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Abstract.

We investigate how weather regimes influence surface precipitation and associated cloud microphysical processes at Dumont
d’Urville (DDU; 66.7° S, 140.0° E) using data from the Antarctic Precipitation: Remote Sensing from Surface and Space
(APRES3) project. Two precipitation-producing regimes, Summer Warm Air Advection (S-WAA) and Low-Pressure (Low-P),
account for 94.2% of total precipitation at DDU. Hydrometeor growth processes were analysed through comprehensive case
studies of Low-P and S-WAA events. The polarimetric signatures during the Low-P event indicate riming and secondary ice
production (SIP) within the —10 to —14°C layer (2-3.5 km), which falls within the dendritic growth zone (DGZ; —10 to
—20°C). Riming intensifies between 1 and 2 km (—7 to —10°C), whereas below 1 km, downslope flow leads to pronounced
hydrometeor sublimation and sublimation-induced SIP. Thus, the surface precipitation associated with this event displays an
intermittent pattern, with a predominance of graupel. In contrast, the S-WAA regime is associated with a moist boundary
layer, favouring persistent surface precipitation. The polarimetric signatures in the upper half of the DGZ (—14 to —20°C,
2.5-3.5 km) suggest hydrometeor growth through vapour deposition, while signatures below down to 1 km (—8 to —14°C)
align with aggregation processes. Enhanced riming and SIP driven by the Hallett—-Mossop process are observed below 1 km.
Our findings emphasise that synoptic weather regimes primarily impact precipitation growth, while boundary-layer flow and

moisture play a significant role in snowfall efficiency at DDU in East Antarctica.

1 Introduction

Changes in snowfall accumulation are a primary driver of the Antarctic Ice Sheet’s surface mass balance, resulting in both
immediate and delayed impacts on global mean sea level (Boening et al., 2012; Hansen et al., 2016; Ligtenberg et al., 2013;
Medley and Thomas, 2019). Observations from polar-orbiting satellites show a mean snowfall rate of approximately 171 mm
water equivalent per year north of 81° S (Palerme et al., 2014). However, surface precipitation varies significantly across the
continent and by meteorological state, with relatively high precipitation along coastal margins, where annual totals can reach
several tens of centimetres, and it may exceed meters in some locations (Milani et al., 2018; Lemonnier et al., 2020).
Precipitation over the Antarctic domain increased during the 20" century, mainly associated with changes in southern-

hemisphere circulation patterns and short-term variations associated with extreme precipitation events (Marshall et al., 2017,
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Bodart and Bingham, 2019; Turner et al., 2019; Kim et al., 2020). On average, models from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) simulate an increase in Antarctic precipitation of approximately 5.5-24.5% between 1986-2005 and
2080-2099, depending on the greenhouse gas emission scenario considered (Palerme et al., 2017). At multi-decadal timescales,
changes to synoptic-scale circulation patterns account for the recent and projected increases in Antarctic snow accumulation
(Dalaiden et al., 2020). Coastal winds exert strong control over snowfall variability in Antarctica by influencing regional
circulation patterns and moisture availability (Mathiot et al., 2012; Dale et al., 2016; Silvano et al., 2020). Studies have reported
that the interplay between local temperature inversions and synoptic pressure gradients exerts primary control on extreme wind
patterns over Antarctica (Parish and Bromwich, 2007; Turner et al., 2009). Such multi-scale interactions modulate boundary-
layer structure, moisture transport, cloud growth and precipitation formation (Hofer et al., 2021; Gehring et al., 2022; Silva
et al., 2023).

Spaceborne analyses show that nearly 60% of global precipitation is developing through the ice phase (Heymsfield et al.,
2020). The ice crystals undergo various microphysical processes during their fall to the ground, including riming, aggregation,
vapour deposition and melting (Pruppacher et al., 1998; Lawson and Gettelman, 2014; DeLaFrance et al., 2024). The collisions
between ice crystals and supercooled liquid droplets are called riming, which results in the formation of denser graupel-
like hydrometeors with enhanced fall velocities (Kumyjian et al., 2016). Aggregation involves collisions and adhesion among
multiple ice crystals, forming larger ice aggregates (Field et al., 2017). The ice crystal growth processes, including riming,
aggregation and vapour deposition, are reflected in radar observables such as reflectivity (Zy), differential reflectivity (Zpr),
specific differential phase (Kpp) and copolar correlation coefficient ( prryv) (Moisseev et al., 2015; Schneebeli et al., 2013;
Pfitzenmaier et al., 2018). Riming and aggregation can lead to similar polarimetric signatures with increased Zy and decreased
Zpr towards the surface (Kumyjian et al., 2022); however, rimed hydrometeors show higher fall speeds than unrimed particles
with the same maximum dimension (Locatelli and Hobbs, 1974). The temperature range of -20 to -10°C is favourable for the
formation of dendrites and other planar crystal growth, and is typically referred to as the dendritic growth zone (DGZ). The
depositional growth rate peaks at -15°C, where dendritic particles can exceed 1.5 mm in size within 10 min of growth time
at liquid-water saturation (Takahashi, 2014). Aggregation in the DGZ can be detected by radar polarimetry as a reduction in
Zpr and a concurrent increase in radar reflectivity (Kumjian, 2013). Mainly, the branched morphology of dendritic crystals
promotes interlocking and enhances their tendency to stick together, favouring aggregate formation (Connolly et al., 2012).

Despite their significant role in regulating the global climate, precipitation processes remain poorly constrained over Antarc-
tica due to the lack of reliable in situ observations under harsh environmental conditions (Listowski and Lachlan-Cope, 2017,
Lawson and Gettelman, 2014; Pei et al., 2025). The limited observational coverage over this region leads to uncertainties in
the representation of mixed-phase clouds in climate models, further resulting in the underestimation of the low-level cloud
fraction and supercooled liquid water (Bodas-Salcedo et al., 2016; Pei et al., 2023; Vignon et al., 2021). Thus, an improved
understanding of the interactions among the synoptic-scale circulation, local winds, and cloud processes is essential to improve
simulations of Antarctic precipitation, particularly given the persistent biases in the vertical structure of snowfall reported in

previous studies (Grazioli et al., 2017b).
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In recent years, several dedicated observational campaigns have been conducted to reduce long-standing gaps in our un-
derstanding of cloud and precipitation processes across the Antarctic continent. These efforts include comprehensive mea-
surements at Dumont d’Urville (DDU), Davis and Princess Elisabeth stations (Ferrone and Berne, 2023; Wiener et al., 2024;
Genthon et al., 2018; Alexander et al., 2023; Di Natale et al., 2022). In this study, we analyse observational data collected
between 2015 and 2023 at DDU (66.7°S, 140.0°E) as part of the Antarctic Precipitation: Remote Sensing from Surface and
Space (APRES3) project (Genthon et al., 2018). Drawing on the integrated ground-based observations from the APRES3
project, this study investigates the following question: How does synoptic forcing influence cloud hydrometeor growth and
surface precipitation at Dumont d’Urville, East Antarctica? To address this question, we first identify the precipitation-bearing
weather regimes at DDU and then analyse the microphysics of hydrometeor growth and surface precipitation in these regimes
through two detailed case studies.

The paper is organised as follows. Section 2 describes the observational and reanalysis datasets and the methods em-
ployed. Section 3 presents the results, including the characteristics of the synoptic regimes and detailed case studies of two
precipitation-bearing regimes, emphasising their vertical precipitation structure and hydrometeor growth processes. Section 4

summarises the findings and provides concluding remarks.

2 Data and methods
2.1 MRR data

The Micro Rain Radar (MRR; Metek MRR-2) has operated at DDU since November 2015 as part of the APRES3 project
(Genthon et al., 2018). Operating at 24 GHz (K-band), the MRR provides vertical profiles of equivalent reflectivity (Z,),
Doppler velocity (W), and spectral width (o), which are used in this study to characterise precipitation structure. It provides
data at 100 m vertical resolution from 300 to 3000 m above sea level. The quality-controlled MRR data are available at a 1-
minute temporal resolution, with raw observations processed using the methodology of Maahn and Kollias (2012). A detailed
overview of the radar configuration and data pre-processing procedures are provided by Grazioli et al. (2017a) and Genthon
et al. (2018). At DDU station, the MRR is housed within a radome. Comparisons of co-located X-band radar and a temporarily
deployed second MRR outside the radome (Grazioli et al., 2017a; Durdn-Alarcén et al., 2019) indicate that the radome-enclosed
MRR systematically underestimates reflectivity by nearly 6 dBZ. Accordingly, all MRR equivalent reflectivity data used in this
study were corrected by adding 6 dBZ, consistent with the methodology of Wiener et al. (2024) for the same instrument.

2.2 Snow gauge data

The OTT Pluvio? measures the amount of snowfall falling into the bucket by weighing it and converting it to mm water
equivalent (Wiener et al., 2024). The Pluvio? measured surface precipitation data are available from November 2015 to April
2023 with 1-minute temporal resolution. Detailed explanations of the instrumentation and data processing are available from

Grazioli et al. (2017a) and Genthon et al. (2018). Following Grazioli et al. (2017a), MRR reflectivity at the lowest range gate,
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together with near-surface wind speed, was used to identify the periods of actual cloud precipitation and to exclude spurious
gauge accumulation caused by wind-blown snow. Time steps with no valid MRR signal at the lowest available range gate
(300 m) were classified as precipitation-free and excluded from the analysis, including periods when the 10 m wind speed
exceeded 15 ms™'. Under these conditions, increases in the Pluvio? record presumably resulted from spurious accumulation
caused by blowing snow or mechanical effects on the gauge, rather than from actual precipitation, and were excluded from the
analysis. To ensure consistency with the ERAS wind speed data, the precipitation observations and MRR measurements were

resampled to an hourly resolution.
2.3 MXPol radar

The mobile X-band dual-polarisation radar (MXPol) was deployed at DDU during a summer campaign from 7 December
2015 to 31 January 2016 (Grazioli et al., 2017a; Genthon et al., 2018). It operated at 9.41 GHz and had a 3dB beamwidth
of 1.4 degrees. The radar provides a radial resolution of 75 m and a maximum measurement range of 30 km. Its primary
operation used a five-minute scan, consisting of plan position indicator (PPI) scans and range height indicator (RHI) scans.
RHI scans from the MXPol radar performed at a fixed azimuth of 293° were used to obtain reflectivity (Zy), differential
reflectivity (Zpr), specific differential phase (Kpp), and the correlation coefficient (pry) for the periods 00:00-03:00 UTC
on 29 December 2015 and 28 January 2016. Only observations collected at elevation angles below 40° are considered to
minimise the influence of elevation-dependent biases on the polarimetric variables (Ryzhkov et al., 2005; Dedekind et al.,
2023). PPI scans with a fixed elevation angle of 5° are used to derive the horizontal wind using the Velocity Azimuth Display
(VAD) method in the Py-ART framework. As VAD combines radial velocities measured around an azimuthal circle to estimate
a mean wind vector, the retrieval assumes that horizontal variations within the sampled area are sufficiently small. The radial

velocity varies sinusoidally with azimuth angle and can be expressed as:

N N
V. (0) = % + Z ay, cos(nf) + Z by, sin(né) (1)
n=1 n=1

where Vr is the radial velocity, @ is the azimuth angle, and an and bn are the Fourier coefficients (Browning and Wexler,
1968; Holleman, 2005).

A spectrogram analysis was performed using spectral reflectivity as a function of Doppler velocity and height derived from
the vertical-pointing mode of X-band radar. The processed radar dataset provides Doppler spectra sampled using 256 FFT bins,

covering a Doppler velocity range of -9.96 t0 9.96 m s™!.
2.4 Multi-angle snowflake camera (MASC)

The MASC observation data is available from November 2015 to January 2016. The instrument consists of three high-
resolution coplanar cameras that share a common focal point and are separated by approximately 10 cm, enabling the ac-
quisition of stereoscopic images of individual snowflakes (Garrett et al., 2012). In this study, we use the probabilistic classifi-

cation of hydrometeor types derived from MASC observations following Praz et al. (2017). The relative contribution of each
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hydrometeor type—small particles (SP), columnar crystals (CC), planar crystals (PC), aggregates (AG), graupel (GR), and a
combination of columnar and planar crystals (CPC)—is estimated from the MASC probabilistic classification. The class prob-
abilities are summed over all records within a given time window, and each class sum is normalised by the total probability. In
this analysis, the SP category is excluded, and the remaining class contributions are re-normalised such that their sum equals

unity. More information on the instrument design, operation, and data processing is provided in Grazioli et al. (2022).
2.5 Radiosonde observations

Radiosonde observations from Météo-France at DDU station were used to generate Skew-T log-p diagrams for 00:00 UTC on
29 December 2015 and 00:00 UTC on 28 January 2016 using the MetPy library in Python.

2.6 ERAS

ERAS is the fifth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis series (Hers-
bach et al., 2020). The data are available at a regular horizontal grid spacing of 0.25° and at 137 vertical levels, with hourly
resolution. This study utilises ERAS surface variables, including mean sea level pressure (MSLP), 10-m zonal and meridional
wind components (u and v), 2-m air temperature, and relative humidity. Pressure-level variables used in this study include
temperature, relative humidity, u and v, specific humidity, and vertical velocity. The dataset used spans from January 2015 to

December 2023 with a time resolution of 1 hour. The ERAS data were used to calculate horizontal moisture convergence as

d(qu) 5(qv)] )

where V}, is the horizontal gradient operator, g is the specific humidity (kgkg™!), and V = (u,v) is the horizontal wind

vector.

3 Results
3.1 Weather regime characteristics at DDU

Identification: To identify key weather regimes at DDU, we applied K-means clustering (Hartigan and Wong, 1979) to hourly
ERAS variables (Table 1) for the period 2015-2023, following the methodology and variable selection of Lang et al. (2018).
The optimal number of clusters was assessed by analysing solutions ranging from 3 to 8. The elbow method (Thorndike, 1953;
Everitt et al., 2011) suggested four clusters. However, the four-cluster configuration produced a strongly imbalanced parti-
tioning, with one regime representing conditions between two weak low-pressure systems (not shown)—accounting for more
than 50% of winter occurrences, indicating that several winter circulation states were grouped into a single regime. Increasing
the number of clusters to five resolved this issue by separating an additional, physically interpretable regime characterised by

a coastal trough or an elongated low-pressure structure along the Antarctic coast. Further increasing the number of clusters
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(>5) mainly subdivides existing regimes without introducing new physically distinct circulation patterns. The weather regimes
identified at DDU reflect the interaction between Southern Ocean low-pressure systems, Antarctic continental high-pressure
systems and coastal boundary-layer processes, which strongly modulate temperature, moisture, and cloud structure over East
Antarctica (Parish and Cassano, 2003; Vignon et al., 2019). The weather regimes are described in detail below.

Summer-Warm Air Advection (S-WAA): The S-WAA regime occurs 18% of the time at DDU and is associated with a
low-pressure system approaching from the west (Fig. 1a). Humidity is relatively high, especially within the 800-900 hPa layer
highlighting the frequent presence of low-level clouds (Fig. 1b). The wind profile is characterised by a weak easterly flow from
the surface to 800 hPa, veering to a northeasterly flow at 700 hPa. The winds veer toward a more northwesterly flow at higher
altitudes, which serves as an important metric for warm-air intrusions into coastal Antarctica (Silva and Schlosser, 2021). The
S-WAA regime shows a strong seasonal cycle, with a peak from November to February (Fig. 1c¢).

Summer-Dry (S-Dry): The S-Dry regime is the most prevalent at DDU, accounting for 26.5% of the time and peaking
between December and February. The composite MSLP shows that DDU lies between two weak low-pressure systems (Fig.
1d), with a southward extension of the subtropical high (50-60°S), resulting in a lower horizontal pressure gradient between
the Antarctic continent and the Southern Ocean. The thermodynamic profile indicates a dry troposphere, with the largest dew
point depression near 900 hPa (Fig. le). Consistently, the lower atmosphere is characterised by weak, dry southerly flow from
the Antarctic interior, transitioning to westerly flow aloft.

Winter-Trough (W-Trough): The W-Trough regime occurs about 20% of the time, with the highest frequency in June and
July. The MSLP composite shows a weak, elongated low-pressure system extending from 120° to 160°E (Fig. 1g). Winds are
southeasterly from the surface to about 800 hP and between 800 and 700 hPa, they weaken before transitioning to westerlies
aloft. The thermodynamic profile shows the maximum dew point depression near 900 hPa, decreasing to about 5°C near 800
hPa and remaining relatively humid toward the upper levels of the profile (Fig. 1h).

Winter-Dry (W-Dry): The W-Dry regime occurs 20.5% of the time, with a peak between June and September (Fig. 11).
Although W-Dry regimes’ circulation resembles that of the S-Dry regime, it is characterised by southerly flow extending
through deeper layers of the troposphere. The MSLP pattern further shows a strengthened continental high (Fig. 1j), likely
associated with reduced solar insolation over the Antarctic interior. The dew point depression remains high throughout the
troposphere (Fig. 1k) with multiple temperature inversions above 900 hPa.

Low-Pressure (Low-P): The Low-P regime occurs 16% of the time and is characterised by a strong cyclonic circulation
north of DDU together with enhanced high pressure over the Antarctic continent (Fig. 1m). The resulting pressure gradient
drives an intense, dry southeasterly flow from the Antarctic interior at the lower levels of the atmosphere. With height, the
continental flow weakens and veers to easterly, producing a moisture inversion between 900 and 800 hPa (Fig. In). Similar
vertical moisture structures have been observed during cyclonically forced offshore flow events at Neumayer Station in coastal
Dronning Maud Land, East Antarctica (Silva and Schlosser, 2021). Unlike other weather regimes, Low-P shows little seasonal

variability (Fig. 10) and represents year-round cyclone influence associated with the Southern Ocean storm track.
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3.1.1 Observed and ERAS precipitation for synoptic regimes:

Pluvo? observations show an accumulated precipitation of 5027.0 mm at DDU between 17 November 2015 and 30 April
2023 (Table 2). For the same period, considering only hours with available precipitation observations, ERAS estimates a total
precipitation of 3684.0 mm and shows a correlation coefficient of 0.45 (p < 0.05). Wiener et al. (2024) estimated an MRR-
derived mean annual snowfall accumulation of 1060 mmyr—! at 300 m above the DDU station over a nearly comparable period.
The surface accumulation derived in our study is 32.5% lower than this estimate, consistent with the nearly 35% snowfall loss
attributed to katabatic-wind-driven sublimation along the margins of East Antarctica by Grazioli et al. (2017b). The S-WAA
regime produces the highest surface precipitation at DDU, with a total accumulation of 2408 mm, accounting for 49% of
the total precipitation with a mean rate of 0.21 mmh~?. For this regime, ERA5 estimates a total accumulation of 2289 mm,
corresponding to a mean precipitation rate of 0.20 mmh~? (Table 2). Nevertheless, ERAS precipitation during S-WAA shows
a solid agreement with observations, with a correlation coefficient of 0.56 (p<0.05). Low-P is the second-largest contributor to
total precipitation at DDU, where the total observed (ERAS) precipitation accumulation is 2328 (1206) mm. The observed and
ERAS precipitation in this regime are associated with a correlation coefficient of 0.37 (p<0.05). Notably, S-WAA and Low-P
together account for 94.2% of the total observed precipitation at DDU, indicating that these two synoptic regimes dominate
the station’s precipitation climatology. The W-Trough shows a lower observed surface precipitation rate (0.02 mmh~1!). The
S-Dry and W-Dry regimes do not produce measurable precipitation at DDU, which is dominated by continental air masses

advected from the Antarctic interior.
3.2 Microphysics of cloud hydrometeor growth in Low-P and S-WAA regimes: case studies

We now analyse two case studies, one during the Low-P (29 December 2015) and the other in the S-WAA weather regime (28
January 2016) (Fig. 2). These cases were selected based on the presence of a strong precipitation core aloft, which coincides

with the availability of all co-located multi-platform observations from the APRES3 campaign.
3.2.1 Low-P Case study

The Low-P regime event started at 16:00 UTC on 28 December 2015. It persisted for 32 hours until 00:00 UTC on 30 December
2015, during which an extended and intense low-pressure area spanned a broad longitudinal sector from 110°E to 160°E (Fig.
2a). Along the coastal ocean within this longitude range, the MSLP ranges from 975 to 988 hPa, while over the Antarctic
continental interior, high-pressure conditions occur at 1000-1010 hPa. Here, the X-band radar VAD profiles and radiosonde
winds show strong continental southeasterly flow in the lower troposphere, extending up to an altitude of 1 km (Fig. 3a, d).
Consistently, an intense downslope wind below 1 km is produced in the ERAS-based analysis (Fig. 4b). The downslope flow
leads to the drying of the lower atmosphere, resulting in a large dew point depression of 10°C at the surface level (Fig. 3c).
Evolution of the precipitation column: Initially, Z, remains weak throughout the column, indicating limited hydrometeor
growth and a small precipitation mass flux (Fig. 5a). As the system matures, observations show an intense precipitation core

at DDU from 00:00 UTC (29 December), accompanied by a Z, maximum confined between the altitudes of 1 and 3 km.
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This Z, intensification coincides with increases in surface precipitation (Fig. Se) with an episodic pattern during this period.
After 03:00 UTC, the Z. core weakens and becomes shallower (mainly between 1 and 2 km). The quartiles (25%, 75%) and
the Median of Z, show a pronounced decrease towards the surface from 1km (Fig. 5c), indicating a substantial reduction in
hydrometeor mass.

Radar signatures of hydrometeor characteristics and growth: To examine precipitation growth mechanisms, the po-
larimetric radar variables Zy;, Zpr, Kpp, and pypy are analysed from 00:00 to 03:00 UTC on 28 December 2015 (Fig. Sa;
two vertical black lines denote the analysed precipitation column). To understand the temporal evolution of microphysical
processes, the polarimetric variables were averaged over 15-min intervals using quality-controlled measurements from RHI
scans at elevations between 0° and 40° and grouped into 100-m vertical bins (Fig. 6a—d). Owing to the scanning geometry, the
measurements contributing to each profile were obtained over a range of horizontal distances from the radar, with a median
distance of approximately 8.7 km. The polarimetric profiles in Fig. 6, mainly Zy and Kpp, reveal a contrasting pattern for the
Low-P case between 00:00-01:30 UTC and 01:30-03:00 UTC. Thus, these two periods are examined separately in detail.

Early phase of cloud growth (00:00-01:30 UTC): Fig 6 (a-d) shows increasing Zy;, Kpp, and pyyv and decreasing Zpgr
toward the surface within the DGZ temperature range -10 to -14°C (2-3.5 km). These polarimetric observations are consistent
with hydrometeor growth via riming and increased concentrations of small ice crystals (Kumjian et al., 2022). The interpre-
tation of the riming initiation in DGZ is corroborated by enhanced moisture convergence (Fig. 4a), which likely increases the
occurrence of supercooled liquid water and favours riming. A recent study by Kotsche et al. (2025) noted that at temperatures
between -15 and -10°C, the maximum spectral Zpgr decreases, while Z. and Kpp increase. They pointed out that this sig-
nature might indicate the early-stage formation of D-type aggregates (D-type particles include pristine dendrites, plates, and
needles, which generally have relatively high densities and strongly anisotropic shapes (Schrom and Kumjian, 2016; Griffin
et al., 2018). If supercooled liquid water were available in this layer, the dendrites could also become rimmed, forming even
graupel (Grazioli et al., 2015). Earlier studies have shown that secondary ice production (SIP) can enhance Kpp (Andric¢ et al.,
2013; Sinclair et al., 2016), as Kpp is particularly sensitive to the concentration of small, anisotropic ice particles and is less
affected by larger hydrometeors that dominate radar reflectivity. So, the enhanced Kpp observed in this DGZ may indicate
higher concentrations of small ice crystals associated with ice-ice collisions and possible SIP (Fig. 6¢). Furthermore, rimed
particles coexisting with unrimed ice may likely increase collision efficiency. These observations emphasise that SIP may oc-
cur at temperatures below -8°C, extending beyond the temperature range typically represented in many numerical weather
models. Although the SIP can increase Kpp, the Doppler spectrogram (Fig. 7a) do not exhibit a distinct multimodal spectral
reflectivity distribution, which is indicative of distinct hydrometeor populations within the radar sampling volume and can be
used to infer SIP (Luke and Kollias, 2013). The absence of such a signature does not necessarily preclude SIP, as instrument
sampling volumes differ between spectrogram and polarimetric signatures. Consequently, Doppler spectral observations do not
provide direct evidence of SIP, whereas polarimetric signatures suggest the possible occurrence of SIP within the DGZ. Below
the DGZ, down to 1 km altitude, the Zy; profiles mostly increase to 22 dBZ, while Zpr and Kpp decrease to about 0.5 dB
and 0.025°km ™!, respectively. The increase in Zy, together with the reduction in Zpg and Kpp, suggests the presence of

larger, more isotropic hydrometeors and a decrease in the concentration of small anisotropic ice particles. Such polarimetric
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patterns imply a riming-driven growth process and when hydrometeor anisotropies are weak, aggregation can produce similar
polarimetric signatures (Kumjian et al., 2022). The temperature range within the altitudes is from -10 to -7 °C, where the
Doppler velocity steadily increases from 1 ms~! to about 1.25 ms~! (Fig. 8a), indicating the continuous growth of hydrom-
eteors possibly by riming. Alexander et al. (2023) showed that riming frequency increases inside the clouds at temperatures
warmer than -10 °C during the Antarctic summer. Considering the fall velocities in the layer below 1km, they frequently ex-
ceed 1.5 ms~! (Fig. 8a). Given that rimed particles generally have a fall speed of 1.5-2.5 ms™! or higher (Mosimann, 1995;
Barthazy and Schefold, 2006), the observed fall speed in the Low-P case suggests that the particles reaching the surface are
largely rimed. At the same time, Zy shows a sharp decrease, and Zpg remains relatively constant below 1 km (Fig. 6a-c),
consistent with hydrometeor mass loss due to sublimation (Carlin et al., 2021; Grazioli et al., 2017b). Kpp profile displays an
increasing pattern within this layer (Fig. 6¢), probably indicating sublimation-induced fragmentation-a plausible mechanism
for SIP (Oraltay and Hallett, 1989; Korolev and Leisner, 2020). The temperature at this altitude ranges from -3 to -7 °C and
overlaps the Hallett—-Mossop zone (HM) (Hallett and Mossop, 1974), where SIPs occur primarily via droplet freezing and shat-
tering. However, the negligible moisture content at these altitudes below 1km, and thus the limited availability of supercooled
liquid water, makes an active HM process very unlikely to occur here. The Doppler spectrograms together with spectral width
from MRR reveal pronounced spectral broadening (Figs. 7a and 8b), which would imply wind-driven turbulence in this layer
(Garrett and Yuter, 2014).

Later phase of cloud growth (01:30-03:00 UTC): Zy; weakens toward the surface over this period with a significant drop
below 2 km altitude (Fig. 6a). The Kpp values are considerably lower throughout the column, suggesting a lower concentration
of small anisotropic ice crystals, possibly due to reduced hydrometeor collisions and sublimation-induced fragmentation. The
overall fall-velocity structure remains broadly similar to that observed earlier in the event; however, a marked decrease in
fall velocity is evident between approximately 1.5 and 1 km altitude (Fig. 8a). Below 1 km, spectral broadening becomes less
pronounced (Fig. 8b) likley due to the weaker wind speed during this phase (Fig. S1) and associated reduction in the turbulence.

Surface Hydrometeor Observations: The MASC-based analysis during the Low-P case shows a predominance of graupel
at the surface and provides direct evidence of efficient riming within the cloud layer (Fig. 7b). However, aggregates and planar
crystals are largely absent. Therefore, the observations from the polarimetric radar, MRR, and MASC indicate that hydrometeor

growth is likely driven by riming processes aloft during the Low-P case, with graupel efficiently reaching the surface.
3.2.2 S-WAA case study

The S-WAA case study spans from 00:00 UTC on 28 January 2016 to 12:00 UTC on 29 January 2016 (Fig. 2c, d). During the
S-WAA case, the mean MSLP at DDU reached a minimum of 977 hPa, and the mean 2-m air temperature fell below —3.0°C
(Fig. 2c, d). The low associated with the S-WAA regime is partially blocked by a ridge located northeast of DDU over the
Southern Ocean, which may limit its eastward propagation. The radar and radiosonde winds during this S-WAA case display
a weak easterly flow near the surface, with reduced influence of dry continental air (Fig. 3b, e). From 500 m upward, the

flow strengthens and gradually veers northeasterly above 1 km, resulting in strong moisture convergence extending from 500
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m to 1.5 km altitude (Figs. 3b and 4a). Enhanced boundary-layer moisture content and vertically coherent ascent with weak
downslope flow during the S-WAA (Fig. 4a, c), facilitating efficient precipitation at the surface (Fig. 5f).

Evolution of the precipitation column: MRR observations show that the Z, maxima extends towards the 300m altitudes
during the S-WAA event (Fig. 5b). Further, the Z, across the 25", median, and 75'" percentiles consistently increases toward
the surface, indicating systematic growth and/or increasing concentration of hydrometeors (Fig. 5d). The enhanced Z, at lower
altitudes is associated with persistent surface precipitation, with hourly rates exceeding 1mmh ™! for several hours. ERA5
closely represents the observed surface precipitation during the S-WAA case, with a similar peak followed by a steady drop
(Figs. 2d and 5f). After 06:00 UTC, the Z. core weakened and was confined mainly to an altitude range of 300-600 m. A
secondary intensification of the Z. occurs after approximately 11:25 UTC, during which the Z, core deepens again to an
altitude of 2 km (Fig. 5b).

Radar signatures of hydrometeor characteristics and growth: We now examine the S-WAA case between 00:00 and
03:00 UTC on 28 January 2016 (Fig. 5b; two vertical black lines denote the analysed precipitation column).

Early phase of cloud growth (00:00-01:00 UTC): Here, the DGZ extends from 1.5 to 3.5 km. In the upper half of the DGZ
(2.5 to 3.5km, -14 to -20 °C), an increase in Zy towards the surface and a high Zpr with minimal variability is observed (Fig.
6e, f). Such changes are consistent with vapour-depositional growth that increases particle size without significant changes in
crystal shape (Oue et al., 2016; Schrom et al., 2021). Previous studies have shown that depositional growth rates maximise near
-15 °C, favouring the formation of dendritic ice crystals (Rogers and Yau). Within the lower half of the DGZ, Zy and pyv
continue to increase toward the surface, accompanied by a marked reduction in Zpgr from 1.25 to 0.5 dB. The polarimetric
signatures, together with a fall speed below 1 ms~! (Fig. 8c), indicate an increasing influence of aggregation on hydrometeor
growth in this layer. Earlier studies have shown that aggregation is associated with higher Zy, lower Zpg, and increased pry
(Vogel and Fabry, 2018). The Zy increases from 10 dBZ to 25 dBZ (Fig. 6e) with time between 0.5 and 1.5 km (-10 to -6°C),
representing the evolution of hydrometeor size and number concentration. However, they largely retain their original shape,
as indicated by the nearly constant Zpy in most profiles (Fig. 6f). In this altitude range of 0.5 to 1.5 km, we observed an
increasing fall speed (>1.5 ms™!) and an enhanced moisture convergence, hence supporting hydrometeor growth by riming
(Figs. 4a, 7c, and 8c). Furthermore, this cloud layer is characterised by enhanced Kpp values (Fig. 6g) and a bimodal Doppler
velocity distribution (Fig. 7¢), providing strong evidence of secondary ice production, more likely resulting from the HM
process (Hallett and Mossop, 1974).

Later phase of cloud growth (01:00-03:00 UTC): As in the first phase, the polarimetric signatures in the upper half of the
DGZ (2.5-3.5 km) indicate vapour-depositional growth. In the lower half of it, Z; increases, while Zpr decreases more grad-
ually toward the surface than in the earlier phase (Fig. 6e, ). At the same time, Kpp exhibits a pronounced increase within this
layer compared with the first phase (Fig. 6), with most profiles exceeding 0.1° km ™' and reaching nearly 0.2° km ™! at 02:15
UTC. The strong SIP may contribute to the increase in Kpp, possibly through the collisional breakup of aggregates within
the layer (Vardiman, 1978; Takahashi and Nagao, 1995; Sotiropoulou et al., 2021). Fig. 8c represents the decrease in Doppler
velocity towards the surface within the DGZ. For instance, the Doppler velocity decreases from 1.25 ms~! at 3.5 km (02:15
UTC) to 0.75ms~! at 1.5 km. The combined evolution of the Kpp and Doppler velocity profiles suggests that enhancement
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of small, slowly falling ice particles via SIP shifts the mean Doppler velocity toward lower values than in the initial phase.
The 1.0-2.0 km cloud layer exhibits an increasing Zy, decreasing Zpgr with Doppler velocities dropping to approximately 0.5
ms~! (Figs. 6e-f and 8c). These signatures indicate larger, less-dense hydrometeors and imply an aggregation-driven process
in this phase (Kumjian et al., 2022). While below 1 km, Zy; remains close to 20 dBZ, and Kpp remains elevated (>0.1°, km_l),
while Doppler velocities increase towards the surface, reaching nearly 1 ms~—!. We interpret riming and SIP to persist below 1
km and continue to play a leading role in hydrometeor growth.

Surface Hydrometeor Observations: MASC observations show a relatively high and comparable occurrence of aggregates
and graupel (Fig. 7d), consistent with aggregation and riming processes inferred from the radar data. Further, the occurrence of
columnar and planar crystals provides more conclusive evidence of vapour-depositional growth (Hashino and Tripoli, 2007).
Thus, the polarimetric radar, MRR, and MASC observations collectively indicate vapour deposition within the DGZ, followed

by aggregation and riming at lower levels, with the HM process contributing to secondary ice production.

4 Summary and conclusions

We identified five distinct weather regimes over DDU using K-means clustering. Of these weather regimes, the S-WAA and
Low-P account for 94.2% of the observed surface precipitation, occurring 34% of the time collectively. The W-Trough regime
contributes 5.0% of total precipitation, whereas the S-Dry and W-Dry regimes represent extremely dry tropospheric conditions
under dominant continental flow from the Antarctic interior. Observed surface precipitation is moderately correlated with
ERAS precipitation overall (r = 0.45, p < 0.05), as well as during the S-WAA (r = 0.56, p < 0.05) and Low-P (r = 0.37, p <
0.05) regimes on an hourly timescale, emphasising that ERAS moderately captures precipitation variability associated with the
important precipitation-bearing weather patterns.

Representative Low-P (29 December 2015) and S-WAA (28 January 2016) events were examined in detail to investigate the
microphysical evolution of precipitation. The Low-P event is characterised by strong downslope flow that results in boundary-
layer drying, leading to intermittent surface precipitation despite a well-developed precipitation column aloft. The results
are consistent with previous studies showing that katabatic-flow-driven sublimation can reduce surface precipitation along
the Antarctic coast (Tomikawa et al., 2015; Alexander et al., 2017; Grazioli et al., 2017b). As these processes occur within
the near-surface satellite blind zone, they may be poorly represented in satellite snowfall estimates, and our results therefore
highlight the importance of validating satellite-derived precipitation with ground-based observations in high-latitude regions
(Stephens et al., 2002; Maahn et al., 2014; Skofronick-Jackson et al., 2017). The analysis of polarimetric signatures during this
Low-P case study indicates riming within the DGZ (2-3.5 km, -10 to -14 °C). Riming intensifies between 1 and 2 km (-7 to
-10 °C), accompanied by an increase in the concentration of small ice crystals, likely due to SIP within this cloud layer (Fig.
9a). These observations agree with previous studies showing that riming becomes more likely at temperatures warmer than
approximately -12 °C due to the increased availability of supercooled liquid water (Kneifel and Moisseev, 2020). The layer
below 1 km is characterised by significant sublimation-driven hydrometeor mass loss and SIP associated with sublimation-

induced fragmentation. MASC observations showing a predominance of graupel at the surface further underscore the riming-
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driven growth of hydrometeors during this event. The S-WAA case features a relatively moist lower troposphere driven by
oceanic flow, thereby enabling efficient transport of hydrometeors to the surface and leading to persistent precipitation. The
hydrometeor growth is characterised by vapour deposition in the upper half of the DGZ (2.5-3.5 km, -14 to -20 °C) and
aggregation in the lower half (1.5-2.5 km, -10 to -14 °C) (Fig. 9b), where increased concentrations of small ice crystals
are likely associated with collisional breakup. Efficient riming is observed below lkm (above -8 °C), with a SIP signature
that possibly indicates the HM process. Surface observations during this S-WAA event reveal comparable contributions from
graupel and aggregates, as well as columnar and planar crystals, consistent with the coexistence of multiple hydrometeor
growth processes and SIP.

Changes in ice crystal number concentration through SIP can substantially modify cloud radiative effects, which in turn can
influence ice-shelf surface melting (Gilbert et al., 2020), highlighting the broader importance of accurately representing cloud
microphysical processes in Antarctic models. In this context, our findings provide observational evidence that hydrometeor
growth and surface precipitation over coastal East Antarctica can vary substantially between weather regimes. Our hydrome-
teor growth analysis was limited to selected S-WAA and Low-P cases for which all relevant instrumental observations were
available to characterise their microphysical features. Therefore, while these cases reveal distinct regime-dependent micro-
physical pathways, the observed radar signatures cannot yet be considered representative of all events within these regimes.
Moreover, interactions among synoptic forcing, local flow including katabatic winds, and microphysical growth are likely
to vary along the Antarctic coast because of regional differences in orography and exposure to maritime air masses. Future
research extending the analysis to a larger number of events and additional Antarctic coastal sites could determine how fre-
quently these microphysical signatures occur within each regime and assess the role of regional orography in modulating cloud
and precipitation processes. Such efforts will help refine the representation of precipitation formation in weather and climate

models.
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Figure 1. Characteristics of synoptic regimes at Dumont d’Urville (DDU). (a, d, g, j, m) Spatial distributions of mean sea-level pressure
(MSLP; hPa) and 10 m wind vectors (m s~ ') over East Antarctica for the five major synoptic types identified at DDU during 2015-2023. The
red marker indicates the location of DDU (66.6°S, 140°E). (b, e, h, k, n) Composite Skew-T-logp thermodynamic diagrams for each synoptic
type at DDU, derived from ERAS. The red and green lines show the mean temperature and dew-point temperature profiles, respectively, while
the shaded regions denote one standard deviation. Wind barbs on the right indicate wind speed and direction at the corresponding pressure

levels. (c, £, 1, 1, 0) Seasonal distributions of the synoptic regimes at DDU.
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Figure 2. Circulation and surface meteorology at DDU during Low-P and S-WAA cases: (a) Composite mean fields of MSLP and 10 m
winds during the Low-P case study (16:00 UTC on 28 December 2015 to 00:00 UTC on 30 December 2015), calculated over the duration
of the event. The red marker indicates the location of DDU (66.6°S, 140°E). (b) Time series of MSLP, 2 m temperature, and precipitation
at DDU from ERAS during the Low-P case. (c) Same as (a), but for the S-WAA case (00:00 UTC on 28 January 2016 to 12:00 UTC on
29 January 2016). (d) Same as (b), but for the S-WAA case.
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Figure 3. Skew-T-logp from radiosonde and VAD profiles from X-band radar. (a) Skew-T-logp diagram for the Low-P event at DDU,
computed based on the radiosonde launched at 00:00 UTC on 29 December 2015. (b) Same as (a), but for the S-WAA event, based on the
radiosonde launched at 00:00 UTC on 28 January 2016. (c) Vertical profiles of dewpoint depression for the Low-P (solid blue line) and
S-WAA (solid red line) events. (d) Velocity—azimuth display (VAD) from X-band dual-polarization radar observations during the Low-P

event, showing the vertical structure of horizontal wind speed and direction. (¢) Same as (d), but for the S-WAA event.
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Figure 4. Moisture convergence and vertical circulation from ERAS. (a) Vertical profiles of moisture convergence (s ') during the Low-P
(29 December 2015) and S-WAA (28 January 2016) events, evaluated at the ERAS grid point nearest to DDU for the period 00:00-03:00
UTC. (b) Meridional cross-section of vertical velocity (w, m s~!; shaded) along 140°E, with meridional-vertical wind vectors (v, w) overlaid
and w scaled by a factor of 100. Blue dotted contours denote specific humidity (¢, g kg ™*). The black star marks DDU, and the solid black
line represents the underlying orography (m). (c) Same as (b), but for the S-WAA event.
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Figure 5. Precipitation evolution from MRR and OTT Pluvio: (a) Time-height cross-section of equivalent radar reflectivity (Z.) observed
by the MRR during the Low-P event at DDU. Temperature contours are derived from the radiosonde launched at 00 UTC on 29 Decem-
ber 2015. The period from 00:00 to 03:00 UTC on 29 December 2015 is indicated by the black vertical lines. (b) Same as (a), but for the
S-WAA event, with temperature contours derived from the radiosonde launched at 00 UTC on 28 January 2016. The period from 00:00 to
03:00 UTC on 28 January 2016 is indicated by the black vertical lines. (c) Vertical profiles of the median (solid) and the 25" and 750
percentiles (dotted) of Z for the Low-P event, computed over 00-03 UTC on 29 December 2015. (d) Same as (c), but for the S-WAA event,
computed over 00-03 UTC on 28 January 2016. (e) Time series of surface precipitation rate measured by the OTT Pluvio? during the Low-P
event. (f) Same as (e), but for the S-WAA event.
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Figure 6. Polarimetric signatures of hydrometeor growth: (a—d) Vertical profiles of (a) reflectivity (Zx), (b) differential reflectivity
(Zpr), (c) specific differential phase (K pp), and (d) copolar correlation coefficient (pz ) derived from MXPol radar observations during
the Low-P case at DDU. Profiles are shown for the period 00:00-03:00 UTC on 29 December 2015 as 15-minute averages, using elevation
angles below 40°. The secondary y-axis (blue) shows the temperature profile from radiosonde measurements at 00:00 UTC on 29 December
2015. (e-h) Same as (a—d), but for the S-WAA case, with profiles shown for 00:00-03:00 UTC on 28 January 2016 as 15-minute averages.

The secondary y-axis (red) shows the temperature profile from radiosonde measurements at 00:00 UTC on 28 January 2016.
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Figure 7. Doppler Spectrograms and MASC Hydrometeors: (a) Doppler spectrogram for the Low-P case at 00:47 UTC on 29 December
2015. The mean Doppler velocity is indicated by the solid black line. (b) Relative contributions of hydrometeor types to the total particle
population during the Low-P event (00:00-03:00 UTC on 29 December 2015). (c) Same as panel (a), but for the S-WAA case at 00:31
UTC on 28 January 2016. (d) Same as panel (b), but for the S-WAA event (00:00-03:00 UTC on 28 January 2016). Hydrometeor classes
include columnar crystals (CC), planar crystals (PC), aggregates (AG), graupel (GR), and combined columnar and planar crystals (CPC).

The selected periods (P1 and P2) are characterised by similar polarimetric signatures (Fig. 6).
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Figure 8. Vertical structure of Doppler velocity and spectral width: (a, d) Time-height cross-sections of (a) Doppler velocity (W, ms™ ')
and (b) spectral width (o, m s~1) observed by the MRR during the Low-P case at DDU from 00:00 to 03:00 UTC on 29 December 2015. The
profiles represent 15-minute averaged values. (c—d) Same as (a—b), but for the S-WAA case from 00:15 to 03:00 UTC on 28 January 2016.
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Figure 9. Schematic of hydrometeor growth processes: Schematic representation of cloud microphysical processes during (a) the Low-
P case and (b) the S-WAA case at DDU. The two phases of cloud growth, distinguished by their polarimetric signatures, are presented

separately.
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Level Variables

Surface and 2 m Surface pressure (SP), 2-m air temperature (1%,,), 2-m relative humidity (RHzm)

700, 850, and 925 hPa  Temperature (1), relative humidity (RH), zonal wind (u), and meridional wind (v)
Table 1. Variables used in the K-means clustering analysis.

Regime Total-Obs (mm)  Total-ERAS5 (mm) Mean-Obs (mm hr~!) Mean-ERAS (mm hr™!) r

S-WAA 2408.2 2288.8 0.21 0.20 0.56"
S-Dry 15.7 6.0 0.00 0.00 —0.04
W-Trough 252.0 183.4 0.02 0.02 0.36"
W-Dry 23.6 0.2 0.00 0.00 —0.07
Low-P 23279 1205.9 0.28 0.15 0.37"
Total 5027.4 3684.1 0.08 0.06 0.45*

Table 2. Comparison of observed and ERAS precipitation statistics for the identified synoptic regimes at DDU. Asterisks indicate statistically
significant correlations (p < 0.05).
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