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Abstract

Knowledge of the precipitation contribution to the Antarctic surface mass balance is essential for
defining the ice-sheet contribution to sea-level rise. Observations of precipitation are sparse over
Antarctica, due to harsh environmental conditions. Precipitation during the summer months
(November–December–January) on four expeditions, 2015–16, 2016–17, 2017–18 and 2018–
19, in the Terra Nova Bay area, were monitored using a vertically pointing radar, disdrometer,
snow gauge, radiosounding and an automatic weather station installed at the Italian Mario
Zucchelli Station. The relationship between radar reflectivity and precipitation rate at the site
can be estimated using these instruments jointly. The error in calculated precipitation is up to
40%, mostly dependent on reflectivity variability and disdrometer inability to define the real par-
ticle fall velocity. Mean derived summer precipitation is ∼55 mm water equivalent but with a
large variability. During collocated measurements in 2018–19, corrected snow gauge amounts
agree with those derived from the relationship, within the estimated errors. European Centre
for the Medium-Range Weather Forecasts (ECMWF) and the Antarctic Mesoscale Prediction
System (AMPS) analysis and operational outputs are able to forecast the precipitation timing
but do not adequately reproduce quantities during the most intense events, with overestimation
for ECMWF and underestimation for AMPS.

1. Introduction

Snowfall (SF) plays a key role in the hydrological cycle of the Antarctic Ice sheet.
Understanding its variability is one of the challenges of polar research necessary for determin-
ing the contribution of the ice sheet to sea-level rise (IPCC, 2013). The mass balance of the ice
sheet is defined as the net balance between the mass of accumulated snow at the surface and
mass lost through ice discharge at ice-sheet boundaries and basal melting. The accumulated
snow, or the surface mass balance (SMB), represents the net budget between the SF and the
mass lost through the effect of post depositional processes, mainly driven by winds
(Scarchilli and others, 2010; Frezzotti and others, 2013; Palm and others, 2017). SF represents
the main positive component of SMB and drives its variability at continental/regional scales
(Monaghan and others, 2006). Climate models predict an SF increase in a warmer atmosphere,
principally over the coastal areas of the ice sheet (Palerme and others, 2017); however, it is still
debated whether this modeled SF enhancement really occurred during the most recent decades
preceding the present time and how it may have counteracted sea level rise during that time
period (Monaghan and others, 2006; Frezzotti and others, 2013; Thomas and others, 2017;
Lenaerts and others, 2018; Medley and Thomas, 2019).

SF ranges between 20 and 1000 mm water equivalent (w.e.) a−1 (Palerme and others, 2014),
varying strongly between Antarctic regions, and markedly decreasing from coasts toward the
high plateau. Few direct SF measurements have been collected in Antarctica due to the very
harsh conditions (Souverijns and others, 2018). Evaluation of solid precipitation estimates
has been historically obtained from model outputs (van Wessem and others, 2018; Agosta
and others, 2019), and from indirect methods based on the evaluation of the other SMB com-
ponents (Frezzotti and others, 2013; Favier and others, 2017). More recently, data products
from CLOUDSAT satellite are also being used to improve SF estimation (Palerme and others,
2014; Milani and others, 2018). However, both retrieval from satellite data (Palerme and
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others, 2014; Souverijns and others, 2018; Lemonnier and others,
2019) and model outputs are affected by large uncertainties due to
the lack of experimental data, which are essential to validate and
improve the precipitation parameterizations and estimates from
models or minimizing the impact of intrinsic limitations of the
measurements techniques (e.g. CloudSat ground clutter; Maahn
and others, 2014).

Ground-based remote-sensing instrumentation based on radar
technology can be a valuable tool for obtaining estimates of SF at a
site (Gorodetskaya and others, 2015). However, to define a robust
relationship between radar estimates and true precipitated quan-
tities, a variety of information on falling particles should be
known or assumed. Only a few research efforts have been carried
out in Antarctica using radar due to the high logistic and instru-
mental costs. Konishi and others (1992) obtained a relation
between SF quantity and vertical radar reflectivity profiles for
three SF events at Syowa station (SW, Fig. 1), comparing the
atmospheric profiles sampled by a vertically pointing radar with
semi-automatic measurements of snowflake characteristics at the
surface. During the last decade, the development of new low bud-
get radar profilers and the rising importance of algorithms for
estimation of SF amounts revived the interest in solid precipita-
tion assessment using radar techniques (Maahn and Kollias,
2012), corroborated also by the promising results obtained in
sites characterized by harsh conditions. Gorodetskaya and others
(2015) showed (at Princess Elisabeth station, PE, Fig. 1) the
potential of the synergetic use, of ground-based remote-sensing
(at microwave and visible frequencies) and surface measurements,
for qualitatively distinguishing cloud characteristics (ice, liquid-
phase) and precipitation quantities. Souverijns and others
(2017) revisited this research using the same vertical pointing
radar and a disdrometer (Newman and others, 2009) placed at
the PE station. They obtained a relation between radar reflectivity
and SF rate (Ze–SFRATE) and proposed a detailed analysis of expli-
cit and implicit errors laying on its usage. At the same time,
Grazioli and others (2017a) published an estimation of SF quan-
tities and a characterization of falling particles for Dumont
d’Urville station (DDU, Fig. 1) using an in situ vertically pointing
radar in conjunction with a weighing snow gauge.

At the present time, there are only a few sites in Antarctica that
are equipped with radar and other up-to-date facilities which are
crucial to the proper characterization of precipitation events. New
sampling sites are needed in order to give robustness to SF esti-
mates and to better understand interactions between the atmos-
phere and the cryosphere (Souverijns and others, 2018). In
particular, it is desirable to better constrain the real impact of pre-
cipitation on the SMB, especially over the coastal areas where
wind-driven processes during and after the deposition can remove
more than 80% of the precipitated snow (Frezzotti and others,
2007; Scarchilli and others, 2010; Grazioli and others, 2017b).

The Polar Prediction Project (PPP) is a 10-year (2013–2022)
program of the World Meteorological Organization (WMO)
with the aim of promoting cooperative international research
for improving weather and environmental prediction services
for the polar regions, on different time scales. The Year of Polar
Prediction (YOPP) is one of the key elements of PPP. Its principal
goal is to improve the prediction capabilities for the polar regions,
by coordinating special observing periods with enhanced observ-
ing modeling and verification activities. The 2018–2019 summer
Antarctic campaign was the special observing period of the
YOPP program for the Southern Hemisphere with an enriched
observational and modeling campaign over the whole Antarctic
continent.

The Italian polar research community has made a great effort
to develop products useful for achieving the YOPP main targets.
In this framework, the present paper is focused on the

quantification of the total precipitated mass, the characterization
of the local flow and its interaction with precipitation at the
Italian Mario Zucchelli Station (MZS) placed in a steep coastal
area of the Victoria Land facing the Ross Sea (Fig. 1).
Moreover, the study addresses the evaluation of various reanalysis
product and model forecasts, in order to correctly model precipi-
tated quantities during events that occurred during the 2018–2019
YOPP intensive campaign and the three previous austral summer
campaigns (2015–16, 2016–17, 2017–18). Measurements were
obtained with a vertical pointing radar, an optical disdrometer,
a weighing pluviometer, radiosounding profiles and an automatic
weather station (AWS). Part of this instrumentation was expressly
improved for the YOPP Southern Hemisphere Special Observing
Period. The present paper is structured as follows: in the first sec-
tion, a description of the site and the instrumentation used is
reported. In the second, the methodology applied is detailed. In
the third and fourth sections, the results are presented, discussed
and compared with model outputs, in order to highlight peculiar
characteristics of precipitation events in the area and to assess the
ability of models to reproduce the estimated quantities.

2. Site and dataset

Terra Nova Bay area (TNB) is located along the coast of Northern
Victoria Land on the western Ross Sea between Cape Washington
and the Drygalski Ice Tongue and comprising the Nansen Ice
Sheet (Fig. 1). The Italian summer Station Mario Zucchelli (74°
41′S, 164°07′E, 15 m a.s.l) is located downwind of the Northern
Foothills along the coast above a mostly de-glaciered area.

SMB over the TNB area, obtained from ice core data at several
sites, is about 150–270 kg m−2 a−1 (Stenni and others, 2000). The
core sites are not significantly influenced by katabatic wind scour-
ing. Direct measurements of SF are not yet available. Despite the
plateau escarpment above the TNB area is windy, and character-
ized by massive and recognizable events of blowing snow driven
by the wind, the MZS site is less affected by blowing snow during
katabatic events because the ice particles lifted up by the wind
over the plateau are completely sublimated before reaching the
coast (Scarchilli and others, 2010).

2.1. Instrumentation available

A large set of instruments has been installed in the area of TNB
and at MZS during the various Italian expeditions in
Antarctica. The Italian Antarctic Meteo-Climatological
Observatory (IAMCO, http:\\www.climantartide.it) provides
standard meteorological measurements collected in the area by
different AWS operating year round, since 1987, radio-sounding
profiles and additional laser-optical instruments (e.g. ceilometer
and visibilimeter) installed seasonally at MZS. Meteorological
data used in the analysis were obtained from two AWSs, named
‘Eneide’ and ‘Lucia’, and radiosounding. Eneide is placed at 82
m a.s.l., 300 m from MZS with wind speed/direction sensors at
10 m above ground, whereas Lucia, a mast 3 m in height, is placed
on the Larsen Glacier, 80 km from MZS at 74°57′S, 161°46′E,
∼1250 m a.s.l. at the edge of the plateau escarpment and within
the katabatic flow channel that drains air from the plateau toward
the coast (Fig. 1). The radiosounding launches are deployed at
MZS from middle October to the first days of February twice
per day (at hours 00.00 and 12.00 UTC) a few meters from the
Eneide AWS (Fig. 1), using a Digicora Vaisala system, with
RS91 Vaisala sounds. Each radiosounding profile was vertically
averaged every 50 m in order to obtain profiles comparable with
each other at the same altitude.

A Thies CLIMA laser disdrometer, managed by IAMCO, here-
after LPMOASI, has been operational since December 2014 on the
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roof of a building placed in the outskirts of MZS (Fig. 1) at ∼10 m
above the ground. The disdrometer can simultaneously count and
measure the size and fall velocity of hydrometeors (Frasson and
others, 2011). The optical sensor generates a parallel horizontal
light beam, and when a particle falls through it, the receiving sig-
nal is reduced and the amplitude and the duration of the reduc-
tion are related to the particle size and the fall speed, respectively.
The instrument produces a data matrix containing the number of
particles counted over 1 min intervals in relation to their size and
fall velocity. Due to the limited datalogger space storage, during
the former two campaigns, only one LPMOASI data matrix (with
1 min integration period) was stored every 5 min, whereas since
November 2017, when a new datalogger has been added to the
system, it has been possible to acquire both the full (every minute)
and the lower (one sample every 5 min) resolution data.

AMicro Rain Radar 2 (MRR) was installed in MZS at the end of
November 2015 on the same roof but a few meters away from the
LPMOASI (Fig. 1). TheMRR is an easily deployable and inexpensive,
vertically pointing radar, manufactured by Meteorologische
Messtechnik GmbH (Metek). MRR is extremely suitable for mea-
surements in harsh and unmanned environments (Gorodetskaya
and others, 2015) and it records Doppler velocity spectra every
10 s at 32 range gates, whose spacing can be set by the user. At
MZS, such gate spacing was set to 100 m allowing the profiler to
sound heights ranging from 100 to 3100 m above the surface.
Data from the first two gates were disregarded from the analysis
due to near-field effects. The raw K-band power spectra, collected
by the MRR, were processed applying the method proposed by
Maahn and Kollias (2012) to correct for noise and aliasing effects,
making them suitable for snow observation.

A Total Rain weighing Sensor (TRwS) manufactured by MPS
system was installed during the 2018–2019 campaign within the
YOPP observing period, a few tens of meters from the MRR
and LPMOASI (Fig. 1). The TRwS is a total rain/SF weighing

gauge with an orifice area of 400 cm2, a depth accuracy of 0.01
mm of w.e. and a 1 min sampling time resolution (Savina and
others, 2012). The TRwS was protected by an alter shield in
order to minimize wind effect over the accumulation inside the
instrumentation. The system continuously sampled precipitation
quantities at the site from 1 December 2018 to 30 January 2019.

Finally, visual observations of meteorological conditions (VO)
at MZS were routinely carried out all day long during the expedi-
tions by two Italian Air Force weather forecasters in the role of
observers. The VOs include SYNOP messages, recorded at 00.00,
06.00, 12.00 and 18.00 h UTC, OBSERVATIONS and METAR
messages sampled on an hourly basis. SYNOP were fully recorded,
whereas, some discontinuities are present for the other messages,
especially during local night-time hours (06.00–18.00 UTC).

In the presented analysis, 1 min MRR, AWS and TRwS mea-
surements were averaged over 5 min while the LPMOASI data
acquired every 5 min is not averaged. Time average and std dev.
of variables spanning various orders of magnitude such as radar
reflectivity are computed as an arithmetic average, following
Fabry (2015, 241). Radar, disdrometer and snow gauge data at
5 min, sampled at MZS in four expeditions, 2015–16, 2016–17,
2017–18 and 2018–19 during the summer months (November–
December–January) are available at https://doi.org/10.1594/
PANGAEA.921490 and at ‘www.climantartide.it’.

2.2. Data from atmospheric reanalysis and Operational
Forecasts

Many global and regional models but also atmospheric reanalysis
have been used to characterize Antarctic SF climatology and its
main features (Lenaerts and others, 2016; Palerme and others,
2017a; van Wessem and others, 2018; Agosta and others, 2019).
In the present paper, we compare accumulated SF and total pre-
cipitation (TP) from ERA Interim (ERAin), ERA5 and

Fig. 1. Map of the studied area. (a) Map of Antarctica with the position of Mario Zucchelli (MZS), Princess Elisabeth (PE), Dumont d’Urville (DDU) and Syowa (SW)
stations. (b) Location and coastal profile of the area of Victoria Land (Antarctica). (c) A clear sky Aqua MODIS image (250 m resolution) of the Terra Nova Bay (TNB)
area in Victoria Land. Red and yellow points indicate the positions of Mario Zucchelli Station (MZS), automatic weather station (AWS) Lucia (Larsen Glacier),
McCarthy Ridge ice core site and Mount Melbourne, respectively. Colored rectangles show model nearest mesh of ECMWF ERA Interim, ERA5 and Operational pro-
ducts (green, blue and red, respectively) including MZS (red square). (d) Photo of MZS with positions and images of the instruments (AWS Eneide, MRR Metek radar,
LPMOASI Thies Clima optical disdrometer and TRwS MPS weighing snow gauge, and radiosounding launcher) used for this study.
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Operational Forecast (OP) datasets, provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF) and
the precipitation fields produced by the Antarctic Mesoscale
Prediction System (AMPS), with the SF quantities obtained
from field measurements. The choice of different reanalysis pro-
ducts and model forecasts is related to the increased knowledge
that is necessary for both improving forecast ability of operational
models inside the YOPP main target and testing model reference
in the area of climate research. In this framework, the OP and
AMPS represent the references for operative decisions, weather
forecasting and air flight schedules over most of the Antarctic
area, especially for the Ross Sea area. Moreover, the ERAin
reanalysis (Dee and others, 2011) was considered the most reliable
product over the Antarctic area (Bromwich and others, 2011;
Palerme and others, 2017a) whereas the ERA5, the newest
reanalysis dataset of the ECMWF (Hersbach and Dee, 2016), is
the upgraded version of the ERAin, and it was scheduled to com-
pletely replace the ERAin at the end of 2019.

The ERAin is a reanalysis archive of the global atmosphere
covering the period from 1979 to present; it is based on the
cycle 31r2 of the IFS model and it is characterized by a spatial
resolution of data of ∼80 km (T255 spectral). The ERAin dataset,
considered for the comparison, is the 3-hourly forecast initialized
from analyses at 00.00 h UTC. The ERA5 is a reanalysis based on
the IFS model cycle 41r2. It covers the period from 1979 to pre-
sent and is characterized by a higher spatial and temporal reso-
lution (31 km globally) and a newer cloud scheme (Forbes and
others, 2011, 2014) with respect to ERAin. The ERA5 data used
consist of hourly forecasts, 12 h long and initialized twice daily
from analyses at 06.00 and 18.00 h UTC. Lastly, the Operational
archive is characterized by the narrower grid (T1279 spectral,
∼10 km). Fields used are 24 h forecasts with 1 h time steps from
the 00.00 h UTC analysis. The OP runs with the up-to-date IFS
model; then the output fields are based on the latest version of
microphysics parameterization. However, those could not be con-
sistent with each other due to the continuing evolution of the
model.

AMPS dataset is made using the Weather Research and
Forecasting model (WRF) modified for use in the Polar Regions
(Bromwich and others, 2013). The analyzed data are the +24 h
forecast of TP from 00.00 h UTC. The model was applied to the
so-called ‘Domain 5’, encompassing the area between McMurdo
Sound and TNB and part of the Ross Ice Shelf, with a horizontal
resolution of 1 × 1 km (http://polarmet.osu.edu/AMPS/).

For each precipitation dataset from model forecasts and
reanalysis, the four nearest grid points at the MZS position time
series were extracted and the average and the std dev. were calcu-
lated in order to define the mean precipitation quantities and
their variability over the smallest model mesh grid encompassing
the MZS site.

2.3. Back-trajectories

The Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, developed by NOAA and Australia’s Bureau
of Meteorology (Stein and others, 2015), was used to identify
the provenance of the air masses ending in MZS. Five-day back-
trajectories were computed hourly from 6 November to 31
January, covering completely the four-campaign time range and
arriving at six different altitudes (500, 1000, 1500, 2000, 3000
and 4000 m) over the site. The model was initialized with the
meteorological data fields provided by the ECMWF Operational
analysis archive with a regular grid of 0.125° × 0.125°. Errors in
the trajectory calculations after 3 d are estimated in the range
10–30% of the travel distance (Scarchilli and others, 2011). A
K-cluster mean method (Scarchilli and others, 2011) based on

air parcel longitude, latitude, height over the terrain and thermo-
dynamics conditions along the path was applied in order to sort
back-trajectory ensemble in five clusters and highlight the differ-
ent patterns of transport toward the site. The choice of cluster
number was almost subjective, but tests with different cluster
numbers did not reveal different atmospheric pathways.

3. Methods

3.1. Ze–SFRATE relationship calculation

In this paper, an equivalent Reflectivity (Ze)–precipitation rate
(SFRATE) relationship optimized for the MZS site is developed,
using a combination of radar and disdrometer products, in
order to estimate the quantities of precipitation. Various authors
have confirmed the validity of this approach for SF estimation
(Huang and others, 2010; Souverijns and others, 2017). The rela-
tionship is reliable in almost all meteorological conditions when
other instrumentation deployed to precipitation measurement
can fail (e.g. snow gauge and/or disdrometer). Moreover, it is
intrinsically linked to the mean atmospheric characteristics dur-
ing precipitation events and comparison between the relationship
calculated for different sites can give information on similarities
or differences between atmospheric conditions above the studied
areas. The Ze–SFRATE relationship has the classical power law
form

SFRATE = A ZeB, (1)

where the parameters A and B are evaluated by means of fitting
the Ze and SFRATE calculated from disdrometer measurements
in the following way:

Ze = 1018
l4

p5|K|2
∫Dmax

Dmin

sb(D)N(D)dD [mm6 m−3], (2)

SFRATE = 3600
rw

∫Dmax

Dmin

m(D)v(D)N(D)dD [mmh−1], (3)

where λ is the MRR wavelength in m, |K|2 is related to the dielec-
tric constant of liquid water (the value conventionally used is 0.92,
Atlas and others, 1973), σb is the backscatter cross-section[m

2] at
24 GHz, N(D) is the particle size distribution [m−4], ρw is the
density of liquid water [g cm−3], m(D) is the mass (g), and v
(D) the terminal fall velocity [m s−1], all functions of the max-
imum particle dimension. The particle size distribution N(Di)
in size class i is calculated from raw particle numbers measured
by the optical disdrometers as

N(Di) =
∑Nv

j=1

nij
AsDtnjDDi

[m−3mm−1] (4)

(Chen and others, 2016) where Nv is the number of disdrometer
velocity class intervals, nij is the number of particles sampled in
each size (i) and velocity ( j) class interval, As and ΔDi are the
disdrometer measuring area [m2] and the width of each diameter
bin [mm], respectively. Δt is the time interval [s] and vj is the fall
velocity of each velocity class [m s−1].

The measurement accuracy of optical-disdrometers may be
affected by instrumental and external issues, or a mixture of
these, such as spatial variability of laser beam intensity (Frasson
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and others, 2011), strong winds (Friedrich and others, 2013) and
‘margin faller’ particles (Yuter and others, 2006). In order to min-
imize these problems, particles with fall velocity greater than a
threshold value are removed. The speed limit for each Di was
set equal to the rain terminal velocity, calculated from the vel-
ocity–diameter relationship Vi = 9.65− 10.3 e (− 0.6 Di) (Atlas and
others, 1973), increased by +50% (Chen and others, 2016). The
threshold cuts ∼80% of the total detected particles that mostly
fall within the first three diameter bins because of anomalous
fall velocities, the 95% of the total volume sampled is conserved.

The backscatter cross-section, representing particle scattering
properties, is evaluated using the self-similar Rayleigh-Gans
approximation theory (SSRGA). This is a fairly simple method
based on the 1-D description of the structure of a snow particle
(Hogan and Westbrook, 2014; Hogan and others, 2017). The
SSRGA derives the scattering properties for an ensemble of parti-
cles, a description that is much closer to real radar sampling
volumes than it is to a description based on single-particle scatter-
ing. Moreover, it is considered more accurate than the soft spher-
oid approximation obtained with T-Matrix (Mishchenko and
others, 1996) and is less computationally expensive than more
complex single scattering methods such as discrete dipole
approximation (Draine and Flatau, 1994).

Both SFRATE and Ze depend on m(D), explicitly the former,
implicitly the latter, through the backscatter coefficient (Hogan
and Westbrook, 2014). The characterization of snowflake mass
is one of the most difficult tasks in quantitative estimation because
it depends on the evolution of the precipitation system and its
unique thermodynamic characteristics. Various authors presented
different relationships relating mass and particle diameter in the
form m = a Db (Locatelli and Hobbs, 1974). No information is
still available at the MZS site on precipitated particle mass and,
consequently, up to the present time mass is estimated with a
parameterization-based approach (Fontaine and others, 2014).

Firstly, the model reflectivity (hereafter Ze_app) is calculated
via Eqn (2) where the backscatter coefficient dependence on
mass is expressed as in Eqn (12) from Hogan and Westbrook
(2014), where the ice volume V in the particles is parametrized
as V = m

rice
= a Db

rice
with ρice the ice density (0.917 [g cm−3]). The

particle distribution is the one measured by the disdrometer.
Ranging β systematically over 201 values between 1 and 3
(Fontaine and others, 2014) with a step size of 0.01, a set of
Ze_app values is obtained for each time step. Then α is subse-
quently evaluated as the one that minimizes the difference, in a
least-squares sense, between the Ze measured by MRR at 300 m
(ZMRR) above the ground and the Ze_app, over a 15 min time
window (three points). The choice to vary β and set α is due to
the constrained range of values of the former whereas the latter
shows values spanning various orders of magnitude (Fontaine
and others, 2014). The procedure generates the matrix m(D, t, β),
Ze(t, β) as a function of time (t), the 201 value of β and the diam-
eter (D). Using Eqn (3) with m(D, t, β) it is possible to calculate
SFRATE(t, β). In order to exclude physically impossible solutions,
those for m(D0), being D0 the median diameter of particles,
correlated to a bulk particle density greater than ice density are
discharged for each time interval. The bulk particle density is
qualitatively evaluated as r = m(D0)

V (Brandes and others, 2007)
where V is the volume of a particle approximated as a spheroid
with major axis equal to D0 and aspect ratio equal to 0.6
(Hogan and Westbrook, 2014).

For each time step, mean values of Ze(t, β), SFRATE(t, β) and m
(D, t, β) are calculated by means of averaging with respect to β
(hereafter Zem(t), SFmRATE(t) and mm(t), respectively).
Uncertainties of SFmRATE and Zem are assumed to be the std dev.
Comparison between Zem and ZMRR shows a linear relation,

with slope and intercept equal to 0.94 and −0.5 dBz, respectively,
and a reasonable correlation (R2∼0.7) (not shown).

Parameters A and B of the Ze–SFRATE relationship (1) are
obtained through a linear regression analysis between SFmRATE
and Zem values using a non-linear least-square fitting routine
(Markwardt, 2009). The main regression analysis is based on
the SFmRATE and Zem calculated with all the disdrometric data
with one sample every 5 min and a ZMRR 5min average, collected
during the four campaigns (each from November to January).
However, we exclude time steps where any of the following
conditions apply:

• disdrometer or MRR data missing
• wind speed at 10 m >7 m s−1

• ZMRR, and calculated Zem lower than −5 dBz
• calculated SFmRATE lower than 0.01 mm h−1

• ZMRR at 300 m >−5 decibel (dBz) but lower than −5 dBz
between 400 and 1000 m

in order to exclude, from the regression, the contamination by
external factors (such as snow transport) or extreme events such
as strong horizontal wind, incompleteness of MRR reflectivity
measurements and insufficient numbers of falling particle events
(Souverijns and others, 2017). Particularly, the choices of −5 dBz
and 0.01 mm h−1 are connected to the MRR’s limited sensitivity
(Maahn and Kollias, 2012), whereas the 7 m s−1 value is chosen
following the results of Li and Pomeroy (1997) for wind-driven
dry snow transport. Finally, the last condition is selected in
order to completely disregard snow transported from well-
developed precipitation events. The remaining dataset is hereafter
reported as selected cases (Ω). Indeed, with the same exclusion
conditions, the regression is applied also to the same datasets
but considering only specific campaign time periods. Moreover,
it is also applied to the dataset based on disdrometric measure-
ments sampled every 1 min during the last two campaigns in
order to understand whether the subsampling could bias the
results.

Finally, in order to obtain SF from the measured MRR reflect-
ivity, the Ze–SFRATE formula found is inverted:

SFRATE = Ze
A

( )1
B

(5)

and the result multiplied for the time window. Uncertainty in
SFRATE is evaluated using the error propagation theory based on
the A, B and ZMRR errors. The two-parameter errors are calculated
from the regression analysis whereas the std dev. of ZMRR over the
5 min mean is considered as the error in radar reflectivity.

3.2. Error evaluation of disdrometer measurements

Since the laser disdrometer instrument is designed to measure
spherical/spheroidal liquid particles, the instrument has numer-
ous limitations when used to perform measurements on solid pre-
cipitation. Battaglia and others (2010) detailed a number of
constraints of a specific instrument of this type, the OTT
Parsivel disdrometer, for detecting snow and ice particles.
Mainly, the constraints are related to the assumptions used for
retrieval, such as the fixed spheroidal shape of particles, the
absence of horizontal transport through the laser beam, the pres-
ence of a single particle in the beam at a certain moment, or
instrumental observation limitations such as particles that are
only partially seen by the measurement beam. In particular, the
Parsivel instrument measures an apparent particle diameter
related to the maximum shadowed area of the particle as it passes
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through the laser beam. In a limited set of conditions where the
snowflake is horizontally aligned, this measurement is equivalent
to the widest horizontal dimension of the snow particle; other-
wise, the apparent diameter measured represents an estimate of
the widest horizontal diameter with an error ≤20% (Molthan
and others, 2016). Moreover, the particle fall speed measured by
the Parsivel instrument may not be accurate for a single snowflake
particle, whereas, when averaged over a large number of snow-
flakes tend to be underestimated for a value up to 20%, especially
for smaller particles (Battaglia and others, 2010).

There is no discussion in the literature of the capabilities of the
Thies CLIMA disdrometer for the measurement of solid precipi-
tation. Only a few articles have argued that the precipitation rate
calculated internally is reliable with respect to snow gauge mea-
surements on a daily basis (e.g. Zhang and others, 2015).
However, the algorithm used by Thies CLIMA for SF calculation
of density parameterization as a function of temperature, particle
fall speed and diameter, has not yet been published (M.
Hillebrecht, personal communication) and consequently is not
available for use in research. However, the raw data matrix pro-
duced by the Thies CLIMA can be used, but it is reasonable to
expect that its use may be subject to the same issues that apply
to the use of the OTT Parsivel instrument, due to similar operat-
ing principles. Consequently, the variability of the quantity of pre-
cipitation connected to an increase/decrease of the reference
values of particle dimension/velocity bins must be carefully
evaluated.

The SF quantities are recalculated supposing that the mean
values of the diameter and/or velocity vectors associated with
each bin of Thies CLIMA data matrix are shifted by ±20%. The
new calculations produced eight different time series of SF that
consider all the possible permutations of system perturbation
related to diameter–velocity vectors increase/decrease.

3.3. Snow gauge data treatment

The TRwS Raw SF time series is created from differences between
successive weight measurements sampled every 1 min. In order to
minimize spurious signal quantities measured by the TRwS but
caused by re-suspended snow particles after precipitation, evapor-
ation or vibration due to strong katabatic wind events, the
approach described in Grazioli and others (2017a) is applied.
Time steps at which no signal was recorded by the MRR at its
lowest available gate (300 m) are considered precipitation free
and any increase in the cumulative precipitation records of the
snow gauge was considered as external contamination and then
discarded. Moreover, a correction function dependent on wind
speed and temperature based on Kochendorfer and others
(2017) was evaluated (their eq. 4 with coefficients expressed in
their Table 3 and based on both their single ‘alter’ stations) in
order to mitigate biases connected to gauge snow under-catch
problems at high wind velocity.

4. Results

4.1 Mean conditions during SF events at MZS

During the 2015–16, 2016–17, 2017–18 and 2018–19 summer
campaigns, each during the November–December–January time
window, the hourly visual observations at MZS were recorded
for ∼67% of the time equally divided over the four campaigns.
87% of the observations report no significant event, 9% report
precipitations observed over the MZS area, whereas the other
∼4% in the vicinity of the site. Over MZS, SF and snow grain-like
precipitations are recorded 6 and 1.2% of the total observations,
respectively (Fig. 2a); moreover, observers also noticed blowing/

drifting as an additional condition during 13% of these specific
conditions. Finally, drifting/blowing snow transport over MZS is
reported ∼2% of the time, whereas the available residual observa-
tions are connected to a very few cases of mist. No liquid precipi-
tation observations are reported in the studied dataset.

Total cloud cover density distribution over MZS shows two
relative maxima (not shown) corresponding to completely clear
sky or with few clouds (0–1 oktas, more than ∼30%) and to heav-
ily broken or completely overcast conditions (7–8 oktas, ∼30%).
No significant differences are present among the four campaigns
(not shown), while heavy cloudy conditions are observed mostly
in January compared to the other summer months (November–
December, not shown). Cloud-type observations report alto-
cumulus (Ac, 22%), stratus (St, 13%) and stratocumulus (Sc,
20%) at low levels above MZS, and prevalently CirroStratus (Cs)
at higher levels (not shown). Clouds with significant vertical
extent are less frequent than low/middle clouds over Antarctica,
especially during summer (Adhikari and others, 2012), however
very few cumulus (Cu) or tower cumulus (Tc) were observed dur-
ing the 2015–2016 campaigns, and when seen were mostly during
specific events. Clouds related to precipitation are mainly St or
sometimes Cu or Sc (not shown).

In accordance with visual observations, the MRR sampled at
the lowest radar gate (300 m) a ZMRR greater than its sensitivity
threshold, −5 dBz, ∼8% of the sampling time (Fig. 3a). MRR
measurements are comprised of 252 large events of continuous
precipitation (or with interruption <30 min) divided as 62, 46,
71 and 73 episodes during 2015–16, 2016–17, 2017–18 and
2018–19, respectively. The largest numbers of them occur during
January and the smallest numbers are in November. On average,
each event lasts ∼3 h but with a large std dev. (∼5.5 h) and some
exceptional cases last continuously for more than 12 h.

MRR mean and median profiles of Ze, particle mean Doppler
velocity (W ) and spectral width (SpW) from the surface to the
top of observable height (3000 m) are also shown in Figure 3.
The mean Ze profile ranges from +10 (at the surface) to +5 dBz
(at the top) with a variability (std dev.) less pronounced at 3 km
(15–20 dBz) compared to the surface (∼30 dBz), with a progres-
sive enhancement from 2 km downward (Fig. 3b). This is due
to the high number of Ze profiles (∼35%) with signal starting
to increase at the top of the measurement window, with values
essentially ranging between −5 and 0 dBz at 3 km above the
ground (Fig. 3a). Median Ze profile shows a similar pattern but
lower values than the average due to the strong influence of the
higher Ze values in the mean calculation (Duràn-Alarcòn and
others, 2019). Mean W profile is constant at ∼1 m s−1 with a
small variability up to 2 km (Fig. 3c). From 2 to ∼1 km,W slightly
decreases (0.5–0.8 m s−1), with an increase in its std dev., whereas
for lower atmospheric layers, the mean value of W tends to
increase, up to 1.2 m s−1. The mean SpW profile increases mono-
tonically downward from 0.2 at the top of the layer to 0.4 near the
surface where 5 min mean values can reach 0.89. Instead, the SpW
std dev. profile tends to increase with a spectrum broadening from
∼1 km toward the surface.

Figure 2b shows an average of temperature (T ), relative
humidity with respect to ice (RHi), wind speed (WS) and
direction (WD), from radiosoundings when ZMRR values were >
−5 dBz and variable averages from Eneide AWS concomitant
data at the ground. For ∼720 launches done during the four
campaigns only, ∼10% (N = 62) of them occur with concomitant
precipitation conditions. Mean annual 2 m T at MZS is −13.8 °C
but the seasonal average can range from −21 °C during winter
(June–July–August) and −3 °C in summer (December–January–
February). During the ‘warm’ months, T values can oscillate
between −20 and 0 °C (Grigioni and others, 2016). At the surface
during summer precipitations, T shows a mean value of −3.5 °C
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and on average decreases monotonically with height, up to −40 °C
at ∼6 km with T between 0 and −10 °C in the first kilometer and
between −10 and −20 mostly within the 1–3 kmm a.s.l. layer.
Mean RHi at the surface highlights an average value of 90%

with a std dev. of 11%. Along the profile, a marked increase in
RHi is apparent up to 1.5 km, above the mean value swing
between saturation value (100%) up to 4.5 km and then decrease.
Mean RHi maximum (∼105%) is seen over the profile between

Fig. 2. (a) Mean conditions at Mario Zucchelli Station (MZS) during precipitation events. Occurrences (%) of snowfall (SN), snow or ice grain (SG/IG), blowing or
drifting snow (BLSN/DRSN) and mist (BR) reported as main features by visual observation at MZS. Red and blue filled bars highlight cases with SN and SG/IG, with
or without blowing snow codes as secondary features. (b) Radiosounding average profile during precipitation event (reflectivity measured by MRR at 300 m above
the ground, ZMRR>−5 dBz). Average temperature (T ), relative humidity with respect to ice (RHi), wind speed (WS) and wind direction (WD), up to 6 km above the
ground are highlighted in thick green, blue, black and red lines, respectively, with their related std dev. profiles (thin lines, same colors for the different parameters
as for the average profiles). Concomitant T, RHi, WS and WD average values with their std dev., from Eneide AWS data at the surface, are represented by the colored
points at height 0 (same colors for the different parameters as for the average radiosounding profiles). Orange line highlights the maximum altitude (3 km) sampled
by the MRR radar. (c) Upper panel: LPMOASI disdrometer data (one sample every 5 min) distribution density (colored contour) cumulative over the precipitation
events (ZMRR>−5 dBz) and divided for the particles fall velocity and diameter bins as defined in the original disdrometer output data matrix. Contour scale is
expressed in log(N ). Blue line highlights water droplet fall velocity +50% calculated as defined in Atlas and others (1973). Lower panel: the distribution of the
median diameters (D0) calculated as Brandes and others (2007).

Fig. 3. Mean profiles of various MRR products. (a) Density function profiles along the height of occurrences of radar reflectivity (Ze) >−5 dBz and density function
profiles of occurrence of first height where Ze is >−5 dBz is sampled (black and red lines, respectively). (b) Radar reflectivity (dBz). (c) Mean Doppler velocity (W, m
s−1). (d) Spectral width (SpW). Mean and median profiles for Ze, W and SpW are highlighted with filled black points and blue squares, respectively; black and blue
dotted lines show the 1 std dev. of the mean profiles and 10–90 percentiles, respectively.
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2.5 and 3.5 km but an average condition of saturation with respect
to ice is visible between 1.5 and 4 km; moreover, the RHi std dev.
is large along all the profile (±15%) due to cases where a saturated
condition can persist a few hundred meters above the ground.
Wind conditions at MZS are principally related to air masses
flowing from the plateau west of the bay, as katabatic winds,
through the Reeves and/or Priestley glacier valleys into the
Nansen Ice Sheet (Frezzotti, 1998). Wind speed at the surface
shows an average value of 6.4 m s−1, rapidly increasing until it
reaches a relative maximum at ∼0.4 km; then its value becomes
constant up to 1.5 km where it starts to monotonically increase
up to 6 km. Finally, wind direction at the surface is on average
218°, but within the first km, the wind vector turns toward 180°
and then returns to a value near 200° between 1 and 1.5 km.
Above, it follows a monotonic veering toward 140°, probably
due to thermal wind shear.

Figure 2c also shows both (upper panel) the LPMOASI raw
spectra sampled during the precipitation events (ZMRR >−5 dBz)
cumulative over the particle fall velocities and diameters bins, as
defined by the disdrometer original output data matrix, and
(lower panel) the distribution of the median diameters (D0) calcu-
lated as Brandes and others (2007).

Within the errors affecting such types of optical instrumenta-
tion (see Section3.2), diameters of detected particles range from
0.16 to ∼5 mm. About 90% of particles show a diameter <1
mm, with a D0 primary peak at 0.7 mm; but ∼10% are between
1 and 3 mm, connected to the D0 secondary peak at 2.2 mm.
Fall velocities spread between 0 and ∼7 m s−1 but, as expected
for SF precipitation, the most populated bins show a fall velocity
with a marked tendency ∼1–3 m s−1 (Locatelli and Hobbs, 1974).
Moreover, particles with fall velocity between 0 and 3 m s−1 occur
∼1 order of magnitude more often than those with fall velocity
between 3 and 11 m s−1 (note the logarithmic scale in Fig. 2c).
The disdrometer measurements can be influenced by wind
speed. In total, 50–70% of the particles populating bins with fall
velocities lower than 3 m s−1 are related to cases with WS < 7m

s−1. On the other hand, most particles in bins with highest fall vel-
ocities (>3 m s−1) are connected to wind speeds >7 m s−1 (not
shown). This aspect is particularly evident for particles with
small diameters which occur from 70 to 80% of the cases when
WS > 11 m s−1 and only from 10 to 30% when WS < 7 m s−1

(not shown). As highlighted in Sections 3.1 and 3.2, disdrometer
measurements in high wind speed regime, especially during solid
precipitation events, should be considered, at least, with caution.
The calculation of our Ze–SFRATE relationship in the next
Section is based on the selected datasets Ω calculated with a
WS threshold of 7 m s−1 but the variability of A and B parameter
is explored when the threshold in WS is relaxed.

4.2 Ze–SFRATE relationship and related precipitated quantities

Figure 4 reports the Zem as a function of SFmRATE for the selected
datasets Ω based on LPMOASI measurements with one sample
every 5 min for all of the four summer seasons we consider (see
Section 3.1). The regression procedure applied to the whole
Ω dataset produces the relation Ze = 54 · SF1.15RATE (n = 3816,
R2 = 0.7). The 95% confidence parameter intervals range from
51 to 56 and from 1.13 to 1.17 for A and B, respectively
(Table 1). Calculated values of A based only on single-campaign
subsample Ω datasets highlight large variation with respect to
the value calculated with the entire datasets (+9, +27, −18 and
+10% for 2015–16, 2016–17, 2017–18 and 2018–19, respectively).
Conversely, the variability of B is less pronounced and has varia-
tions of +5, +10, −7 and +3% for 2015–16, 2016–17, 2017–18 and
2018–19, respectively. Standard errors in A and B are relatively
small when using the whole datasets but they are more than
doubled when using only single campaign datasets. Comparing
the LPMOASI 1 min dataset with the set with only one sample
every 5 min, for the last two campaigns, do not change the results
in A and B (+5% and +1%, respectively, Table 1).

In the literature, many relationships relating radar reflectivity
and precipitation parameters are found but few of them are
based on 24 GHz radar measurements collected during solid pre-
cipitation events and obtained specifically for Antarctic sites.
Results of this study are in line with Matrosov (2007) who sug-
gested average values of 56 and 1.2 for A and B, respectively,
based on modeling using in situ data and theoretical
considerations for dry SF conditions and Ka band radar frequen-
cies. A relationship with similar prefactor (A = 76), comparable
estimated errors, but some differences in exponent parameter
(B = 0.91) has been found for the DDU Antarctic site (Grazioli

Fig. 4. Plot of precipitation rate (SFmRATE) and radar reflectivity (Zem) calculated from
LPMOASI disdrometer datasets (one sample every 5 min, see Section 3.1) for 2015–16,
2016–17, 2017–18, 2018–19 seasons (green, red, aquamarine and violet points,
respectively), and their related std dev. (vertical and horizontal black lines, respect-
ively). Black, green, red aquamarine and violet represent Ze–SFRATE relationships
obtained from LPMOASI for all four seasons, 2015–16, 2016–17, 2017–18, 2018–19 sea-
son, respectively. Orange line highlights the Ze–SFRATE calculated with the 5 min aver-
age of MRR Radar reflectivity at 300 m and TRwS snow gauge measurements.

Table 1. Values of prefactor (A) and exponent (B) of the relationship Ze–SFRATE
(Ze = A · SFBRATE) for each dataset and period described in the text

Type Campaign A B

Confidence
interval
5–95%

A

Confidence
interval
5–95%

B N R2

MRR-LPMOASI 2015–2019 54 1.15 51.0–56.0 1.13–1.17 3816 0.72
MRR-LPMOASI 2015–2016 58.2 1.21 49.0–68.0 1.14–1.28 519 0.68
MRR-LPMOASI 2016–2017 68.6 1.27 61.0–76.0 1.22–1.31 660 0.79
MRR-LPMOASI 2017–2018 44.2 1.07 40.0–48.0 1.03–1.10 1658 0.64
MRR-LPMOASI 2018–2019 59.0 1.19 54.0–64.0 1.15–1.22 979 0.79
MRR-LPMOASI

(1min data)
2017–2019 53.0 1.12 50–56 1.09–1.14 2751 0.70

MRR-LPMOASI

(1min data)
2017–2018 46.3 1.06 42–51 1.03–1.10 1715 0.62

MRR-LPMOASI

(1min data)
2018–2019 62.4 1.18 57–67 1.15–1.21 1036 0.81

MRR-TRwS 2018–2019 65.4 1.20 60–71 1.14–1.26 670 0.49

Confidence interval (5–95%) for the calculated A and B parameters, R2 coefficient and
number of measurements related to the linear regression are shown in the other columns.
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and others, 2017a). On the other hand, Souverijns and others
(2017) proposed a relationship for the Antarctic PE site, based
on a complex bootstrap method, with A equal to 18, ranging
from 11 to 43, and B equal to 1.10 ranging from 0.97 to 1.17.

Figure 5 shows the accumulated precipitation during each
summer campaign calculated with Eqn (5) applied to ZMRR

(SFMRR). The datasets suggest a mean summer accumulated
precipitation of 55.3 mm w.e. During 2018–19, 2015–16 and
2017–18, SF reached ∼45 mm w.e. (44, 46 and 53 mm w.e.,
respectively), whereas, during 2016–2017, the cumulative SFMRR

is 85 mm w.e., but a single very large, unmatched event lasting
for 3 d in January alone contributed ∼40 mm w.e. Cumulative
SFMRR calculated with the Ze–SFRATE relationship from each cam-
paign dataset shows a variability of ∼10% with respect to the one
calculated with the entire datasets (not shown). No large differ-
ences are observed between cumulative values obtained with
Ze–SFRATE relationship based on 1min and 5min sampling fre-
quency LPMOASI datasets during the 2017–18 and 2018–19 cam-
paigns (Table 2).

Uncertainties in accumulated values are calculated by adding
error connected to terms in Eqn (5) and variability obtained
from the sensitivity analysis, based on a 20% increase/decrease
in velocity/diameter of the disdrometer data matrix reference
bin values. Values vary from ∼±28–29% (2016–17, 2017–18) to
±35–40% (2018–19, 2015–16) and are principally related to the
variability of Ze measured by MRR, more than to other uncertain-
ties. In particular, the sensitivity analysis shows that the calculated
SFMRR seems much more sensitive to particle fall velocity than to
diameter variability. A slight difference of ±1% in SFMRR values is
associated with diameter bin value variation (not shown). On the
other hand, varying particle fall speed brings ∼±8 to ±12%
variation in SFMRR values, depending on the campaigns.

Sensitivity of regression procedure to the wind speed threshold
within the selection of Zem and SFmRATE ensemble (see Section 3.1)
has also been tested. Increase in threshold value to 9, 11, 15 and
20 m s−1 causes a small decrease only in the A parameter (−3, −7,
−12 and −17%, respectively), with no variation in the B param-
eter and only a small increase of cumulative SF from +2 to
+9%, respectively (not shown). Indeed, no variation in regression
result is apparent using aspect ratio values of 0.4 and 0.8 (see
Section 3.1).

Figure 5 also reports accumulated precipitation measured by
the TRwS snow gauge over the period of co-located

Fig. 5. Time series of accumulated precipitation quan-
tities for the summer campaigns 2015–16, 2016–17,
2017–18 and 2018–19 (a–d, respectively). SF from the
MRR reflectivity calculated with Ze–SFRATE relationship
obtained in this paper (see Section 4), highlighted in
black line with light gray filled contour representing
the associated error. Uncertainties in accumulated
values are calculated by adding error propagation in
Eqn (5) and variability obtained from the sensitivity ana-
lysis, based on the increase/decrease by 20% of velocity/
diameter disdrometer data matrix reference bin values.
SF from the MRR reflectivity calculated with Ze–SFRATE
relationships defined in Souverijns and others (2017)
and Grazioli and others (2017a) are shown in yellow
and orange, respectively; whereas the SF calculated
from the TRwS snow gauge corrected for false positive,
without the 3–5 December 2018 event (see Section 5), is
in light blue. Accumulated total precipitation (TP) from
ECMWF Operational (OP), ERA5, ERA Interim (ERAin)
and AMPS are shown in red, green blue and violet
solid lines, respectively. Vertical bars at the right side
and in the same colors represent their associated errors
at the last point. Blue dotted line is the ERAin accumu-
lated value only for the snowfall field.

Table 2. Total precipitation (mm w.e.) accumulated in each campaign
calculated with different Ze–SFRATE relationships or obtained by reanalysis
and model forecast

Type

Total accumulated precipitation (mm w.e.)

2015–2016
12

December
31 January

2016–2017
1 November
31 January

2017–2018
1 November
31 January

2018–2019
1 November
31 January

MRR-LPMOASI 42 (58–25) 85 (109–62) 44 (57–31) 50 (68–33)
MRR-LPMOASI (1min
data)

\ \ 43 (56–30) 50 (68–33)

MRR-TRwS \ \ \ 44 (59–28)
Souverijns (2017) 114 (221–51) 240 (446–109) 116 (189–46) 137 (249–61)
Grazioli (2017a) 38 (45–35) 59 (73–47) 23 (36–16) 34 (45–27)
ERA Interim 76 (101–51) 78 (101–54) 77 (104–50) 81 (109–52)
ERA5 81 (95–62) 106 (121–90) 71 (85–57) 106 (128–83)
Operational 86 (105–66) 105(128–82) 80 (99–62) 87 (111–63)
AMPS 53 (57–49) 54 (57–50) 40 (44–37) 42 (45–38)

Values inside the brackets represent the variability range of the data (as described in the
text).
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measurements (1 December 2018–30 January 2019) with MRR.
Raw TRwS precipitation data show a total accumulation of 93
mm w.e. Correction for false SF events, essentially connected to
wind effects during non-snowy periods, erases ∼67% of the
total, with a final cumulative value of 31 mm w.e. Regardless of
the absolute value, there is a general agreement between the
TRwS and MRR measurements: the contingency tables on both
hourly (not shown) and daily bases (Table 3) highlight that more
than 95% of the time the MRR records are in accordance with
the TRwS.

4.3 Precipitation quantities at MZS from reanalysis product
and model forecasts

Figure 5 shows the ECMWF (ERAin, ERA5 and OP) and AMPS
accumulated TP time series. Comparison between values of esti-
mated SFMRR and the ECMWF TP shows large overestimation
in accumulated quantities, +52, +72 and +71% (ERAin, ERA5
and OP, respectively) over the four campaigns. The OP forecasts
highlight the larger overestimations in all campaigns (+93, +25,
+61 and +74% for 2015–16, 2016–17, 2017–18 and 2018–19,
respectively – Table 2) followed by ERA5 (+92, +25, +61 and
+112%) and ERAin (+81, −9, +75 and +62%). Only for the
2016–2017, the ECMWF products more closely resemble the SF
accumulated values computed from MRR measurements but, as
mentioned above, the observed differences are principally due
to the aforementioned huge event in January 2017, not well repre-
sented in the analysis. On the other hand, the AMPS accumulated
TP shows a restrained underestimation of ∼−8% averaged over
the four campaigns (+26, −47, −10 and −16% for 2015–16,
2016–17, 2017–18 and 2018–19 – Table 2) with respect to the
MRR. During the YOPP intensive observation period in 2018–
2019, the radiosounding launches, assimilated to produce analysis
and reanalysis, were enhanced (from two to three launches per
day at synoptical hours 00.00, 06.00 and 12.00 UTC). However,
it does not seem that a clear improvement in SF quantity forecast
was achieved. Indeed, the mean biases compared to the MRR are
+0.4, +0.6, +0.3 and −0.09 mm w.e. for ERAin, ERA5, OP and
AMPS, respectively, in line with the other three periods under
examination.

A large spatial variability in TP values is also apparent in all
ECMWF products when considering the four nearest grid points
around MZS. This causes a large std dev. in the TP average over
the four grid points enclosing the site, up to 20% on average using
OP and ERA5 (17 and 23%, respectively) and 33% with ERAin,
mostly due to the better horizontal resolution (see Section 5.4)
of the former (0.125° × 0.125° and 0.25° × 0.25°, respectively)

compared to the latter (0.75° × 0.75°). For the same reason, the
AMPS dataset, based on a finest horizontal grid resolution (1 ×
1 km), highlights a very small std dev. (8%) between the four
points enclosing MZS.

Some discrepancy between products is also apparent when
accumulated TP were evaluated over similar spatial surfaces.
Products with the finest resolution show, on average, more pre-
cipitation. AMPS, OP and to a lesser extent ERA5 highlight
+30, +20 and +3%, respectively, more than ERAin when their
TP fields were averaged over the ERAin coarser mesh grid closer
to MZS (Fig. 1). This surplus is particularly visible during seasons
with high cumulative precipitation (2015–16 and 2017–18),
whereas during the other studied seasons, differences are highly
reduced (not shown).

On a daily basis, ERA5 and OP are more able than AMPS and
ERAin to correctly reproduce the general timing of a precipitation
event. Contingency table (Table 3) highlights that ERA5 and OP
are ∼70% of the time in accordance with observations whereas
AMPS and ERAin show less agreement (65 and 55%, respect-
ively). However, all the considered reanalysis and model forecasts
overestimate precipitation event numbers. On average, for ∼50%
of the period under consideration an event is forecast, whereas
the MRR observes SF only for 8% of the time. Similar behaviors
appear at various time scales (hourly for ERA5 and OP and
3-hourly for ERAin, not shown), whereas no hourly statistics
were computed for AMPS because only daily forecasts are avail-
able. During the 2015–2016 campaign, all models show the largest
differences compared to observations, even though this campaign
is characterized by a lower SF data availability (not shown).

4.4 Air masses: main path during SF events

Figure 6 shows areas preferentially overflown by air mass 1 d
back-trajectories (TJ), ending hourly at 3000 m above MZS during
the four campaigns. The choice is related to the MRR reflectivity
profiles highlighting increases above sensitivity threshold due to
particles falling at that altitude more than 30% of the time
(Fig. 3a).

Color shading shows that most of TJs lie in the region between
the Drygalski Ice Tongue and Mount Melbourne extending east-
erly over the Ross Sea, far southerly toward the Ross Ice Shelf and
westerly along the plateau escarpment. The latter represents the
main route of air masses that reach the site. In Figure 6, the results
of the cluster analysis, applied only to ∼1300 TJs relative to SF
events estimated by models, are also shown with five main
paths (CL1–CL5) in evidence. CL1 represents 9% of the total TJ
selected, coming from the Sea area facing MZS but intruding

Table 3. Comparison between observations and ECMWF Operational (OP), ERA5 and ERA Interim (ERAin) and AMPS forecast products on a daily basis and for
different time periods and MRR snowfall event quantity

Total Statistics
Contingency

table

N O mm w.e. M mm w.e. DIFF (%) MBE mm w.e. MAE mm w.e. RMSE mm w.e. Yes/Yes (%)
Yes/No
(%)

No/Yes
(%) No/No (%)

MRR-TRwS 2018–2019 63 30 48 37 −0.29 0.36 1.03 42.9 1.6 0.0 55.6
MRR-TRwS 2018–2019 57 23 32 15 −0.15 0.22 0.57 43.9 1.8 0.0 54.4

OP-MRR 2015–2019 328 221 359 79 0.42 0.65 1.69 39.63 0.3 28.9 31.1
ERA5-MRR 364 82 0.43 0.64 1.68 43.96 0.3 29.5 29.6
ERAin-MRR 312 62 0.27 0.66 1.84 39.9 0.0 43.9 16.2
AMPS-MRR 189 69 −0.09 0.51 1.59 39.3 0.6 33.8 26.2

Columns represents: number of days considered (N ); cumulative SF observed by MRR (O, mm w.e.); cumulative TP forecasted by model (M, mm w.e.); differences between MRR and models
(DIFF, %); Mean Bias Error between MRR and models (MBE, mm w.e.); Mean Absolute Error between MRR and models (MAE, mm w.e.); Root Mean Square Error between MRR and models
(RMSE, mm w.e.). Last four columns show the contingency table between observations and model outputs. In the first two rows, MRR is considered model (M ) and TRwS snow gauge the
Observation (O). The second row considers the same period of the first one but with the 3–5 December 2018 event disregarded.
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over the continent more northerly or southerly from the site and
reaching it from the plateau, following the Priestley and Reeves
glaciers. CL2 encloses TJs (11% of the total), associated with
very small SF, that lies over the continent and reaches the site
toward the plateau escarpment. CL3 depicts all TJs (31% of the
total) that directly arrive at the site, from the eastern part of
the Ross Ice Shelf or from the southern Ross Sea, at the edge of
the Ross Ice Shelf. CL4 highlights TJs coming from Indian/
Pacific Oceans that intrude over Northern Victoria Land and
reach the site from the plateau (11% of the total). Finally, CL5
represents the TJs, which mostly follow the Transantarctic
Mountains and are channeled just south of the Drygalski Ice
Tongue and Inexpressible Island, reaching MZS from the east

(38% of the total). The same cluster classification implemented
for TJs at 3000 m, but applied to the TJs ending at a lower altitude
(1000, 1500 and 2000 m) above MZS (not shown), reveal that TJs
are comprised at a higher latitude and generally come from Ross
Sea/Ice Shelf to the detriment of those coming from the Southern
Ocean. Finally, TJs ending at 500 m above the site show that all of
the TJs fly from the south toward MZS, following the coastal line.

5. Discussion

5.1 SF comparison with snow gauge and other Ze–SF
relationships

Using a Ze–SFRATE relationship that is not optimized for the site
can cause large biases in cumulative SFMRR. Precipitation amounts
calculated by means of applying the two most recent relationships
described in Souverijns and others (2017) and Grazioli and others
(2017a) for PE and DDU sites, respectively, highlight large biases
with respect to SFMRR. More than triple the accumulation has
been obtained by applying averaged values of the A and B para-
meters reported in Souverijns and others (2017) to 1 min ZMRR

data. However, the large variability in parameters claimed by
those authors profoundly affects the results. In particular, less
pronounced differences (∼+25%, not shown) are obtained
using, as pre-factor A, the upper bound proposed by the authors,
according to the fact that the coastal site conditions, associated
with larger particles, are better reproduced by using a larger A
parameter. Conversely, when SFMRR are calculated from 1 h
ZMRR data as in Grazioli and others (2017a) for DDU, differences
are less pronounced compared to the one based on Souverijns and
others (2017), even if an underestimation is still persistent for all
the selected campaigns (∼−30%). This is partly due to the more
similar precipitation conditions for two coastal sites (MZS and
DDU) compared to a site such as PE located at the edge of the
plateau escarpment, 150 km away from the coast.

At the end of the collocated measurement period (1 December
2018–1 February 2019), the total accumulated values of SFMRR are
too high compared to a value for TRwS that is corrected only for
false positive (∼49 and ∼31 mm w.e., respectively) with ∼+37% in
favor of SFMRR cumulus (Table 3), even taking into account the
error associated with the calculation of SFMRR. On a daily basis,
the Mean Bias Error (MBE), the Mean Absolute Error (MAE)
and the Root Mean Square Error (RMSE) are −0.29, 0.36 and
1.03 mm w.e., respectively, between SFMRR and TRwS data.
Indeed, almost half of the observed differences are connected to
the SF event that occurred 3–5 December 2018 when
TRwS caught only part of the event (due to high wind speed, >
15 m s−1). If this event is disregarded in making the analysis,
the accumulated values decrease to 32 and 24 mm w.e., respect-
ively, with the mean difference decreased to 25%, as MBE,
MAE and RMSE statistics on a daily basis. Measurements made
by weighing pluviometer can be used to validate the Ze–SFRATE
relationship calculated from LPMOASI disdrometer data. For the
season 2018–2019, the Ze–SFRATE relationship can be evaluated
using directly the 5 min average ZMRR and TRwS SF data
(Fig. 4), as in Grazioli and others (2017a). The obtained value
of the B parameter is comparable with the one calculated with
the regression procedure based on LPMOASI data, whereas the
A parameter highlights some small discrepancies inside the
evaluated parameter errors (Table 1). Indeed, the cumulative
SFMRR calculated for the 2018–2019 campaign using the
Ze–SFRATE relationship based on TRwS data (44 mm w.e.) high-
lights lower value (−12%, Table 2) with respect to the one calcu-
lated with the relationship based on disdrometer data.

If the correction for snow catch biases as functions of wind
speed and temperature (Kochendorfer and others, 2017) is

Fig. 6. The main pattern of 1 d back-trajectories ending at 3000 m over Mario
Zucchelli Station. (a) The number of back-trajectories transited over each lon-lat
box of 0.5° × 0.25°, during the whole period (computed hourly from 6 November to
31 January, during 2015–16, 2016–17, 2017–18 and 2018–19 summer campaigns) is
reported in a blue color scale. The map is expressed in percent with respect to the
number of total back-trajectories considered. Overlying, the mean trajectories, repre-
sentative of each cluster obtained in the analysis, are reported in different colors.
Cluster analysis is applied only to trajectories at 3000 m (solid lines) and 500 m
(dashed lines) associated with snowfall events at the site (SF>0). The width of the tra-
jectories line represents the percentage of the snowfall related to each cluster. (b)
The mean specific humidity (g kg−1) along the trajectory is reported, for each cluster.
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applied to TRwS data, difference changes sign in favor of TRwS
(+3 mm w.e.) over the whole period of collocated measurements
and it is even increased to +5.3 mm w.e. if the 3–5 December
2018 event is disregarded. With such changes, the recalculation
of Ze–SFRATE relationship using TRwS data and MRR brings a
more accentuated discrepancy with the one calculated with disd-
rometer data. A decrease of −23 and −5% in A and B, respect-
ively, is highlighted; but the cumulative SF at the end of the
season (63 mm w.e.) shows a restrained difference of +26% with
respect to SFMRR, still within considered relationships errors.
However, care should be taken in considering this correction
because multi-site transfer function development is at an early
stage of development, based only on few data obtained at few
sites where validated precipitation references are available
(Kochendorfer and others, 2017); further, it is still not possible
to take into account all the specific site climate characteristics
where the relation is applied, not to mention instrumental issues.

5.2 Synoptic moisture transport during precipitation events

Precipitation events occurring in the area of TNB are mainly dri-
ven by southward warm-air advection provided by the synoptic
low-pressure centers that travel over the Ross Sea/Ross Ice Shelf
and mesocyclones generally forming at the edge of the Ross Ice
Shelf and moving northward or facing TNB, thanks to local inter-
action between the cold katabatic flow and the warmer synoptic
environments over the Ross Sea (Carrasco and others, 2003;
Sinclair and others, 2010). Air mass TJs for the considered pre-
cipitation events arriving at 3000 m above MZS confirm the
importance of cluster CL3 which comprises more than 50% of
the TP. The associated TJs come from the western Ross Sea,
and they bring air of higher absolute humidity (Fig. 6b) and
flow at lower altitude over the ice-free sea water for most of
their path. Moreover, they undergo the most evident orographi-
cally induced updraft during the final hours of transport and con-
sequently bring more precipitation to the site than other CLs with
respect to CL1, CL2 and CL5 (not shown). Similar characteristics
of thermodynamics and altitude are apparent in CL4 related to
TJs lower latitude provenance but the small numbers of TJs in
the cluster (11% of the total) and the few related SF (14%) prob-
ably indicate that the cluster has less importance for the site. The
Ross Sea represents an important moisture source for all of
Victoria Land, especially during the summer period. On the
other hand, during winter months mesocyclones moving around
Victoria Land show a not well-defined cloud signature connected
to a lack of moisture due to the Ross Ice Shelf and the presence of
sea ice inhibiting cloud formation (Carrasco and others, 2003).
McCarthy Ridge is a drilling site between the Eisenhower Range
and the Nansen Ice Sheet, 40 km from MZS (Fig. 1). The annual
average accumulation at the site is 260 kg m−2 a−1 with a variabil-
ity of 130–426 kg m−2 a−1. Seasonal trends of isotopes and chem-
ical species at the site confirm the contribution of summer
precipitation to SMB of the area (Stenni and others, 2000).
Scarchilli and others (2011) showed that Victoria Land coastal
received SF atypically with respect to other Antarctica areas in
terms of pathway (eastern instead of western), seasonality (sum-
mer instead of winter) and velocity (old air age). Their analysis
highlighted that the Ross Sea is the provenance area of most of
the air mass back-trajectories related to SF during late fall and
summer at Taylor and Talos Dome drilling sites; Taylor Dome
being located close to the edge of the Ross Ice Shelf and Talos
Dome on the plateau in Northern Victoria Land (Fig. 1). For
the same sites, Mezgec and others (2017) highlighted the import-
ance of latent-heat polynyas in loadings of air masses through
their path over the Ross Sea toward the site. Indeed, during mid-
dle December through the end of January, the Ross Sea is free of

sea ice in most areas, whereas during the early summer period
(October–November) there are polynyas in Ross Sea and TNB,
and therefore extensive ice-free areas in those places. Moreover,
Sinclair and others (2013) demonstrated that large summer SF
events at Whitehall Glacier in the western Ross Sea are associated
with cyclonic flow around the margin of the Ross Sea and suggest
that air mass intrusions from West Antarctica may affect stable
isotope ratios measured in the ice core drilled at the site.

5.3 Interaction between precipitation and local flow

When moisture is transported to the region above the site, the
thermodynamic conditions along the profile above MZS promote
precipitation formed by small aggregates or single crystals. During
events, profile temperature between 1 and 3 km a.s.l. ranges
between −10 and −25 °C and supersaturation with respect to
ice larger than 0.15 g m−3 occur, representing the most favorable
conditions for dendrite and stellar sectored plate crystal habit
growth (Bailey and Hallett, 2009). This is in good accordance
with visual observation and disdrometer at the surface that report
few cases of snow/ice grains but rather mostly SF with maximum
median particle diameters of a few mm (Fig. 2). Moreover, a gen-
eral increase of radar reflectivity between 1.5 and 2 km a.s.l.
(Fig. 3b) suggests an increase in hydrometeor concentration or
size, probably due to aggregation, vapor deposition or riming.
No remote-sensing instrumentation at ground level was available
to detect liquid phase during any of the four campaigns. However,
the presence of water in liquid phase influencing the growth of
particles cannot be excluded, in accordance with various authors
who report the extensive presence of supercooled liquid particles
over the Ross Sea area, especially during summer and autumn
(Scott and Lubin, 2014; Listowski and others, 2019). At least
10% of the radiosounding launched during concomitant precipi-
tation events show that there is a saturated layer with respect to
water (RHw≥ 100%) mostly comprised between 500 and 2000
m above the surface where temperature is always between 0 and
−20 °C (Fig. 7a). Moreover, a certain degree of riming along the

Fig. 7. (a) Number of events (%) for relative humidity with respect to water (RHw)
≥100% for each profile height levels as measured by radiosounding launched during
precipitation events. (b) Median, 10 and 90 percentile values profile (red thick and
orange dotted lines, respectively) of riming index calculated as Mosimann (1995)
using mean fall velocity (W ) sampled by MRR radar during the co-located radio-
sounding launches used in (a). Scale values on x-axis represent the degree of riming
(1 = lightly rimed, 2 = moderately rimed, 3 = densely rimed, 4 = heavily rimed and 5 =
graupel).
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profiles can be inferred from a qualitative index based on the
Radar W measurements (Mosimann, 1995). The method high-
lights a large range of conditions with a median value of ∼2 sug-
gesting moderate riming. Also, at the 90th percentile, the index
assumes the value of ∼3, implying profiles with densely rimed
particles especially in the lowermost part of the radar profiles
where the presence of a layer saturated with respect to water is
maxima (Fig. 7b).

At the surface in summer, the area around MZS is character-
ized by wind, generally coming from 240° to 300° with two rela-
tive maxima at 270° and 300° (Fig. 8a) connected to the two
principal katabatic drainage flows toward the sea, respectively,
through the Reeves and the Priestley glaciers (Argentini and
Mastrantonio, 1994; Frezzotti, 1998). During the approaches of
eddies, air masses are not able to pass the Transantarctic
Mountains, so a barrier wind system is established (Parish and
others, 2006), with mean surface WD flowing mostly parallel to
the local coastline (see clusters for TJ arriving at 500 m above
the site, Fig. 6). Surface winds at MZS turn from 240°–300° to
210°–240° with more than 70% of SFMRR highlighted by MRR
coming from this WD range (Fig. 8a). Shifting of wind vector is
generally apparent at the edge of the plateau with data registered
from the AWS Lucia and showing a change of the WD from east-
ward to north-north/eastward, i.e. from ∼270° to 200°–100°
(Fig. 8b). During precipitation, wind speed can reach up to 20
m s−1 at MZS and 10 m s−1 at Lucia, speeds that are always
lower than the most intense katabatic events that occur in the
area, up to 50 m s−1 at MZS (Fig. 8a). At the surface (up to 1

km), the barrier and the dominant downhill wind paths
seem to interfere with each other. Argentini and Mastrantonio
(1994) and Argentini and others (1995) highlighted that the inter-
action between the two flows driven by the complex orography is
characteristic of the area during the summer season. Figures 8c–e
show MRR variable profiles (Ze, W and SpW) averaged with
respect to 10° bins of Eneide WD. When the effect of katabatic
wind is lower, the flow generally comes between 180° and 240°.

The W and the Ze start to increase at a higher level with max-
imum values at the lowest height detectable by MRR (Figs 8c, d).
This reflects the presence, on average, of larger and faster hydro-
meteors reaching the ground (Figs 8c, d). Similar conditions in W
and Ze are also reported for the DDU site in some particular cases
(Duràn-Alarcòn and others, 2019). On the other hand, when
katabatic flow is stronger, WD comes from 210°–270°; the flow
is then more turbulent (Parish and others, 1993) with an increase
in the sampled spectral width and decrease in concentration
(Fig. 8e). In this environment, particle sublimation increases,
with a decrease in Ze and particle diameter at the lowest level
(Fig. 8b). A sublimation effect is apparent in mean radiosounding
profiles launched during SF events (Fig. 3b) where the RHi mean
profile shows a strong decrease in the last 1000–1500 m before
ground. The connection between sublimation and WD is even
more evident if the RHi profiles are averaged as a function of
three different surface WD bins (5, 30 and 9 profiles used for
180°–210°, 210°–240° and 240°–270° WD bins, respectively)
with a sub-saturated layer enhanced in the first 1000 m above
the ground for cases with WD at the surface tending toward

Fig. 8. SF and various MRR product profiles with respect to wind direction (WD). (a) Gray points represent all the AWS Eneide measurements of wind speed (WS, m
s−1) plotted with respect to WD (deg); green dots correspond to precipitation events highlighted by MRR (ZMRR>−5 dB). Black line represents the quantity of pre-
cipitation calculated with relationship using MRR radar reflectivity measured at 300 m (SFMRR), accumulated within each WD bin of 10° width, with respect to total
accumulated SFMRR (%). Dots in color refer to the corresponding values for 180°–210° (yellow), 210°–240° (red) and 240°–270° (brown) as in (f, g). (b) As in (a), but
referred to the AWS Lucia. (c) Contour plot of the median profiles of radar reflectivity sampled by MRR (Ze, dBz) within each Eneide WD bin. Average median diam-
eter (D0) and its std dev. for each LPMOASI spectrum within each Eneide WD bin (thick and dotted line, respectively). (d) Contour plot of the mean Doppler velocity
profiles sampled by MRR (W, m s−1) and averaged for each Eneide WD bin. Average total number of particles and its std dev. detected by LPMOASI data within each
Eneide WD bin (thick and dotted line, respectively). (e) Contour plot of the mean spectral width profiles sampled by MRR (SpW) averaged within each Eneide WD
bin. (f) Median profiles of radar reflectivity sampled by MRR within the Eneide WD bins (190°–210°, 210°–240° and 240°–270°) marked with yellow, red and brown as
in (a). Dotted lines represent 10–90 percentiles for each median. (g) As in (f), but referred to median relative humidity with respect to ice (RHi, %) profiles from
radiosounding averaged in the function of 190°–210°, 210°–240° and 240°–270° WD bins (yellow, orange and brown lines, respectively).
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270° and limited to those with WD tending toward 150° (Fig. 8g).
Grazioli and others (2017b) describe the sublimation effect on
falling snow particles when they precipitate within a katabatic
flow at DDU. Calculated total SF profiles at MZS show similar
behaviors to DDU, however influence of sublimation is lower.
Mass loss can be estimated as ∼9% of the total SF precipitated
during the four summers from the decrease between the max-
imum SF at 500 m and the reference value at 300 m above the
ground. A similar result was previously reported by Souverijns
and others (2018) using Ze sampled by the same MRR but for
a different period and converted to SF with a different Ze–SF rela-
tionship. Our findings are also in agreement with the results of
Agosta and others (2019), based on the analysis of the MAR
model outputs initialized with a very high-resolution orography
description (∼5 km), who proposed a light influence of sublim-
ation over SF profiles in the TNB area. Cumulative SF profiles
associated with direction bins between 180° and 240°, bringing
the most part of SF amount, show that the more the wind shifts
toward a southerly source direction, the less the sublimation effect
is visible in the lower layers above the ground (Fig. 8g) even if a
slight decrease in Ze is apparent for all WD ranges.

At higher levels above MZS, air masses from the ocean are
sometimes able to move inland over the steeply sloped coastal ter-
rain, rising altitudinally as they progress and intruding warm air
masses toward the plateau. The change in air mass direction is
evident in the average WD profile from radiosonde, as the air
masses veer toward 180° in the first 1500 m above ground
(Fig. 2b). A decrease of the MRR mean Doppler velocity profile
is apparent between 1 and 2 km of altitude probably due to verti-
cal turbulent effect generated by this vertical wind vector shift.
Decrease in W is apparent in almost all of the WD spectrum
but enhanced for WD coming from the sea (90°<WD<200°,
Fig. 8c). When air intrusion is sufficiently strong to allow the
air masses to reach the plateau, WD at AWS Lucia shows an
additional variation (0–90°) with respect to the prevalent WD
(100°–200°) associated to precipitation events (green dots,
Fig. 8b) and the mean W profiles, as a function of the WD at
Lucia, also highlight a large decrease between 1 and 1.5 km
above MZS (not shown).

5.4 Performance of reanalysis and model forecast

Precipitation from reanalysis and model forecast depends only on
model characteristics because the scheme is not constrained by
observations. In particular, the microphysics scheme and the spa-
tial horizontal resolution play a fundamental role in SF forecast.
Surprisingly, the older reanalysis ERAin still seems to better
reproduce the TP quantities at MZS than the newer reanalysis
and the OP, when taking into account comparison with one
point data. On a daily basis, the MBE with respect to the
SFMRR is lower for ERAin (0.24 mm w.e.) than the other two pro-
ducts (0.39 mm w.e. for ERA5 and 0.38 mm w.e. for OP), even if
all the ECMWF products show the analogous frequency distribu-
tion of error magnitudes with very similar RMSE (between 1.7
and 1.9 mm w.e.). The complex orography of the TNB area is
not clearly resolved by the low horizontal spatial resolution
(∼80 km; Fig. 1a). Moreover, the ERAin cloud scheme is based
on the ‘Tiedtke’ scheme (Tiedtke, 1993) with only three
moisture-related prognostic variables, and, more important, on
the parameterization for the precipitation phase and quantity,
which are in ERAin diagnostic variables. ERAin outputs show
that 10–12% of total estimated precipitation is liquid. This issue
is apparent for the entire Antarctic continent but is most promin-
ent in the coastal areas because in ERAin, when mixed precipita-
tion occurs, the liquid fraction of precipitation is taken into
account in the liquid variable (Palerme and others, 2017a).
Dividing SF into various classes on a daily basis, Figure 9 high-
lights that ERAin and ERA5 (less for OP) both forecast too
much ‘extremely light’ SF (<0.02 mm w.e.) with respect to the
MRR. The upper limit of this bin is used, as in Turner and others
(2019), as the threshold for disregarding real precipitation from
spurious signals produced by the reanalysis and model forecast.
ERAin forecasts ‘very light’ precipitation events (<1 mm w.e.)
more frequently than the SFMRR (+3–4%) while the number of
events classified as ‘light’ (1 < SF < 5 mm w.e.) and ‘heavy’ (SF >
5 mm w.e.) precipitations is lower (−10 and −4%, respectively).
This feature has been previously noted by Grazioli and others
(2017a) for DDU and Souverijns and others (2018) for MZS,
where an excessive number of low-intensity precipitation events
appeared in the ERAin time series. Moreover, at DDU, the over-
estimation of occurrence partly compensates for the underestima-
tion of the most intense SF events (Grazioli and others, 2017a).
This is true also for MZS where, for heavier SF (>5 mm w.e.),
the differences in absolute quantities are ∼−25% and partly coun-
teract the +288 and +66% for the ‘very light’ and ‘light’ precipita-
tion bins.

On the other hand, the OP and ERA5 have a narrower grid
(∼10 and ∼31 km, respectively; Fig. 1a). Their cloud scheme is
based on a more complex set of six moisture-related prognostic
variables (Forbes and others, 2003; 2011) where precipitation
quantities are explicitly calculated with assumptions about the
particle size distribution, mass–diameter and mass–terminal vel-
ocity relationships. The improvements applied to the horizontal
resolution and cloud scheme should make new product more reli-
able than ERAin; overall Vignon and others (2019a) showed that
ERA5 better compares with radiosonde data, at MZS and other
Antarctic sites, than the older reanalysis even if significant biases
remain, particularly for the wind speed and relative humidity in
katabatic regions. However, these changes influence the precipita-
tion forecast in a non-straightforward way. ERA5 and OP show
negligible liquid precipitation quantity in contrast with ERAin,
but in accordance with the visual observations done at MZS.
ERA5 and OP still overestimate the number of ‘very light’ SF
(<1 mm w.e.). The changes introduced between ERAin and
ERA5 and OP cause an increase of 3–5% in ‘heavy’ precipitation
events and a decrease of 2–3% in ‘light’ precipitation events

Fig. 9. Comparison between observations and models. Frequency (%, dashed bars)
and quantities (%, filled points) of model total precipitation (TP) cumulated on a
daily basis, grouped for events from 0 to 0.02, 0.02–1, 1–5, >5 mm w.e.; gray, red,
green, blue and orange are referred to MRR, Operational (OP), ERA5, ERA Interim
(ERAin) and AMPS, respectively.
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(SF > 5 and 1 < SF < 5mm w.e., respectively, Fig. 9) with respect to
ERAin. However, despite these modest variations, the newer ver-
sions of the IFS model tend to overestimate precipitated quantities
with respect to MRR over the entire SF spectrum range. The issue
is greatest for SF > 5 mm w.e. in contrast to ERAin. Indeed the
‘heavy’ precipitations assume a much more dominant role
increasing its weight over total accumulated values from ∼45%
in ERAin to more than 65% in ERA5 and OP. However, compari-
son with MRR only for SF > 5 mm w.e. shows that the OP and
ERA5 seem to perform slightly better than ERAin with lower
values of MBE and RMSE. Turner and others (2019) point out
the importance of stronger precipitation events over Antarctica
because they contribute greatly to the annual SF across the
Antarctic continent and are the primary factors in controlling
the interannual variability of accumulation. Moreover, this is par-
ticularly true in the Victoria Land area where the particular oro-
graphic conditions connect the snow accumulation to a few large
SF events (Sinclair and others, 2010; Turner and others, 2019).

AMPS seems to perform better than ECMWF for predicting
total accumulated precipitation (Table 3), probably because of
its finer horizontal resolution. Statistics are superior in the results
from AMPS, with smaller systematic bias (MBE =−0.14 mm w.e.)
and fewer events with a large difference from the observations
(RMSE ∼1.7 mm w.e. – Table 3). As for the new ECMWF pro-
ducts, the polar WRF used in AMPS runs with a microphysics
scheme based on five prognostic variables (WSM, Hong and
others, 2004). Vignon and others (2019b) showed that polar
WRF simulations, based on different state-of-the-art microphys-
ical schemes, for two summertime precipitation events at DDU,
show large discrepancies with respect to observations. Also, for
results from MZS, some differences appear compared to the
observations. Looking at the frequency of SF bins (Fig. 9), it fore-
casts too many events in the ‘extremely light’ SF bin, with a value
more than double that of the ECMWF and MRR and having an
opposite behavior in the ‘very light’ and ‘light’ SF bins with,
probably, a number of events that is too small. AMPS also
underestimates the number of events relative to the MRR for
SF > 5 mm w.e. even if the weight over the total SF quantity is
similar to the observations. In terms of SF quantities, AMPS
produce a small surplus of precipitation for bins in the ranges
0.02 < SF < 5mm w.e., with low positive bias (MBE = 0.02 and
0.14 mm w.e.) and restrained values of RMSE and MAE with
respect to ECMWF products. On the other hand, over the
last bin (SF > 5 mm w.e.), a strong underestimate appears
(MBE =−3.8 mm w.e.) with a decrease in forecast performance
confirmed by a strong increase in MAE and RMSE compared
to the ECMWF and AMPS statistics calculated for SF < 5 mm
(not shown).

Understanding why models do not properly forecast SF is
beyond the scope of the paper, but it is still possible to put
forth a hypothesis and some general statements. AMPS forecasts
SF < 5 mm w.e. better than ECMWF. Most ‘very light’ and ‘light’
SF events are connected to TJs associated with CL5 (not shown),
and the air masses collected over the Ross Ice Shelf are slightly
colder and drier than those flowing toward the steeply sloping
coasts of Victoria Land from western Ross Sea. Along this narrow
and delimited path, the orographic effect induced by the
Transantarctic Mountains on moist air masses is expected to be
better represented in AMPS thanks to its finer spatial grid than
in the lower resolution ECMWF products. On the other hand,
all the models that are considered highlight non-negligible incon-
sistencies in forecasting larger SF events. The issue could be due to
their difficulties in properly forecasting cloud thermodynamic
properties in Antarctic environments. Listowski and
Lachlan-Cope (2017) and Vignon and others (2019b) pointed
out the difficulties of polar WRF, when running with various

parameterization schemes, to give acceptable results in Antarctic
coastal areas. Also, the new ECMWF microphysical scheme still
did not forecast adequately some important characteristics of
clouds, especially at higher latitudes (Forbes and Ahlgrimm,
2014). Consequently, the improvement of microphysical scheme
is a fundamental step in order to increase precipitation prediction
capabilities of meteorological models, especially at high latitude.
New measurements, able to describe processes occurring within
clouds, are vital in order to better understand phenomena and
to validate future parametrizations. In this contest, MZS, with
the instrumentation presented in this paper, could be an import-
ant site because the lower atmosphere characteristics can be con-
sidered to be representative of the coastal area of Victoria Land
and part of the Ross Ice Shelf (see Figure 11 in Vignon and others,
2019a).

6. Summary and conclusions

In the present paper, co-located measurements of a vertically
pointing radar (MRR, Metek), laser disdrometer (LPMOASI,
Thies CLima), weighing snow gauge (TRwS, MPS System), radio-
soundings and AWS, carried out at the Italian Antarctic MZS,
were collected over summer months (November–December–
January) during four Italian Antarctic expeditions (2015–16,
2016–17, 2017–18 and the WMO YOPP Southern Hemisphere
intensive campaign 2018–19). The purpose of these measure-
ments was to quantify the SF on the ground, to evaluate the abil-
ities of various atmospheric reanalysis and to correctly forecast
precipitation quantities, and to better describe interaction
between precipitation and local flow during precipitation events.
Precipitation at the MZS is evaluated using a relationship between
radar reflectivity (Ze) and precipitation rate (SFRATE) calculated
from disdrometer data spectra at the ground and using a paramet-
ric approach, in order to minimize the differences between the
reflectivity measured by radar at 300 m and that one calculated
from disdrometer. The most suitable relationship obtained for
the MZS site is Ze = 54 · SF1.15RATE. Summer mean accumulated
precipitation calculated from the radar reflectivity measurements
through the Ze–SFRATE relation for the four campaigns consid-
ered is 55 mm w.e., with a large variability (40–85 mm w.e.)
that is due to a few huge events that occurred randomly during
the period. Error in amount of precipitation, derived from the
relationship, is high (up to ∼40%), but in line with the results pre-
sented in previous papers based on similar data, and mostly
dependent on the variability in radar reflectivity and on the
inability of the disdrometer to estimate the velocities of real
particles.

For the 2018–2019 summer season, a weighing snow gauge
was installed in order to explore the reliability of the radar-based
SF estimation. The amounts measured and calculated agree within
error. If an additional correction is applied to improve snow catch
bias in the snow gauge experimental data, the differences between
observed and calculated SF can be further minimized. However, it
is not assured that functions developed for and applied to instru-
mental data for other sites with different climatic conditions
would be suitable for this or other Antarctic sites.

SF at the site is related to air masses coming from the Ross Ice
Shelf, flowing parallel to the Victoria Land coasts and from the
western Ross Sea area, with the latter moving mostly at a lower
altitude, with a higher moisture content and on average bringing
more precipitation. Previous papers have demonstrated that snow
particles falling within the subsaturated wind flux are affected by
sublimation, with a consequent decrease of precipitation quan-
tities in the last few hundred meters near the ground. However,
joint analysis of radar products and data from AWS highlight
large variability in sublimation effect as a function of WD pattern.
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At the low level, the main wind flow, coming from the plateau
toward the Reeves/Priestley Glaciers, interacts with the barrier
wind system, established by cyclonic eddy disturbances in the
Ross Sea. Until the katabatic overwhelms the barrier winds, the
wind vector at MZS assumes a direction more easterly (210°–
270°), and the SF particles are sublimated in the turbulent flow.
In contrast, when surface wind flow is more parallel to the
coast (180°–240°), sublimation effect is less pronounced.

Comparison between SF calculated from MRR data and output
from three ECMWF (operational, ERAin and ERA5 Forecast) and
WRF AMPS shows that all the products are able to forecast the
right timing of each SF event measured on a daily basis. None
of the ECMWF products adequately reproduce the total accumu-
lation obtained during the four campaigns: the products make
large overestimations of up to 100% for an individual campaign.

Even if both Operational and ERA5 have a finer spatial reso-
lution and a new cloud scheme with a full single-moment treat-
ment of precipitation species, they show a large departure from
total cumulated precipitation calculated with MRR data (on aver-
age ∼60% for both). On the other hand, the older ECMWF
reanalysis archive (ERAin) still gives better results with lower dif-
ferences. However, ERAin shows a non-negligible liquid phase
component in the accumulated precipitation amount in (∼10%),
which is not present in visual observations, nor present in the
other products. All of the considered ECMWF products overesti-
mate ‘very light’ (0.02 < SF < 1mm w.e.) and ‘light’ precipitation
(1 < SF < 5mm w.e.) but for the ‘heavy’ events (SF > 5 mm w.e.),
Operational and ERA5 show overestimation, with respect to
MRR, where ERAin highlights underestimation. On the other
hand, WRF AMPS forecasts better reproduce the total accumu-
lated precipitation with respect to the ECMWF even if it slightly
underestimates the total cumulus compared to quantities calcu-
lated with the Ze–SFRATE relation. AMPS benefits from its finer
grid resolution in having a good ability to forecast ‘light’ precipi-
tation, although it commonly makes a slight overestimation.
However, AMPS shows a less good ability to forecast intense
events, which it substantially underestimates.

Precipitation is a fundamental element in the hydrological
cycle of the Antarctic continent but at present quantitative mea-
sures are sparse and not representative of all conditions present
on the Antarctic continent. This study is a first step to present
a measurement site and a methodology for quantifying the pre-
cipitation for a rugged, jagged and windy area such as the coast
of the Victoria Land. There is still much effort to be done in
order to project this work in a more wider context. It will be
necessary, firstly to fully understand the peculiar atmospheric
characteristics during precipitative phenomena in the area; sec-
ondly to find out similarities and differences between other
Antarctic regions where similar studies have already been devel-
oped. In this framework, planned future studies will be focused
on the quantification of the annual precipitation (both summer
and winter) with the development of a climatology of the area
based on at least 5 years of data (2015–present) and on the
improvement of the understanding of the real impact of precipi-
tation on the SMB in an area strongly interested by wind-related
post-deposition phenomena.
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