably due to
noise in the

signal such as near-field effect, and despite the MK12 data quality masking. The 95th quantile also shows a
suspicious increase

of the same magnitude at the highest gate (2900 m) probably due to noise in the signal. Most mean Doppler
velocities above

8

Figure 4. Median (black solid dotted line) and 5th, 25th, 75th and 95th quantiles (gray dashed lines) of the
equivalent reflectivity Ze (fig. 3a

the mean Doppler velocity W (fig. 3b) and the signal-to-noise ratio SNR (fig. 3c). The shading represents

the occurrence along each radar
gate (left blank below 1%). Pay attention to the non-linear colorbar.
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10
Figure 6. Monthly median profiles of the MRR equivalent reflectivity (a). mean Doppler velocity (b) and SNR

(c).

230 _To quantify this effect, the spectrum width recorded by the MRR
240 can be used to estimate turbulence in the lower levels as described in Appendix A of Vignon et al.

(2020), although such study
is beyond the scope of this paper.
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parameters a (prefactor) and

b (exponent) are estimated using the weighing gauge snowfall S (see Sect. 2.2). This is a common
methodology for retrieving

235 snowfall rates from radar reflectivities (e.g., Grazioli et al. (2017a), Scarchilli et al. (2020), Souverijns et

al. (2017),_Schoger
etal. (2021)) Theoret-

cal considerations about snowflakes shape, mass and velocity are discussed in Matrosov (2007) and
Matrosov et al. (2009). The

equivalent reflectivity Ze at the usable gate closest to the surface (300 m a.g.l.) is processed as

250 described in Sect. 2.1, except

that it is converted in linear units (mm6 m-3) before the hourly averaging. The gauge hourly

snowfall is computed as described

14
in Sect. 2.2. We refer the reader to Sect. 4 for the processing code availability. The regression
period spans from November

240 2015 to June 2023 included, which corresponds to a 5.5 year period when taking into account
the two gaps in the snow-gauge

data mentioned in Sect. 2.2. 9456 hourly precipitating timesteps common for both instruments
remain to perform the regression.

255

At this stage, the scatter plot exhibits a large amount of statistical noise with many outliers (see gray dots of
Fig. 7). This

issue motivated the application of several filters to reduce the noise. We present and use two of them in the
following along with

245 their impact on the power-law parameters, as they were considered both mandatory and sufficient to
obtain a robust regression.

Wind is the main source of uncertainty of snow-gauge measurements at Dumont d’Urville. It makes the
gauge vibrate,

260 destabilizing its weighing system and leading to spurious precipitation records. Moreover, snow having
already precipitated

may be remobilized from the surface into the atmosphere by the wind, and fall into the gauge bucket,
leading to largely

overestimated snowfall rates and accumulation. Sugiura et al. (2003) showed that blowing snow can lead to
an overestimation

250 of precipitation by 6 to 130% due to the increased number of aeolian snow particles in the atmosphere,
a result supported

by numerous very large snow-gauge hourly snowfall rates suspiciously corresponding to low MRR
reflectivities. In addition,

265 blowing snow particles are smaller than snowfall particles (Nishimura and Nemoto (2005), Naaim-
Bouvet et al. (2014)) as

they originate from shattered snowflakes, and therefore have a different radar signature since radar
reflectivity is dependent on

diameter to the sixth power. This impacts the Ze-S relation as part of the reflectivity signal does not
correspond to precipitation.

255

Hourly wind speed provided by the Météo-France weather station (see Sect. 2.3) is thus used to discard all
data points

corresponding to winds above 7 m s—1, in accordance with the threshold used in Scarchilli et al. (2020).

270 As a second filter, weighing gauge hourly snowfall lower than 0.1 mm hr-1 and exceeding 12 mm hr-1
have been discarded
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Figure 7. MRR equivalent reflectivity and gauge snowfall rate scatter plot (black crosses) in log space
filtered as described above, and the
resulting Ze-S relation derived with a robust quantile regression (blue solid line). The blue shading

represents the regression RMSE. Ze-S
relations from Grazioli et al. (2017a) (red dashdot line). Scarchilli et al. (2020) (yellow dashed line

Souverijns et al. (2017) (magenta dotted
line) and Schoger et al. (2021) (green dashdot line) are also represented. Small gray dots represent data
points that have been filtered out.
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Interestingly, Schoger et al.

14

(2021) relation Ze = 77.61 S1.22 (in dashdot green) better fits our data despite the fact that their MRR is
deployed at the other

end of the world (Ny-Alesund. Svalbard in the Arctic) : that could be related to more similar meteorological
conditions. The

prefactor
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2540

Sensitivity of the Ze-S relation to interannual variability was also assessed by removing one year at a time

in the computation.
The prefactor a varies between 42.3 and 44.1, whereas the exponent b varies between 0.85 and 0.95 (see

Table 2). As these

variations remain within 10% relative difference, this result supports that the derived Ze-S relation is also
robust to interannual

changes in the recordings.

bb
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Figure 8. Median (solid line with dots), 10th quantile and 90th quantile (dashed line) vertical profiles for the
MRR (in red). ERA5 (in yellow)

and LMDZ (in blue) for the 3717 hourly data points of common precipitating timesteps.
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their too smooth profile

shape (see Fig. 8). Conversely, the MRR snowfall rate may be overestimated due to remaining outliers in
the Ze-S computation

17

3#5-despite the restrictive processing method described in Sect. 3.2. Grazioli et al. (2017a) estimated
yearly accumulation from

October 2015 to October 2016 between 740 and 989 mm yr-1, i.e. 23% less in average than this study,
which is consistent

again with lower snowfall rates obtained with the Grazioli et al. (2017a) Ze-S relation. Even so, precipitation
has a high degree

395 of interannual variability (see Fig. 5a) and two different periods cannot be directly compared. Also, it is
important to keep in

mind that the accumulation at the surface is probably much lower than 1060 mm yr-1 because of
precipitation sublimation

380 below the MRR lowest gate at 300 m. Snow-gauge accumulation is not presented here as it is largely
overestimated due to
contamination by blowing snow (not shown).

400 On the other hand, models precipitation occurrence is higher than the MRR, with 29% of hourly
precipitating timesteps

for ERA5, 22% for LMDZ and only 15% for the MRR. Model snowfall events are also longer with a median
of 13h (14h)

385 for ERA5 (LMDZ) compared to 7h for the MRR. However, this higher occurrence of model precipitation
is not enough to

compensate for the larger MRR accumulation.

4 Conclusions

405 7 years of data from a Micro Rain Radar (MRR) deployed at the Dumont d’Urville station in Antarctica
are presented. A

statistical analysis outlines the main characteristics of the MRR vertical profiles of the equivalent reflectivity,
mean Doppler

390 velocity and signal-to-noise ratio, concurring with the results of Duran-Alarcon et al. (2019). No
interannual or seasonal trend

have been clearly identified in the MRR profiles, except for the seasonal mean Doppler velocity which is
larger in summer

and smaller in winter, suggesting an enhanced aggregation process. Nonetheless, the sample period is still
short (7 years) to

410 possibly exhibit such climatic trends.

18

A Ze-S relation has been derived from the dataset to retrieve precipitation profiles, thus allowing to refine
the relation found

395 by Grazioli et al. (2017a) for the same instrument but built on one summer season only. Despite a large
amount of noise, the

7-year period made it possible to apply restrictive filters robust to integration time and interannual variability.
The uncertainty

of the Ze-S relation is estimated as its RMSE in log space. The results have been compared with literature,
and particularly

415 with the relation of Grazioli et al. (2017a) with whom an offset probably due to the sampling period has
been found, leading

to smaller MRR snowfall rates than this study. However, Ze-S relations in the literature still present a
significant degree of

400 uncertainty and makes it difficult to draw final conclusions. Although we chose to be very cautious, the
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