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Abstract The current assessment of the Antarctic surface mass balance mostly relies on reanalysis
products or climate model simulations. However, little is known about the ability of models to reliably
represent the microphysical processes governing the precipitation. This study makes use of recent
ground-based precipitation measurements at Dumont d'Urville station in Adélie Land to evaluate the
representation of the precipitation microphysics in the Polar version of the Weather Research Forecast
(Polar WRF) atmospheric model. During two summertime snowfall events, high-resolution simulations
are compared to measurements from an X-band polarimetric radar and from a Multi-Angle Snowflake
Camera (MASC). A radar simulator and a “MASC” simulator in Polar WRF make it possible to compare
similar observed and simulated variables. Radiosoundings and surface-meteorological observations were
used to assess the representation of the regional dynamics in the model. Five different microphysical
parameterizations are tested. The simulated temperature, wind, and humidity fields are in good agreement
with the observations. However, the amount of simulated surface precipitation shows large discrepancies
with respect to observations, and it strongly differs between the simulations themselves, evidencing the
critical role of the microphysics. The inspection of vertical profiles of reflectivity and mixing ratios revealed
that the representation of the sublimation process by the low-level dry katabatic winds strongly influences
the actual amount of precipitation at the ground surface. By comparing the simulated radar signal as well
as MASC and model particle size distributions, it is also possible to identify the microphysical processes
involved and to pinpoint shortcomings within the tested parameterizations.

1. Introduction
Precipitation is the major source term of the Antarctic surface mass balance and therefore the main input
of water for the ice sheet. While the snow accumulation can be directly retrieved from networks of glacio-
logical stakes (e.g., Favier et al., 2013) and ice cores (Thomas et al., 2017), the amount of precipitation that
actually falls on the Antarctic surface still remains an open question. Significant progress has recently been
made thanks to the deployment of ground-based radars (Gorodetskaya et al., 2015; Grazioli et al., 2017) and
to the use of the CloudSat cloud-profiling radar (Behrangi et al., 2016; Lemonnier et al., 2019; Palerme et al.,
2014). However, current ground-based precipitation radar measurements are limited to a few locations. In
addition, the CloudSat product—albeit outperfoming ERA-Interim reanalyses in terms of snowfall clima-
tology (Souverijns et al., 2018)—is contaminated by ground clutter in the first 1,200 m above the surface and
misses a significant number of snowfall events due to the several-day revisit time of the satellite over most
of the ice sheet.

Given the sparcity of precipitation measurements over Antarctica, the current assessment of the Antarc-
tic precipitation and surface mass balance (The IMBIE team, 2018) still relies on reanalysis products
(Wang et al., 2016) or Regional Climate Model (RCM) simulations (Agosta et al., 2019; van Wessem et al.,
2018) that are mainly evaluated using surface mass balance observations. Reanalyses and RCM simula-
tions often serve as references for evaluating the performances of General Circulation Models (GCMs),
among which those involved in the fifth Coupled Model Intercomparison Project (Lenaerts et al., 2016;
Previdi & Polvani, 2016; Palerme et al., 2017). Reanalyses, RCMs, and GCMs are also powerful tools to carry
out climatological studies to assess the response of the Antarctic precipitation to the atmospheric circula-
tion patterns (Genthon et al., 2003; Marshall et al., 2017; Monaghan et al., 2008), to the ozone depletion
(Lenaerts et al., 2018), or to climate change (Palerme et al., 2017). Regarding the model performances, it
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has been shown that the simulated Antarctic precipitation field strongly depends on the horizontal resolu-
tion (Genthon et al., 2009) and on the sea surface boundary conditions (Kittel et al., 2018; Krinner et al.,
2014). Beyond these aspects, the modeled precipitation field is also expected to depend upon the subgrid
parameterization of cloud and precipitation, which is paramount to the representation of precipitation for-
mation as well as to the simulation of the low-level sublimation of snowfall in the katabatic layer over
Antarctic coastal regions (Agosta et al., 2019; Grazioli et al., 2017). As subgrid cloud and precipitation
parameterizations—and among them microphysical parameterizations including a detailed treatment of
microphysical processes—have most of the time been developed for tropical and midlatitude conditions, the
underlying physical assumptions and the arbitrary tuning of parameters (Tapiador et al., 2019) may not be
adapted for polar regions.

To our knowledge, little attention, if any, has been paid to the ability of atmospheric models to represent the
microphysical processes governing the Antarctic precipitation. This may be mostly explained by the lack of
appropriate atmospheric measurements to constrain the representation of the solid-phase processes in mod-
els (Tapiador et al., 2018), and particularly over remote regions like Antarctica. Besides surface mass balance
issues, the representation of microphysical processes over the ice sheets is also critical for simulating the
surface energy budget (King et al., 2015; Li et al., 2017; Vignon et al., 2018) and the water isotopic compo-
sition of the snow surface as well as for for interpreting the isotopic signatures in ice cores (Gedzelman &
Arnold, 1994).

Ground-based radar products are valuable data for evaluating and validating the representation of micro-
physical processes in atmospheric models (e.g., Gerber et al., 2018, Min et al., 2015, Nicholls et al., 2017).
In the austral summer 2015–2016, the intensive Antarctic Precipitation, Remote Sensing from Surface and
Space (APRES3) campaign of precipitation observation—including the deployment of a polarimetric radar
and of a Multi-Angle Snowflake Camera (hereafter MASC)—took place at Dumont d'Urville (DDU) station,
Adélie Land, East Antarctica. In particular, two major summertime snowfall events were intensively sam-
pled and characterized by all the instruments. This campaign and especially these two snowfall events are
an excellent opportunity to make use of ground-based observation to evaluate the simulation of Antarctic
precipitation. In the present study, we use this unique data set to assess the ability of the Polar version of the
Weather Research Forecast (Polar WRF) limited-area atmospheric model (Bromwich et al., 2013) to simu-
late the microphysics of precipitation in Adélie Land. The Polar WRF model, specifically adapted for polar
studies, can be run with many options of subgrid microphysical parameterization. However, it is still not
clear which one is the most suitable in terms of physics representation to be used—after a tuning phase—in
climate simulations or weather forecasts in Antarctica. The objectives of the present study are to (i) reveal
the key microphysical processes involved during Antarctic precipitation events in Adélie Land from radar
and MASC measurements and to assess their representation in Polar WRF; (ii) investigate the sensitivity
of the amount and structure of precipitation to the choice among state-of-the-art microphysical schemes;
(iii) give recommendations for future evaluation and development of microphysical parameterizations to
improve the simulation of precipitation over Antarctica.

The paper is structured as follows: Section 2 introduces the model, the observational data, and the evaluation
methodology. Section 3 introduces the two study cases. Section 4 presents the results of the evaluation.
Section 5 discusses the parameterization of key processes within the tested microphysical schemes. Section
6 draws the conclusions of the study.

2. Data and Methods
2.1. Observational Data Set From DDU Station
2.1.1. Standard Meteorological Observations
DDU station is located on the Petrels island at about 5 km north of the edge of the Astrolabe glacier, Adélie
Land (−66.66◦ S, 140.00◦ E, 41 m a.s.l., Local Time = UTC + 10 hr). Standard measurements of meteoro-
logical variables (2-m temperature and humidity, 10-m wind, and surface pressure) are collected all year
long at a 1-min temporal resolution. One radiosounding (Modem M2K2-DC type) is performed every day
at 00 UTC. Wind profile data have been processed following the method presented in Vignon et al. (2019).
Since November 2015, a wind-shielded weighing precipitation gauge (Pluvio2, manufactured by OTT) has
been deployed, providing liquid water equivalent of precipitation at a 1-min temporal resolution. To remove
the occurrence of “phantom accumulation,” Pluvio2 data have been processed as in Grazioli et al. (2017).
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2.1.2. MRR Data and Quantitative Precipitation Estimation
A Micro Rain Radar (MRR) was installed in November 2015 under a radome and provides since then vertical
profiles of K-band (24 GHz) reflectivity and Doppler velocity over the first 3,000 m a.g.l. with a resolu-
tion of 100 m. Data were processed following the processing chain for snow hydrometeors developed by
Maahn and Kollias (2012). The attenuation due to the radome was estimated and corrected for, following
the method presented in Grazioli et al. (2017). To supplement the Pluvio2 measurements, precipitation rate
has been estimated using a local reflectivity (at an altitude of 300 m a.g.l. corresponding to the first valid
range gate)—snowfall rate relationship derived in Grazioli et al. (2017).
2.1.3. MXPol Radar, Hydrometeor Types, and Mixtures
A scanning X-band (9.41 GHz) dual-polarization radar (hereafter MXPol) was deployed in December 2015
and January 2016. It collected data at 75-m radial resolution with a maximum range of 30 km. It performed
plan position indicator (PPI) scans, range height indicator (RHI) scans at 203◦ and 273◦, and vertical pro-
files of the atmospheric column every 5 min. Details of the measurement system are given in Schneebeli
et al. (2013) and Grazioli et al. (2017). Note also that from polarimetric variables, it is possible to classify
the scattering hydrometeors into distinct classes following the semisupervised statistical clustering method
developed by Besic et al. (2016). Furthermore, the application of the demixing method from Besic et al.
(2018) makes it possible to infer the proportions of the different hydrometeor types in a given radar sampling
volume.
2.1.4. MASC Data and Estimation of the Snow Size Distribution
The MASC is a ground-based instrument that automatically takes high-resolution and stereoscopic pho-
tographs of hydrometeors in free fall while measuring their fall velocity. The MASC uses three identical
2,448 × 2,048 pixel cameras that are triggered when a falling particle crosses two vertically separated lines
of infrared detectors. Details on the MASC measurement system and deployment at DDU can be found in
Garrett et al. (2012), Praz et al. (2017) and Grazioli et al. (2017). Praz et al. (2017) use a regularized multi-
nomial logistic regression model to classify individual hydrometeors into six classes: small particle (SP),
columnar crystal (CC), aggregate (AG), graupel (GR), planar crystal (PC), and combination of columnar
and planar crystal (CPC). It also provides the degree of riming c and the melting probability MS (two
continuous indices ranging between 0 and 1). During the feature extraction phase, the algorithm provides
key characteristics of the snowflake like its maximum dimension (diameter of the circumscribed circle), its
aspect ratio, and its orientation (from an ellipse fitting of the snowflake). Note that as the estimation of c
and MS mostly rely on textural features, ill-defined small particles have been excluded in the calculation of
these indices. Huang et al. (2017) developed an algorithm to retrieve particle size distributions (PSD) from
MASC data. The authors highlight the good agreement between MASC-derived PSDs with those retrieved
with a 2D Video Disdrometer (2DVD). Their study overall highlights the ability of the MASC to provide reli-
able information about the size distribution of snow particles. It is worth noting that the pixel resolution
of the MASC is 33 𝜇m limiting the characterization of snowflake properties if the typical size of the snow
particle is smaller than 4–5 pixels ≈150 𝜇m.

Note that standard volume PSD—estimated over a few minutes interval—require a sufficient number of
particles to be reliable. However, owing to its relatively small sampling area (S = 8.3cm2), this condition
is often not achieved during the two studied events. Herein, we circumvent this issue by working with the
quantity nD (in mm−1) that is the total number of snowflakes falling through the MASC during a period Δt
(several days) and per diameter bin. Note also that in the present paper, we use the maximum snowflake
dimension (from the three single views) to compute PSDs since the tested model microphysical schemes
assume that a free-falling particle tends to fall in its maximum dimension.

Furthermore, Grazioli et al. (2017) reported that MASC measurements at DDU are contaminated by blow-
ing snow. To solve this issue, Schaer et al. (2018) used a Gaussian mixture model to discriminate between
precipitation and blowing snow images in MASC data. As Polar WRF does not account for blowing snow in
its current set of parameterizations, removing blowing snow from MASC data makes it possible to directly
compare precipitation PSDs between the model and the MASC.

2.2. Polar WRF Simulations
2.2.1. Model Description and Simulation Design
This work is based on Version 3.9.1 of Polar WRF. It contains an optimized physical package adapted
for polar regions with a particularly enhanced representation of the sea ice and of the heat transfer
through the snow pack (Bromwich et al., 2013; Hines et al., 2015). As a “final” product of the modeling,
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Figure 1. Polar WRF simulation domains. Domains d01, d02, d03, and d04 have an horizontal resolution of 27, 9, 3,
and 1 km, respectively.

Tapiador et al. (2018) stress that precipitation suffers from the multiplicative effect of errors in both ther-
modynamical and dynamical processes. Herein, as we mostly aim to focus on precipitation and the related
microphysics, we should ensure a correct regional atmospheric dynamics and proper baseline meteorolog-
ical variables. This particularly implies to run high-resolution simulations. We have thus set the following
modeling framework up.

The model has been run with a downscaling method where a 27-km resolution parent domain contains
a 9-km resolution nest, which contains a 3-km resolution domain, which itself contains a 102 × 102km
nest at a 1-km resolution (see Figure 1). All domains have been built with the same polar stereographic
projection, and they are all centered over DDU. The nesting is one way; that is, no information is passed
in return from one domain to its parent. Lateral forcings, sea ice concentration, sea surface temperature,
and initial conditions are from the European Center for Medium Range Forecast ERA5 reanalysis, which
has a 0.25 × 0.25◦ horizontal resolution. This reanalysis product shows significant improvement in terms of
vertical temperature, humidity, and wind profiles in the DDU region compared to the previous ERA-Interim
reanalysis (Vignon et al., 2019), which itself was shown to have the best large scale circulation patterns over
Antarctica among five reanalysis products (Bracegirdle & Marshall, 2012). As recommended by Deb et al.
(2016), the Bedmap2 1-km resolution Antarctic topography from Fretwell (2013) has been used. The model
is run with 66 vertical levels among which 23 are located in the first 3,000 m above the ground surface.
As more thoroughly developed in section 3, the model evaluation will be conducted on two precipitation
events. Simulation of the first event starts on 27 December 2015 00 UTC and simulation of the second event
starts on 26 January 2016 00 UTC, that is, 24 hr before the analysis starting time (see section 4). To allow for
a concomittant comparison between in situ observations and simulations and to ensure a realistic synoptic
dynamics in the model, the 27, 9, and 3-km resolution domains have been nudged above the boundary layer
toward ERA5 reanalysis (for zonal and meridional wind speed, temperature, and specific humidity) with a
relaxation time scale of 3, 6, and 9 hr, respectively. This analysis nudging only helps in providing the best
lateral forcings for the free 1-km resolution domain, which will be the sole domain analyzed hereafter. The
physics options employed throughout the paper include the new version of the Rapid Radiative Transfer
Model for GCMs radiation scheme for longwave and shortwave spectra, the Noah land surface model with
adaptations by Hines and Bromwich (2008), and the Mellor-Yamada-Nakanishi-Niino (MYNN) planetary
boundary layer scheme coupled with its associated surface layer scheme. For domains with a resolution
greater or equal than 9 km, the Kain-Fritsch cumulus scheme has been activated. This physical package was
set after consideration of previous evaluation studies (Bromwich et al., 2013; Deb et al., 2016; Listowski &
Lachlan-Cope, 2017; Young et al., 2019) and preliminary sensitivity tests over Adélie Land.

VIGNON ET AL. 11,455

 21698996, 2019, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2019JD

031028 by C
ochrane France, W

iley O
nline L

ibrary on [24/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres 10.1029/2019JD031028

2.2.2. Microphysical Parameterizations
Polar WRF has an extensive set of microphysics options, including bin models—which predicts the evolution
of hydrometeor numbers in size bins allowing for a complete description of the particles distribution—and
single- and double-moment bulk parameterizations that predict mass and mass + number concentra-
tions of hydrometeor species, respectively. Bin models are too computationally expensive for being used
for operational purposes or for long-range climate studies. As our study will focus on regional simula-
tions, we will perform sensitivity tests upon the choice among bulk schemes only. Using recent airborne
measurements, Listowski and Lachlan-Cope (2017) have assessed the performances of five bulk micro-
physical schemes in Polar WRF to represent clouds over the Antarctic Peninsula. The authors showed
that the WRF single-moment scheme 5—WSM5 (Hong et al., 2004), used in the Antarctic Mesoscale
Prediction System—and the WRF Double moment scheme 6—WDM6 (Lim & Hong, 2010), an upgrade
version of WSM5—showed the largest biases in observed supercooled liquid water. On the other hand, the
double-moment Morrison scheme (Morrison et al., 2005, 2009), Thompson scheme (Thompson et al., 2008),
and Milbrandt scheme (Milbrandt & Yau, 2005) show better prediction of occurrences of clouds and cloud
phase. Grazioli et al. (2017) report a significant part of rimed snowflakes at DDU station suggesting the fre-
quent occurrence of supercooled liquid water above the station. The presence of supercooled liquid water
over Adélie Land—especially in summer—has been confirmed by in situ lidar measurements (Del Guasta
et al., 1993) and by the DARDAR (raDAR-liDAR) satellite product (Listowski et al., 2019). In this study
we will therefore focus our analysis on simulations performed with the Morrison, the Thompson, and the
Milbrandt schemes. A simulation with WDM6 has also been carried out to assess to what extent the con-
clusions of Listowski and Lachlan-Cope (2017) about cloud properties over the Antarctic Peninsula can be
extended to precipitation over Adélie Land. Moreover, we will also consider simulations using the advanced
predicted particle properties (P3) bulk scheme (Morrison & Milbrandt, 2015). Along with the Morrison and
the Thompson scheme, the P3 scheme has also shown considerable improvement in the simulation of the
cloud fraction, liquid hydrometeors, and cloud radiative effect in West Antarctica compared to the standard
WSM5 scheme (Hines et al., 2019).

To help the simulation comparison, we provide in the following paragraphs a few elements of information
about the five tested microphysical schemes. Further details regarding the primary and secondary ice gen-
eration are given in Listowski and Lachlan-Cope (2017) and Young et al. (2019). Note that the performances
of each scheme strongly depend upon the specific tuning of numerous parameters (Tapiador et al., 2019).
In this paper, we use the standard—but physically consistent and robust—configurations of the microphys-
ical schemes, and we will see that our evaluation will pinpoint processes that should be revisited—or that
deserve further tuning—for future applications in this particular region of the globe. A summary of the
empirical values and of the formulations of microphysical processes in the WRF microphysical schemes is
presented in Tapiador et al. (2019).

Morrison scheme: The Morrison scheme (Morrison et al., 2005, 2009) is a single-moment scheme for
cloud droplets. The default value of the droplet number concentration in WRF (250 cm−3, typical for mid-
latitude conditions) has been set to a more appropriate value for polar applications in Polar WRF (50 cm−3,
see Hines & Bromwich, 2017, and Hines et al., 2019). Cloud ice and snow are delineated with a diameter
threshold of 125 𝜇m. Rain, cloud ice, snow, and graupel classes are treated with a full double-moment
approach. All particles are assumed spherical, and each class has a fixed constant density. All categories
but cloud droplets are parameterized with an inverse-exponential size distribution.

Milbrandt scheme: The Milbrandt scheme (Milbrandt & Yau, 2005) uses a full double-moment treatment
for the six hydrometeor species: cloud droplets, cloud ice, rain, snow, graupel, and hail. All species are
represented by a generalized Gamma size-distribution function that reduces to an inverse-exponential
for ice, snow, and graupel types. All categories are assumed to be spherical with a constant bulk den-
sity except snow whose density varies inversely with size. The autoconversion of cloud ice to snow is
parameterized by converting the part of the size distribution of cloud ice whose diameter is greater than
250 μm. The number of cloud condensation nuclei (CCN) is calculated following the hyperbolic functions
of Cohard and Pinty (2000).

Thompson scheme: The Thompson scheme (Thompson et al., 2008) is a single-moment scheme for cloud
droplets, graupel, and snow species and a double-moment scheme for cloud ice and rain drops. Cloud
droplet concentration is fixed to 100cm−3. Akin to the Morrison and Milbrandt schemes, cloud droplets,
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cloud ice, and rain particles are assumed to be spherical, and their respective distributions follow a gen-
eralized Gamma law. Graupel particles are also assumed spherical and the respective distribution obeys a
generalized Gamma law for which the intercept parameter depends on the mixing ratio. A specific treat-
ment is applied for snow hydrometeors. The latter are assumed to have a nonspherical shape with a bulk
density that varies inversely with diameter (in agreement with many observational studies, see Thomp-
son et al., 2008). In addition the snow size distribution is a combination of a gamma function and an
exponential function that accounts for the “super-exponential” number of very small particles. The inter-
cept parameter depends upon the snow water content and air temperature. In the Thompson scheme,
snow forms by vapor deposition onto cloud ice until crystal size exceeds 200 μm. Note that an advanced
“aerosol-aware” version of the Thompson scheme (Thompson & Eidhammer, 2014) is available in Polar
WRF. In the present study we use the original Thompson scheme mostly because the aerosol-aware
option is not directly compatible with the current version of the WRF radar simulator that is used here-
after (see next subsection). Moreover, a detailed study of the aerosols-clouds interactions over Antarctica
is beyond the scope of the present study.

WDM6 scheme: The WDM6 scheme (Lim & Hong, 2010) uses a double-moment approach for cloud
droplets and rain drops and a single-moment approach for ice, snow, and graupel particles. The cloud
droplet and rain size distributions are parameterized with generalized gamma functions whose slope and
intercept parameters depend on mass and number mixing ratios. The cloud ice number concentration is
diagnosed as a function of the ice mass mixing ratio. Snow and graupel particles have a fixed density, and
they are assumed to be spherical and to have size distributions following an inverse-exponential func-
tion. The intercept parameter for the snow size distribution decreases with increasing temperature to
represent the broadening of the snow spectra at higher temperature.

P3 scheme: The P3 parameterization moves away from the paradigm of separating ice into different species
with fixed characteristics. It instead allows the ice particle properties to continuously vary with time (Mor-
rison & Milbrandt, 2015). In the liquid phase, cloud droplets are treated with a single-moment approach
while both mass and number mixing ratios of rain are prognostically calculated. Cloud droplets and rain
drops are assumed to follow a Gamma distribution. In the unique solid phase, the scheme prognoses the
ice mass mixing ratio, the ice number concentration, the rime mass and the rime volume. Ice particles
are assumed to obey to a Gamma size distribution. As mentioned in Morrison and Milbrandt (2015), the
intercept parameters of the Gamma function becomes greater than 0—and the distribution differs from
an inverse exponential—only when the mean particle size is lower than ≈0.17 mm. The mass-diameter
relationship and the velocity diameter one depend on the size of the ice hydrometeors as well as on the
rime mass fraction and rime density. Even though an advanced version of the P3 scheme has been made
available in the fourth version of WRF (Milbrandt & Morrison, 2016), we use here the original version
of the scheme because it is the only one available in Polar WRF v3.9.1 and compatible with the current
version of the radar simulator.

2.3. Model Evaluation Strategy and Methodology
As the standard outputs from Polar WRF using bulk microphysical parameterizations (number and mass
mixing ratios) differ from MASC and X-band radar quantities, an evaluation methodology has to be devel-
oped in order to use radar and MASC information to evaluate the representation of the microphysical
processes in the model. This necessarily implies a postprocessing of model variables. Hence, we will use a
radar and a MASC simulator that convert, under some assumptions, Polar WRF output variables to radar
and MASC quantities that can then be directly compared with observational variables.

2.3.1. From Polar WRF Outputs to Radar Variables: The CR-SIM Forward Radar Simulator
The Cloud Resolving Model Radar SIMulator (CR-SIM) uses output variables from WRF simulations to pro-
vide idealized model scanning radar observations. We use here Version 3.1, which handles the Morrison,
Thompson, Milbrandt, and P3 microphysical scheme (not available for WDM6). CR-SIM uses the T-matrix
method for computing the scattering properties of cloud water, cloud ice, rain, snow, graupel, and hail
hydrometeors. It is able to account for different radar frequencies among which a frequency close to the one
of MXPol (9.5 GHz). All particles are modeled as dielectrically dry spheroids. Subsequently ice, snow, grau-
pel, unrimed ice, partially rimed ice, and hail are represented as mixture of air and dry solid ice. The complex
scattering amplitudes are precomputed and stored as lookup tables for equally spaced particle sizes using
the Mishchenko's T matrix code for nonspherical particles at a fixed orientation and for elevation angles
from 0 to 90◦. Details about CR-SIM can be found in the documentation (radarscience.weebly.com). In this
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study, CR-SIM has been configured as a virtual MXPol radar at DDU, that is, with the same geographical
location and altitude, the same frequency, the same beamwidth and range, and the same sensitivity. For each
hydrometeor type, we have used the recommended (default) lookup tables as summarized in Table S1 of the
supporting information. Thanks to MASC measurements, it is possible to validate some of the assumptions
for the properties of precipitating hydrometeor types (snow, rain, graupel, unrimed, and partially rimed
ice). This aspect is presented in section S1. It is worth mentioning that the analysis of the CR-SIM outputs
and a comparison with MXPol data revealed that the polarimetric quantities in the snow and ice phase are
not properly reproduced—even the correct ranges of values—by the present T matrix-based radar simula-
tor (at least over the two precipitation cases studied hereafter; see Figure S2). Therefore, we will restrict the
comparison between observed and simulated radar data to the reflectivity and Doppler velocity.
2.3.2. From Polar WRF Outputs to Surface PSD: A MASC Simulator
For an appropriate comparison between precipitation PSDs estimated from MASC data and those in Polar
WRF simulation—which vary at each time step depending on atmospheric conditions and total number con-
centration and mixing ratio—we have developed a so-called “MASC simulator” for the model. The detailed
description and derivation of this simulator is presented in Appendix A. Thanks to this simulator, it is pos-
sible to directly compare the PSD (quantity nD) between MASC measurements and the model. Note that we
use a 0.05-mm bin size for calculating PSDs in both MASC and model.

3. Description of the Two Precipitation Events
During the APRES3 campaign, two major precipitation events were successfully sampled by the whole set
of instruments. These two precipitation events will serve as two evaluation cases for Polar WRF. Maps of the
synoptic conditions during the two events are given in Figure S3.

The first event (hereafter Event 1) occurred between 28 and 31 December 2015. A synoptic weather system
arrives to the west of DDU. On 29 December at 00 UTC, a warm front associated to the system is passing
above DDU station. The X-band radar starts to see reflectivity signal at z = 3,000 m on 28 December at 03
UTC (Figure 2a). Despite significant reflectivity values in the first 3,000 m until the end of the 30 December
(regardless the lull during the afternoon of the 30 December), the precipitation rate at the surface (Figure 2b)
is relatively weak and peaks at 1.5 mm/hr in the early morning of the 30 December. A mismatch between
reflectivity and surface precipitation amount is particularly noticeable during the afternoons of the 28 and
29 December. This is actually a signature of the low-level sublimation of precipitation by the relatively dry
katabatic winds blowing from the interior of the Antarctic Plateau, as evidenced in Grazioli et al. (2017)
and Durán-Alarcón et al. (2019). During the first part of the precipitation event, the low-level wind speed
increases up to 28 m/s but the direction remains easterly (Figures 2i and 2j). This reflects the strengthening of
the katabatic flow due to the increase of the large-scale pressure gradient during the approach of the synoptic
weather system. In addition, while the atmospheric column above DDU is saturated with respect to ice above
1,000 m due to clouds and precipitation, the relative humidity strongly decreases with decreasing height
down to the surface (Figures 2b and 2h). This leads to a partial or total sublimation of the snowflakes before
they reach the ground surface. From the 30 December at 06 UTC, the synoptic system slightly protrudes
over the Antarctic continent and decays. As a consequence, the near-surface wind dramatically weakens
and becomes northwesterly. In the afternoon of 30 December, the center of the weakened cyclone has passed
east of DDU and advects moisture from the east at its southern flank, explaining the last peaks of snowfall
in the time series. Figures 2e and 2f show that snow precipitation during Event 1 mostly consists in small
particles (55.4%), aggregates, and graupel (approximately 17% each). The near-surface temperature gently
swings around 0 ◦ C. The melting probability estimated from MASC-sampled snowflakes is most of the time
close to zero, but a few rain droplets have been photographed during the event (not shown).

The second event (hereafter Event 2) occurred between 27 and 29 January 2016. A synoptic cyclone stands
to the west of DDU, and it advects moisture at its eastern flank leading to a band of precipitation reaching
Adélie Land. The cyclone progressively weakens and dissipates still at the west of DDU until the 30 January.
At DDU station, significant reflectivity values are detected by MXPol from the 27 January at 05 UTC until
the 29 January at 08 UTC. Reflectivity values and precipitation rates reach higher values than during Event 1
(Figures 3a and 3b). The near surface wind speed increases—peaking in the morning of 28 January—as the
cyclone approaches DDU, but its direction remains easterly up to a height of 1,000–1,500 m (Figures 3d, 3i,
and 3j). The strong shear in wind direction and the slight temperature inversion at z ≈ 1,500 m (Figures 3g
and 3j) indicate the clear transition between the remnant of katabatic layer flowing easterly and the warm
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Figure 2. Depiction of the first precipitation event from in situ data at DDU station. (a) Time-height plot of the X-band reflectivity measured by MXPol.
(b) Time series of the precipitation rate from Pluvio2 (solid line) and MRR (dotted line) data. (c, resp. d) Time series of the 2-m temperature (resp. 10-m wind
speed) in black line and relative humidity with respect to ice (resp. 10-m wind direction) in gray line. (e) Histogram of the Riming index c (blue) and Melting
probability MS (red) of snowflakes sampled by the MASC during the period corresponding to panels a–d. Note that small particles are not included in this
statistics since texture indices like c and MS are reliable only for sharp snowflakes and crystals. (f) Relative proportions of hydrometeor types identified from
MASC data. (g–j) Vertical profiles of temperature, relative humidity with respect to ice, wind speed, and wind directions, respectively, in radiosonde data.
Colors refer to the vertical lines in panels a–d indicating the radiosounding times.

and moist air mass advected above from the north. The near-surface air remains unsaturated even during
the snowfall peaks (Figures 3b and 3h), suggesting that the low-level sublimation still occurs during this
event. This is confirmed by the inspection of individual vertical profiles of radar reflectivity but the relative
importance of low-level sublimation is much less than during Event 1. Figure 3e shows that the melting
probability of the snowflakes is weak in agreement with the negative 2-m temperatures (Figure 3b). The
snowflakes sampled by the MASC have been mostly classified as small particles (Figure 3f), but the aggregate
(15.3%) and graupel (9.3%) proportions are also significant.

The total accumulated precipitation during Event 1 (resp. Event 2) is 3.4 mm (resp. 13.0 mm) from Pluvio2
data and 4.9 mm (resp. 15.3 mm) from MRR estimations. Albeit weak, the precipitation amount during
these two events is significant for DDU, given that the 1995–2015 yearly averaged (resp. December–January
averaged) accumulated precipitation from ERA-Interim reanalyses is 543.1 mm (resp. 104.3 mm) and that
the estimated yearly (resp. December–January) accumulation from MRR data is comprised between 739.5
(resp. 41.3) and 989 mm (resp. 59.3 mm). Moreover, it is worth mentioning that more than 65% of the yearly
amount of precipitation at DDU is explained by snowfall events whose intensity ranges between 0 and
2 mm/hr (Grazioli et al., 2017). Even though we cannot state that the two precipitation cases studied here
are statistically representative in terms of synoptic and regional dynamics, their intensities are nonetheless
typical of most events affecting the coastal Adélie Land.
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Figure 3. Same as Figure 2 but for the second precipitation event.

4. Results of the Model Evaluation
This section presents the results of the Polar WRF evaluation during the two precipitation events at DDU. To
ensure that the observation-simulation differences can be primarily attributed to the microphysical scheme,
we have verified that the regional atmospheric dynamics around DDU is well captured—and the baseline
meteorological variables well represented—by Polar WRF and consistent between the different simulations
(see details in Appendix B).

4.1. Event 1
4.1.1. Surface Precipitation
Figure 4a compares the time series of accumulated precipitation at DDU from MRR and Pluvio2 data and
from five Polar WRF simulations with the five different microphysical schemes during Event 1. One can
first notice the higher accumulated precipitation estimated from MRR data (4.9 mm) than measured with
the Pluvio2 (3.4 mm) at the end of the event. Such difference may be explained by uncertainties in the
reflectivity-precipitation relation as well as by the low-level sublimation process that occurs during this
event (see previous section) and that can remove a significant part of the precipitation between 300 m
a.g.l.—height at which the reflectivity-precipitation relation has been derived—and the ground surface.
Note also that during infrequent periods of high precipitation intensity—like around 00 UTC 30 December
2015—the MRR precipitation rates are subject to higher uncertainties because the reflectivity—snowfall
rate relationship is applied in a low-confidence range (see Figures 9 and 12 in Grazioli et al., 2017).

Thompson, WDM6, and P3 microphysical schemes give a poor total accumulated precipitation, with simu-
lated values lower than 1 mm, that is, more than three times less than the measurements. These very low
values are not confined to the DDU grid point, but they extend along a “dry tongue” that follows the Terre
Adélie coast (Figure S5). Simulations with the Morrison and Milbrandt schemes give more satisfactory val-
ues, close to 2.2 mm. In all simulations, the difference with observations at DDU is mostly explained by the
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Figure 4. (a) Time series of the accumulated precipitation at DDU station during Event 1 (December 2015) from MRR
data (dotted black line), from Pluvio2 data (solid black line), and Polar WRF simulations with five different
microphysical schemes (colored lines). Numbers in the legend indicate the percentage of graupel in the accumulated
precipitation for simulations with a “graupel” class. (b) PSD during Event 1 from MASC data (black line) and from
Polar WRF simulation outputs using the MASC simulator (colored line). The quantity, which is plotted in y axis, is nD
(see sections 2.1.4 and 2.3.2) calculated over the whole Event 1 period, summed over snow and graupel types (except P3
for which the unique ice type is shown) and normalized by the integral value over the full diameter range. The first
three bins ([0–0.15 mm] range) have been shaded because they include the uncertainty range of MASC data. Numbers
in the legend indicate the percentage of graupel particles.

underestimation of the precipitation peak on 30 December between 00 and 03 UTC. Note also that despite
major regional or local differences like those at DDU, the accumulated precipitation show less discrepan-
cies between the different simulations when looking at the domain-averaged values (Figure S4a). This is
consistent with the fact that the domain integrated precipitation primarily depends on the moisture conver-
gence, the latter being driven by the advection at the domain boundaries that is relatively similar between
the simulations owing to the nudging of the external nests.

In terms of precipitation type, the surface precipitation during Event 1 in the WDM6, Morrison, and Thomp-
son simulations is mostly composed of snow. In the Milbrandt simulation 0.03 mm (≈1.4 %) falls as graupel.
In the P3 simulation, 1.8% of the precipitation mass at the surface corresponds to rime.

Regarding the size distribution of surface precipitation, Figure 4b compares the event-integrated size distri-
butions of solid precipitation at the surface in the simulations with that retrieved from MASC measurements.
We focus here on solid particles in free fall (that can be easily detected by the MASC), that is, graupel and
snowfall particles. For the P3 scheme the PSD of the unique “ice” type is plotted. Note that PSDs have been
normalized by the total number of particles. Interestingly, the nD curve corresponding to MASC data has a
clear mode around D = 0.5 mm. Unlike MASC observations, all simulations show a monotonically decreas-
ing nD. Indeed, the increase in nD with increasing diameter for very small particles cannot be captured by an
inverse-exponential function or a “super-exponential” function for the PSD of the “snow” hydrometeors as
assumed in the tested microphysical schemes except P3. Simulations with the Thompson, WDM6, and P3
microphysical scheme have too many very small particles (D < 0.5 mm) at the surface. Moreover, the sim-
ulation with the Thompson scheme strongly underestimates the number of particles with 0.5 < D < 3 mm.
On the other hand, the size distribution from the simulation with the Milbrandt scheme agrees reasonably
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Figure 5. Averaged vertical profile of mass mixing ratios of precipitation hydrometeors (a) and of cloud condensates
(b) above DDU in Polar WRF simulations during Event 1. In panel a, solid lines show the sum of snow, rain, and
graupel types (except for the simulation with P3 microphysics—green line—for which the sum of the rain and the ice
type is plotted), dotted lines show the rain type profiles and dashed lines show the graupel type profiles. For the P3
simulation, the mass of rime is plotted in dotted-dashed line. In panel b, dotted line show the cloud ice profiles and
solid lines show the cloud liquid water profiles.

well with MASC observations for D > 0.5 mm. It can also be pointed out that only the Milbrandt simula-
tions shows a significant percentage of graupel particles—in number—at the surface (13.2% vs. 17.3% for
the MASC).
4.1.2. Hydrometeor Mass Mixing Ratios
Figure 5 shows the averaged vertical profiles of the mass mixing ratios of “precipitation” hydrometeors
(snow, graupel, and rain; Figure 5a) and of “cloud” condensates (cloud ice and cloud droplets; Figure 5b)
above DDU in Polar WRF simulations during Event 1. Note that for the simulation with the P3 microphys-
ical scheme, the sum of the rain and ice types is plotted in solid line in Figure 5a. The first striking feature
is the distribution between the cloud ice phase and the snow phase in WDM6 simulation. Unlike Morrison,
Thompson and Milbrandt schemes in which the snow phase strongly dominates below z = 6,000 m, most of
the condensed water mass is in the cloud ice phase above z = 1,000 m. Between z = 1,000 m and z = 3,000 m,
the Thompson, Milbrandt, and P3 schemes give similar mass mixing ratios of precipitation hydrometeors
with a peak at approximately 4.5×10−5 kg/kg slightly above z = 1,000 m. The shape of the profile in the Mor-
rison simulation is similar but the averaged amount of precipitation does not exceed 3 × 10−5 kg/kg. In all
simulations, the hydrometeor mass mixing ratio strongly decreases with decreasing height below 1,000 m
evidencing the representation of the low-level sublimation process. Considering the sum of “sedimenting”
condensates—cloud ice, graupel, rain, and snow (excluding the cloud droplets that are either assumed sus-
pended or that have a very low sedimentation velocity)—the difference between the maximum value in the
profile and the surface value is the highest in the WDM6 simulation while it is the lowest in the Morri-
son simulation. This result is not locally restricted to DDU because similar conclusions can be drawn when
considering the domain-averaged vertical profiles (Figure S7). Overall, Figure 5 reveals the strong depen-
dency of the amount of surface precipitation upon the representation of the snow and ice sublimation during
Event 1. It also highlights that the relatively “best” accumulated precipitation in the Morrison and Milbrandt
microphysics (Figure 4a) actually corresponds to two very different vertical profiles of precipitation mixing
ratios.

Furthermore, Figure 5b shows that the Morrison, Thompson, P3, and Milbrandt schemes produce super-
cooled cloud liquid water. Above DDU, a particularly pronounced peak between 1,000 and 2,000 m is
noticeable in P3, Thompson, and Milbrandt simulations but over the whole domain, and especially over
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Figure 6. Joint probability distributions of the X-band reflectivity ZH (first row) and of the reflectivity-averaged vertical Doppler velocity W from MXPol data
(a and g), from MRR data (b and h), and from Polar WRF simulations with four different microphysical schemes (c–f and i–l). Note that radar data are not
available in the first 300 m. Hence, even in model simulations, the 0- to 300-m altitude range is not accounted for in the joint probability distribution
calculation. Magenta lines are the median vertical profiles, and gray lines are the vertical profiles of the 20th and 80th percentiles. MRR K-band reflectivity has
been converted to X-band reflectivity using the formula in Grazioli et al. (2017).

the ocean, the Morrison scheme shows the largest content of cloud liquid in particular between 2,000 and
3,000 m of altitude (see Figure S7). The absence of supercooled liquid water in the WDM6 scheme concurs
with the results of Listowski and Lachlan-Cope (2017). In addition, only the Milbrandt scheme produces a
significant quantity of graupel, which peaks at z = 1,000 m above DDU (Figure 5a). Apart from graupel, the
Morrison scheme produces a small quantity of rain near the surface (see inset in Figure 5a) that corresponds
to a very partial melting of snowflakes owing to the slightly positive near-surface temperatures.

4.1.3. Comparison to Radar: Vertical Profiles of Reflectivity and Doppler Velocity
A common way to compare simulations and radar observations are the contoured frequency by altitude dia-
gram (CFAD, e.g., Yuter & Houze, 1995) of the reflectivity. Albeit very useful for statistical analyses, CFADs
do not inform about the distribution of radar variables along the altitude axis. In Figure 6, we rather com-
pare the 2-D joint distributions of the reflectivity (first row) and of the mean reflectivity-weighted Doppler
velocity (second row) above DDU station from the two radars and from four Polar WRF simulations. Medi-
ans and two additional quantiles are shown in solid lines. Even though the vertical statistics are estimated
above one location—to benefit from the vertically profiling MRR—we have also calculated the same verti-
cal profiles in MXPol and in the simulations but integrating over the whole 203◦ RHI (perpendicular to the
coastal edge). Fairly similar results and comparisons were obtained compared to the one-point profiles for
the two events (not shown). At this stage, it is also worth remembering that the CR-SIM radar simulator
cannot perform on simulations with the WDM6 microphysical scheme.

In terms of reflectivity, the first interesting point regarding the observations is the difference between MRR
and MXPol distributions below z = 1,000 m. Indeed, MXPol shows more frequent low (less than −10 dBZ)
reflectivity values. This can be explained by a higher sensitivity of the MXPol instrument compared to the
MRR due to the attenuation of the radome shielding the MRR. Those low-reflectivity signals may corre-
spond to low-level cloud particles or to light virgas. In both radars data, the median reflectivity peaks at
z ≈ 1,000 m and then decreases with decreasing height due to the low-level sublimation. A clear peak in the
median reflectivity profile is noticeable in the simulations with the Thompson and P3 schemes. Such peak
is not present (resp. only slightly distinguishable) in the Morrison simulation (resp. Milbrandt simulation)
while a clear maximum in the mass mixing ratio profile was pointed out in Figure 5. This apparent para-
dox can be explained by the continuous increase in the hydrometeor size as snow falls in the Morrison and
Milbrandt simulations. As the atmosphere is not saturated between the ground and 1,000 m, the growth
mechanism should necessarily be aggregation. Further investigation indeed reveals that the event-averaged
snow mean mass diameter monotonically increases from 0.432 mm (resp. 0.434 mm) at z = 3,000 m to 1.266
mm (resp. 1.360 mm) near the surface in Morrison (resp. Milbrandt) while this diameter decreases in the
first 1,000 m above the surface in the other simulations. The increase in diameter size thus compensates for
the decrease in hydrometeor mass and maintains the near-surface reflectivity—that roughly depends on the
sixth moment of the size distribution (e.g., Straka, 2009, Chap. 2)—at relatively high values. This result is also
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in agreement with the relatively higher proportion of large diameters in the surface PSD (Figure 4b) com-
pared to the Thompson and P3 simulations. Note that in reality, the low-level sublimation process can lead
to an increase in the mean mass diameter—owing to a preferential sublimation of small particles—and thus
not reflect a growth of snowflakes. However, such an increase in mean mass diameter due to sublimation
cannot be represented by the current parameterization of sublimation (see section 5).

Looking at the joint distributions, one can point out that above 2,000 m, the reflectivity is generally
overestimated in the Morrison simulation while the median value, and the width of the distribution is
underestimated in the P3 simulation. Below z = 1,500 m, the Milbrandt scheme and especially the Morrison
scheme show (relatively) too frequent high (>10 dBZ) reflectivity values compared to observations. On the
other hand, the P3 scheme, and to a lesser extent the Thompson scheme, underestimate the occurrence of
reflectivity values >15 dBZ. During the peak of precipitation on 30 December at 00 UTC, the two radars
show an intense reflectivity (≈20 dBZ) from 300 to 3,000 m of altitude while simulations with the Thompson
and the P3 schemes show weaker reflectivity values with a strong decrease in the first 500 m above the
surface. The underestimation of precipitation in the latter simulations evidenced in Figure 4 seems thus
first explained by an excessive sublimation close to the surface during the precipitation peak (see also the
time-height plot in Figure S9).

Regarding the Doppler velocity (panels g-l in Figure 6), one can notice the continuous increase with decreas-
ing height of the median velocity below z = 2,500 m in MRR data, whereas the median velocity decreases
below z = 1,000 m in MXPol data. This can be attributed to the higher sensitivity to smaller—and therefore
slower—particles near the surface in MXPol. Except for the P3 simulation, the model does not reproduce the
increase in median velocity with decreasing height. In addition, all simulations underestimate the spread of
velocity values compared to radar data. We have checked that this result does not depend on the difference
in time resolution between the different data sets. Provided that the dynamical vertical velocity is similar
in all simulations, the differences in the Doppler velocity distributions between the simulations are there-
fore mostly due to the microphysical schemes. It should be specified that although the CR-SIM simulator
makes use of the turbulent kinetic energy (TKE) to diagnose the velocity spectrum width, no information
about turbulence is used in the calculation of the Doppler velocity. This may explain some differences in
the velocity distribution between simulations and radar observations, especially in the first 1,500 m above
the surface (turbulent katabatic layer) where the two 80–20 interquantile range gets wider only in the obser-
vations. Indeed, the sampling radar volumes in the observations are much smaller than the model mesh
volume with a kilometer-scale base area. Hence, the mean dynamical vertical velocity in the model is by
nature substantially different from that in a radar volume that depends on subkilometer (turbulent) eddies.
To get an idea of how the inclusion of the turbulent velocity might affect the simulated Doppler velocity, one
may estimate the order of magnitude of the turbulent vertical velocity in the model. In neutral conditions
like within a well-mixed katabatic layer, the turbulent vertical velocity scale (square root of the variance of
the vertical velocity) reads (0.444 TKE)1/2 in the second order MYNN planetary boundary layer scheme. Dur-
ing Event 1, the simulated TKE at z ≈ 1,000 m is comprised between 0 and 1.1 m2/s2; that is, the turbulent
vertical velocity is ≈0–0.70 m/s. This interval broadly covers the Doppler velocity range in the observational
data, suggesting that small-scale turbulence (in addition to microphysical properties of hydrometeors) may
be an important factor for broadening the observed Doppler velocity range.

4.2. Event 2
4.2.1. Surface Precipitation
During Event 2, a strong discrepancy between simulations with different microphysical schemes can be
noticed in terms of accumulated precipitation. Figure 7a shows that the simulations with the WDM6, Mor-
rison, and Milbrandt schemes exhibit the best agreement with MRR and Pluvio2 observations while the
simulations with the Thompson and P3 schemes strongly overestimate the accumulated precipitation (over-
estimation by more than 100% for P3). Fairly similar conclusions can be drawn when looking at the full
domain-averaged accumulated precipitation or at the precipitation falling on the continental grid points of
Adélie Land (Figure S4b). In particular, a patch of strong accumulation (>35 mm) a few kilometers west of
DDU is visible in the P3 simulation (Figure S6).

In terms of precipitation type, almost all the surface precipitation at DDU in the Morrison and Thompson
simulations is made of snow. In the WDM6 (resp. Milbrandt) simulation, 0.44 mm (resp. 3.12 mm) cor-
responding to 2.8% (resp. 21.4%) of the total amount falls as graupel. In the P3 simulations, 3.3% of the
accumulated surface precipitation mass corresponds to rime (not shown).
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Figure 7. Same as Figure 4 but for Event 2. The Pluvio2 was dismounted on 29 January 2016, explaining the lack of
data during this day. Mind the difference in y axis in panel a compared to Figure 4.

Looking at the surface precipitation PSD (Figure 7b), the WDM6, Morrison, and P3 schemes
overestimate—relatively—the number of particles with 1 < D < 2 mm compared to MASC data. Like for
Event 1, the Thompson, Milbrandt, and WDM6 simulations overestimate the number of very small particles
(D < 0.5 mm). Note that some cloud ice is present close to the surface during Event 2 in the WDM6 simu-
lation. However, its contribution to the surface hydrometeor PSD cannot be taken into account since no ice
PSD model is assumed in the WDM6 scheme. During Event 2, 9.3% of the MASC particles have been clas-
sified as graupel. Akin to Event 1, the Thompson and the Morrison simulations show a very weak quantity
of graupel particles at the surface while the Milbrandt (resp. WDM6) have 45.9% (resp. 22.0%) of solid parti-
cles at the surface that corresponds to graupel. Simulated graupel particles mostly consist in particles with
a dimension lower than 1 mm, enhancing the “hockey-stick” behavior of the Milbrandt's and WDM6's PSD
curves as the diameter decreases.
4.2.2. Hydrometeor Mass Mixing Ratios
Figure 8 shows the averaged vertical profiles of the hydrometeor mass mixing ratios above DDU during Event
2. Alike Event 1, the simulation with the WDM6 scheme does not show any cloud liquid water. In addition,
the WDM6 simulation presents a very different repartition of condensates—with much more cloud ice and
less snow phase—compared to the simulations with the Morrison, Thompson, and Milbrandt schemes. All
simulations but WDM6 show a peak of cloud liquid at z ≈ 1,500 m, less pronounced in the Thompson sim-
ulation. At this altitude, the relative humidity with respect to liquid in the radiosonde on the 29 January at
00 UTC is very close to saturation (not shown). Below the cloud liquid water peak, the mass of rime start
to increase with decreasing height in the P3 simulation (Figure 8a). One can further point out a second
peak of cloud liquid water at z ≈ 4,000 m in the Milbrandt simulation. This is explained by a slightly more
pronounced air cooling at this altitude in the Milbrandt simulation during the event, making the relative
humidity with respect to liquid water reaching saturation between 0415 and 1845 UTC on the 28 January.
This second layer of cloud liquid water in Milbrandt is also located slightly above the beginning of the
graupel generation (Figure 8a). While the graupel phase represents one quarter of the condensates mass at
z = 1,000 m in the Milbrandt simulation, this phase is negligible in the Morrison and Thompson simulations.
Similar observations can be made from the Polar WRF domain-averaged profiles (Figure S7). In the WDM6
simulation, graupel mixing ratios are small but not negligible near the surface (see inset in Figure 8a).
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Figure 8. Same as Figure 5 but for Event 2. Mind differences in x axes compared to Figure 5.

Interestingly, Figure 8a shows that P3 and Thompson simulations—that is, the two simulations that strongly
overestimate the surface precipitation—exhibit the highest mass mixing ratio peaks (at z ≈ 1,000 m). One
can also point out that unlike Event 1, the simulation of the low-level sublimation plays a less critical role
in determining the surface precipitation. While the domain-averaged profiles of water vapor mixing ratios
are similar in all the simulations (not shown), the differences in surface precipitation at DDU thus results
from different geographical repartitions of the precipitation (see Figure S7) as well as discrepancies in clouds
(ice and liquid) and precipitation formation specific to each scheme (see Figure S8 for the domain-averaged
profiles).
4.2.3. Comparison to Radar: Vertical Profiles of Reflectivity and Doppler Velocity
Figure 9 shows the joint distributions of reflectivity and Doppler velocity during Event 2. Similarly to Event
1, MXPol and MRR shows reasonably similar distributions but MXPol detects more frequent low-reflectivity
values than MRR due to its higher sensitivity. As a consequence, the median vertical profile of reflectivity in
MXPol is nearly constant while that in MRR slightly increases with decreasing height. The modeled median
reflectivity is fairly constant and realistic in the Morrison and Milbrandt simulations. A strong decrease with
decreasing height below 1,000 m is noticeable in the Thompson simulation (and to a lesser extent in the P3
simulation). Although this decrease goes along with the behavior of the corresponding mass mixing ratios
in Figure 8, it is not visible in the observed radar data. This points to a too low concentration of hydrom-
eteors or too small snowflakes in the Thompson simulations, as suggested by Figure 7b. Interestingly, the
joint distribution of the reflectivity in the Thompson simulation also shows a “two-branch” structure below
1,500 m, one branch corresponding to marked virgas at the beginning and end of Event 2 and the other
one corresponding to the core of the event (see time-height plot in Figure S9). Such two-branch structure
is however not present in radar data because observed virgas last during a shorter (cumulated) time. Fur-
thermore, while the P3 simulation shows the highest cumulated precipitation, it does not exhibit reflectivity
values higher than 20 dBZ, especially above 1,000 m of altitude. This suggests that particles simulated by P3
generally have a too small size.

Regarding the Doppler velocity, the overall shapes of the MRR and MXPol 2-D distributions are closer
than during Event 1. Simulations show realistic values compared to observations. Like during Event 1,
they all underestimate the variability compared to MRR and MXPol data. It is particularly evident for the
Morrison and Milbrandt simulations that show a very narrow 80–20 interquantile range. Interestingly, the
median velocity in the P3 simulation shows a monotonic increase with decreasing height and the 80th per-
centile is strongly overestimated below 1,500 m. The high Doppler velocity values are associated to highly
rimed snowflakes at the beginning of the event. Indeed, between 00 and 06 UTC the 27 January 2016, the
percentage of rime mass with respect to the mass of snowflakes can exceed 80% in this simulation.
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Figure 9. Same as Figure 6 but for Event 2.

5. Discussion on Key Microphysical Processes in Polar WRF Parameterizations
The comparison between Polar WRF simulations and the observations in the previous section made it
possible to pinpoint deficiencies in the simulations in terms of precipitation amount, vertical structure of
hydrometeors, and radar reflectivity. It also revealed substantial differences between the simulations with
different (state-of-the-art) bulk microphysical schemes despite realistic and reasonably similar simulated
profiles of temperature and humidity (see Appendix B). In this section, we discuss a few microphysical pro-
cesses that play a critical role during the two precipitation events and whose different treatment by the
parameterizations may explain the spread among the simulation results. The potential of radar polarimetry
for further model evaluations is also discussed.

5.1. Cloud Condensates
When comparing the vertical profiles of mixing ratios, two striking observations were the absence of cloud
liquid water in the WDM6 simulation and the very different repartition between cloud ice and snow in
this simulation compared to those with the Morrison, Milbrandt, and Thompson schemes. Listowski and
Lachlan-Cope (2017) already highlighted a deficit in supercooled liquid water in WDM6. The authors
showed that this difference is due to the single-moment treatment of the cloud ice and to a lesser extent to a
particularly high ice nuclei particle concentration. Moreover, the ice-snow autoconversion in WDM6 starts
when the ice mixing ratio exceeds a critical value that corresponds to a mean ice diameter value of 500 μm
(Hong et al., 2004). The definition of the ice and snow categories as well as the critical effective particle size
impacting autoconversion is arbitrary and vary between microphysical schemes. Indeed, given the intrin-
sic complexity of the ice particles—with wide ranges of densitiy, size, and shape—defining different fixed
iced hydrometeor categories and parameterizing autoconversion using an effective diameter threshold is a
crude simplification of nature. The Thompson, Morrison, and Milbrandt schemes also use much lower val-
ues of the threshold diameter for autoconversion than in WDM6 (see section 2.2.2). This probably explains
the particular repartition between the ice and snow categories in the latter scheme.

We previously noticed that the Milbrandt simulation shows a second peak of cloud droplet mass at
z = 4,000 m during Event 2. This peak can be attributed to particularly cold temperatures at this altitude
in this simulation that make the relative humidity with respect to liquid reaching the saturation during a
few hours of 28 January 2018. Unfortunately, no measurement from the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations system (Vaughan et al., 2004) was available over the DDU region for the
two studied events. Hence, we could not constrain the representation of cloud liquid water by observational
data. However, the presence of supercooled liquid water above DDU is very probable given the detection of
graupel particles at the surface by the MASC during the two events.

5.2. Growth of Snowflakes by Vapor Deposition and Aggregation
During Event 1 in the Morrison, Milbrandt, Thompson, and P3 simulations, the increase in snow mass mix-
ing ratio from 6,000 to 2,000 m in absence (or quasi absence) of cloud ice and supercooled water (Figure 5)
suggests that snowflakes grow by water vapor deposition during their fall. Such a conclusion also holds
for the ice crystal class in the WDM6 simulation, and it is in agreement with the simulated supersaturated
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Figure 10. (a–c) Thirty-minute averaged vertical profiles of the reflectivity (a), ZDR , and Kdp from MXPol during on 29 December 2015 at 00 UTC (reflectivity
peak during Event 1, solid red lines) as well as on 27 January 2016 at 17UTC (first precipitation peak of Event 2, solid blue lines). (d and e) Thirty-minute
averaged vertical profiles of the demixing proportions from MXPol data on 29 December 2015 at 00 UTC (panel d) and on 27 January 2016 at 17 UTC (panel f).
In the legend, ‘AG’ stands for aggregates, “CR” for crystals, “RP” for rimed particles, and “WS” for wet snow. Note that all the plotted variables in this figure are
averaged over all the radar volumes that are along the 203◦ RHI (about perpendicular to the coast), with a range lower than 20 km and whose elevation angle
ranges between 4◦ (to avoid ground contamination) and 45◦ (to guarantee significant and meaningful polarimetric signature in the radar signal).

midtroposphere (Figure B1g). The same analysis can also be carried out for Event 2 in the 3,000- to 6,000-m
altitude range (Figure 8) except for the Milbrandt simulation in which substantial supercooled liquid water
is present and may induce snowflakes growth by riming (see next section). The absence of high reflectivity
values (>20 dBZ) in the P3 and Thompson simulations above 1,000 m during Event 1 (Figure 6) suggests an
underestimation of the concentration of relatively large snowflakes—those that affect the most the value of
the reflectivity—during some parts of the event. This would concur with the underestimation of the num-
ber of large particles especially in the Thompson simulation compared to MASC data (Figure 4). The latter
argument should however be interpreted with caution since the comparison with MASC data is made at the
surface, that is, once a significant fraction of the precipitation has been sublimated.

Below 1,000 m, the temperature becomes warmer—roughly between −10 and 0◦ C during the two
events—enhancing the efficiency of the aggregation process (Pruppacher & Klett, 1997). At the same time,
the air becomes unsaturated, preventing the growth of snowflakes by vapor deposition. In the Morrison
and Milbrandt simulations, we could point out during Event 1 in the first 1,000 m above the surface: (i) a
strong decrease in the mass mixing ratio of snow (and graupel); (ii) an unrealistic (compared to radar data)
absence of sharp decrease in reflectivity and an overestimation of its magnitude; (iii) an increase in mean
mass diameter, which does not occur in the P3 and Thompson simulations (not shown). The latter three
elements suggest that the self-collection by aggregation is too active in the katabatic layer in the Morrison
and Milbrandt schemes (see Pasarelli & Srivastava, 1978, and Ferrier, 1994, for the aggregation parameteri-
zation in the Morrison and Milbrandt scheme, respectively). Note that a deficiency of the parameterization
of the sublimation mechanism may also be pointed out (and may partly explain these observations) but it
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would not be responsible for the overestimation of the reflectivity and the increase in mean mass diameter
with decreasing height (see section 5.4).

5.3. Riming and Graupel Precipitation
During both events, the Milbrandt and P3 simulations—and to a lesser extent the Morrison simulation
during Event 2—exhibit clear signs of riming below 2,000 m with either the production of graupel in the
Milbrandt and Morrison simulations or with the increase in rime mass with decreasing height in P3. One
may further suspect an excess of riming during Event 2 in P3 (particularly at the beginning of the event)
because of the overestimated simulated Doppler velocities between 0 and 2,000 m of altitude (bottom row
in Figure 9).

During the two events, the MASC also detected graupel particles at the surface. In terms of precipitation
types in model simulations, only the Milbrandt scheme produces substantial graupel mixing ratios as well as
graupel precipitation, especially during Event 2 (21.4% in mass). The comparison between the proportions
(in number) of graupel particles detected by the MASC and those in simulations is delicate since the defini-
tion and distinction of graupel particles is, by essence, different in the model and in the MASC classification.
However, the presence of a significant quantity of graupel near the surface in the Milbrandt simulation is
qualitatively realistic.

5.4. Sublimation
Low-level sublimation is particularly marked during Event 1, with a radar reflectivity and simulated snow
mixing ratios that strongly decrease with decreasing height in the first kilometer above the surface. From
the decrease in observed reflectivity in MXPol and MRR data (Figure 6), we can infer a diminution of the
size of the biggest snowflakes—that is, those that affect the most the radar signal—during their fall in the
katabatic layer. In addition, the MASC PSD during Event 1 (see Figure 4) shows a decrease in the con-
centration of particles with a small diameter (≈0.5 mm). This decrease may have various causes, but one
may reasonably conjecture about the preferential depletion of very small particles due to their weaker fall
velocity—and subsequent higher ventilation time—as well as to their higher area to volume ratio (see details
in Pruppacher & Klett, 1997, pp. 550–560). A similar effect is well known for the evaporation of rain drops
(e.g., Kumjian & Ryzhkov, 2010). In the Polar WRF bulk microphysical schemes, the sublimation of solid
particles is parameterized by diffusional mass and heat balance including ventilation effects (Ferrier, 1994;
Morrison et al., 2005; Morrison & Grabowski, 2008; Pruppacher & Klett, 1997; Rutledge & Hobbs, 1983). The
term describing the change in mass mixing ratio associated to sublimation is integrated over the size spec-
trum, and in the two-moment schemes, the reduction of the ice, graupel, and snow number concentration
is scaled to the change in mass mixing ratio. This is equivalent to assuming a constant mean mass diameter
(Morrison & Milbrandt, 2015). The predefined PSD model (gamma or inverse exponential) is of course not
changed during this process. As the snow and graupel classes in the WDM6, Morrison, Thompson, and Mil-
brandt simulation are parameterized with an inverse-exponential (or superexponential) function and as no
back-transfer to the cloud ice phase is simulated, a preferential depletion of small particles by sublimation
cannot be properly represented in this schemes. One can actually point out that in the simulations that show
the most intense sublimation effect during Event 1 (Thompson, P3, and WDM6; see Figure 5), the relative
number of particles smaller (resp. higher) than ≈0.5 mm is overestimated (resp. underestimated) compared
to MASC data (cf. Figure 4). This effect may partly explain the underestimation of the total amount of precip-
itation in these simulations because large particles (that contribute the most to the precipitation mass flux
and that are in principle the less affected by sublimation) are probably excessively depleted. Further studies
investigating the evolution of the snow PSD during the sublimation process, using, for example, simulations
with spectral-bin microphysical schemes, could provide additional insights into this question.

5.5. The Potential of Radar Polarimetry for Characterizing Microphysical Processes and for
Evaluating Their Representation in Model Simulations
The present simulation evaluation has been conducted without considering the comparison between
observed and simulated polarimetric radar variables owing to the inability of the current radar simulator—at
least with the current setting over our two study cases—to properly simulate the polarimetric quantities.
However, it is worth claiming that the analysis of polarimetric quantities in MXPol data can substantially
help in identifying the occurrence of microphysical processes. As a matter of fact, Figure 10 shows the verti-
cal profiles of the reflectivity (Figure 10a), of the differential reflectivity (ZDR, Figure 10b) and of the specific
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differential phase shift on propagation (Kdp, Figure 10c) during one key period of Event 1 (peak of reflectiv-
ity during the event, red lines) and during one key period of Event 2 (first peak of precipitation, blue lines).
Both the reflectivity and ZDR increase with decreasing height in the upper part of the profiles. This sug-
gests a snow growth mechanism that exacerbates the particle asymmetry like the dendritic growth by vapor
deposition (Kennedy & Rutledge, 2011; Moisseev et al., 2015). For Event 1, this is in agreement with the
supersaturation of the corresponding layer as well as temperatures around −15◦ C (see Figures 2g and 2h),
that is, in the range of maximum dendritic growth efficiency (Hobbs et al., 1974). Below the altitude range
where it increases with decreasing height, ZDR starts to decrease while the reflectivity continue to increase
indicating a process that makes the biggest particles—which ZDR is sensitive to—less oblate. In addition,
the ZDR peak sits on top of a peak—and then a decrease with decreasing height—in Kdp. Such an evolution
in the ZDR and Kdp profiles is a characteristic of the aggregation process with the formation of oblate early
aggregates of relatively small-to-medium size (a few mm; see Moisseev et al., 2015).

Figures 10d and 10e show the vertical profiles of the demixing proportions (estimated by the method of Besic
et al., 2018) of four hydrometeor types corresponding to the two stages plotted in Figures 10a and 10c. One
can notice that the increase in aggregate proportion—and decrease in crystal proportion—with decreas-
ing height goes along with the decrease in ZDR for both events in Figures 10b. One can also point out the
significant proportion of rimed hydrometeors near the surface on 27 January 2016 at 17 UTC (Figures 10e)
that concurs with the production of rime or graupel in the P3, Milbrandt, and WDM6 simulations
during Event 2.

Nevertheless, a proper evaluation of simulations using the polarimetric information cannot rely on the
comparison of instantaneous profiles that can suffer from differences in timing between simulations and
observations. Such an evaluation requires the development of metrics whose temporal statistics can then
be compared between simulations and radar observations. One may for instance suggest the derivation of
descriptors for the height and depth of the dendritic growth layer or of the aggregation layer. This is beyond
the scope of the present paper, and future works by the authors will focus on this aspect. Note that some
work considering the application of the demixing method on simulation outputs—via the use of the radar
simulator—is also under way. This would make it possible to compare similar hydrometeor proportions
from both radar and model data.

6. Summary and Conclusions
This article addresses the representation of the microphysics of Antarctic precipitation in the atmospheric
model Polar WRF. Simulations with different state-of-the-art microphysical schemes have been compared
to surface and radar observations during two distinct and significant precipitation cases over coastal Adélie
Land in summer. The main conclusions of the study are the following:

1. Notwithstanding the constrained large-scale dynamics and the robustness and realism of the modeled
baseline meteorological variables fields, the amount of surface precipitation and the vertical structure
of hydrometeor concentrations strongly depend upon the choice of the microphysical scheme. At DDU
during Event 1, all the simulations underestimate the surface precipitation by several tens of percents espe-
cially when using the P3, Thompson, and WDM6 microphysical schemes. During Event 2, the Thompson
and P3 simulations show the poorest performances with a strong overestimation of the accumulated pre-
cipitation exceeding 100% for P3. Regarding the hydrometeor types, only the Milbrandt scheme produces
a substantial amount of graupel while the rest of the precipitation is in the snow (or ice) phase. This is
consistent with the detection of graupel particles by the MASC.

2. The comparison of the simulations with radar and MASC data—via the use of simulators—has made
it possible to pinpoint the critical microphysical processes involved during the two precipitation events
and to assess their representation by the different microphysical schemes. During Event 1, the amount
of surface precipitation strongly depends on the low-level sublimation. It is very likely that the current
coarse treatment of the sublimation process in the microphysical parameterizations is responsible—at
least partly—for the underestimation of the surface precipitation. The comparison of the vertical structure
of simulated and observed reflectivity also suggests that aggregation is too active within the katabatic layer
in the Morrison simulation and—to a lesser extent—in the Milbrandt simulation during Event 1. Dur-
ing the two events and particularly during Event 2, supercooled liquid water is present above DDU, and
snowflake growth by riming is active. Concurring with the study of Listowski and Lachlan-Cope (2017),

VIGNON ET AL. 11,470

 21698996, 2019, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2019JD

031028 by C
ochrane France, W

iley O
nline L

ibrary on [24/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres 10.1029/2019JD031028

the WDM6 scheme does not produce a significant amount of supercooled liquid water during the two
events, and it further shows a very different repartition of cloud ice and snow condensates compared to
the other microphysical schemes. On the other hand, Milbrandt and P3 simulations show clear signals of
riming with the generation of graupel or rime mass.

None among the tested state-of-the-art microphysical schemes give very satisfactory results in terms of pre-
cipitation amount, radar signatures, and hydrometeors PSDs, and none of them perform significantly better
than the others, but the Milbrandt scheme gives the most correct cumulated precipitation during the two
events. It would thus be improper from our current results to unreservedly recommend the usage of one
specific microphysical scheme for future weather or climate simulations over Antarctica with Polar WRF.
It is worth mentioning that the dependency of the model performance upon the model resolution has not
been addressed in the present paper, and further work should tackle this issue. For simulations at lower
resolution than 1 km, one may consider not only different microphysical schemes but also macrophysical
aspects, that is, the subgrid variability of cloud and precipitation. The comparison of the simulations with
observational data has however made it possible to pinpoint shortcomings in all the microphysical parame-
terizations. This may help in the interpretation of future simulations of precipitation over polar regions and
invites for future parameterization assessments and developments particularly regarding the description of
the PSD and the sublimation process. A more comprehensive evaluation of the Polar WRF microphysical
schemes in the Antarctic context would require more study cases, in all seasons and in various regions of the
ice sheet. Further observational data, giving also access to clouds characteristics, covering the winter sea-
son and ideally considering different Antarctic regions would be very helpful for this purpose. It should be
noted that such data are not yet available. Moreover, this paper has also discussed the potential of the radar
polarimetry and of the demixing method to identify and locate the occurrence of microphysical processes
like growth by vapor deposition and aggregation. These aspects should be further explored in a model eval-
uation framework. Finally, as this paper sheds light on the strong dependency of the amount and structure
of Antarctic precipitation upon the choice of the microphysical scheme, it invites to a thorough sensitivity
study to the microphysical scheme and/or careful tuning of the microphysics in climate models used for
polar studies. This seems to be a necessary step for correctly interpreting the simulation of the current and
future mass balance of the ice sheets.

Appendix A: Detailed Description of the MASC Simulator
We assume a virtual MASC in Polar WRF set at the first model level at the DDU grid point. At a time t,
the vertical flux FD of particles of type i and of diameter D through the sampling surface S = 8.3cm2 of the
MASC reads as follows:

Fi
D(t) = 𝜌a(t)

(
w(t) + 𝜔i

D(t)
)

Ni
D(t)S, (A1)

where w is the vertical velocity of the local flow, 𝜔i
D is the fall velocity of i-type particles in a flow at rest,

𝜌a the air density, and Ni
D the number mixing ratio of i-type particles of diameter D per kilogram of air. For

convenience, we orient here the vertical axis z toward the ground surface, such as 𝜔D is positive.

During a sampling period Δt, the number of i-type particles that fall through S reads as follows:

ni
D = ∫

t+Δt

t
𝜌a(t)

(
w(t) + 𝜔i

D(t)
)

Ni
D(t)Sdt. (A2)

In the model, the vertical velocity w can be decomposed as the sum of a slowly varying large-scale dynamical
component wd and a local (subgrid) turbulent part wt. Hence,

ni
D = ∫

t+Δt

t
𝜌a(t)Ni

D(t)wd(t)Sdt
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

(1)

+ ∫
t+Δt

t
+𝜌a(t)Ni

D(t)wt(t)Sdt
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

(2)

+ ∫
t+Δt

t
𝜌a(t)𝜔i

D(t)N
i
D(t)Sdt

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
(3)

. (A3)

Regarding the turbulent mixing of cloud and precipitation hydrometeors, the current version of Polar WRF
only deals with the subgrid mixing of the mass mixing ratios of cloud ice and cloud droplets. As we mostly
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focus on solid hydrometeors in free fall (mostly snow and graupel types), the second term of equation (A3)
has thus been neglected. Equation (A3) thus reduces to

ni
D = ∫

t+Δt

t
𝜌a(t)Ni

D(t)wd(t)Sdt + ∫
t+Δt

t
𝜌a(t)𝜔i

D(t)N
i
D(t)Sdt. (A4)

Polar WRF microphysical schemes assume inverse-exponential number distributions or gamma size dis-
tribution for hydrometeors. Ni

D can thus be estimated from the total number concentration and mixing
ratio of the corresponding hydrometeor at the first model level. Likewise, the terminal fall velocities are
diagnostic—that is, calculated with formulae of the form 𝜔i

D = 𝛼cD𝛽c e−𝛾cD, where 𝛼c, 𝛽c, and 𝛾c are three
constants—such as 𝜔i

D can be calculated at each type step for each hydrometeor type.

As wd is a prognostic variable of the model dynamics, equation (A4) can be directly solved from model
outputs at the first model level at each time step. It is thus possible to compare the quantity nD between the
MASC and model simulations.

Appendix B: Standard Meteorological Variables in the Simulations

Figure B1. (a–d) Time series of the 2-m temperature (a), the 10-m wind speed (b), the 2-m relative humidity with
respect to ice (c), and of the 10-m wind direction (d) at DDU during Event 1 in surface observations (black line) and
Polar WRF simulations (colored lines). (e–i) Vertical profiles of the temperature (e), specific humidity (f), relative
humidity with respect to ice (g), wind speed (h), and wind direction (i) above DDU on 29 December 2015 at 00 UTC
from radiosonde data (black line) and Polar WRF simulations (colored line). Gray strips shade the first 100 m above the
ground surface where radiosoudings are not reliable (Vignon et al., 2019).
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Prior to compare simulations to radar and MASC observations and to infer conclusions about the repre-
sentation of microphysical processes, one must ensure that the atmospheric dynamics around DDU is well
captured—and the baseline meteorological variables well represented—by the model. Figures B1a–B1d
(resp. Figures B2a–B2d) compare the time series of near-surface temperature, relative humidity, wind speed,
and wind direction at DDU in the simulations and in the observation during Event 1 (resp. Event 2).
Figures B1e–B1i compare the vertical profiles of temperature, specific and relative humidity, wind speed,
and wind direction on 29 December 2015 at 00 UTC (resp. 28 January 2016 at 00 UTC), that is, during the
middle phase of the event. One can first of all notice the overall fairly good agreement between simulations
and observations and the weak discrepancies among the different simulations for all the variables during
the two events. Note that although we compare here the vertical profiles with one radiosounding, similar
agreement is found for the other radiosoundings covering the two events (not shown). This first conclusion
makes us confident with the ability of the Polar WRF model at a 1-km resolution—and in the nested and
nudged configuration presented in the main paper—to represent the regional dynamics around DDU during
the two precipitation events and to provide realistic baseline meteorological variables. As the simulated tem-
perature, specific humidity and wind fields agree with those observed, and as they do not significantly differ
between simulations, we can be fairly confident to attribute most of differences of precipitation amount and
structure to the microphysical scheme.

Figure B2. Same as Figure B1 but for the time series during Event 2 and for the vertical profiles on 28 January 2016 at
00 UTC.
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If we now analyze more attentively Figure B1, we can notice a slightly too pronounced diurnal cycle of the
2-m temperature in the simulations. This can be mostly explained by an overestimated downward shortwave
radiative flux during the daytime (in overcast conditions) in the simulations compared to observations (not
shown). In Figure B1 one can also point out an overestimated near-surface relative humidity in the simula-
tions. No clear explanation has been found for this bias but as the model mesh encompassing DDU contains
a significant fraction of free ocean—in agreement with the visual observation of the sea ice conditions on the
field—the mesh-averaged surface water flux toward the atmosphere may be overestimated, leading to larger
near-surface humidity values compared to local measurements over the rocky Petrels Island. A careful look
at Figure B2 also reveals that notwithstanding the correct specific humidity, the simulated vertical profile of
relative humidity shows values higher than those observed. This is probably explained by the slightly colder
simulated low-troposphere compared to radiosonde data.
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