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Abstract. On 28 February 2018, 57 mm of precipitation as-
sociated with a warm conveyor belt (WCB) fell within 21 h
over South Korea. To investigate how the large-scale circula-
tion influenced the microphysics of this intense precipitation
event, we used radar measurements, snowflake photographs
and radiosounding data from the International Collabora-
tive Experiments for Pyeongchang 2018 Olympic and Para-
lympic Winter Games (ICE-POP 2018). The WCB was iden-
tified with trajectories computed with analysis wind fields
from the Integrated Forecast System global atmospheric
model. The WCB was collocated with a zone of enhanced
wind speed of up to 45 ms−1 at 6500 m a.s.l., as measured
by a radiosonde and a Doppler radar. Supercooled liquid
water (SLW) with concentrations exceeding 0.2 gkg−1 was
produced during the rapid ascent within the WCB. During
the most intense precipitation period, vertical profiles of po-
larimetric radar variables show a peak and subsequent de-
crease in differential reflectivity as aggregation starts. Below
the peak in differential reflectivity, the specific differential
phase shift continues to increase, indicating early riming of
oblate crystals and secondary ice generation. We hypothe-
sise that the SLW produced in the WCB led to intense rim-
ing. Moreover, embedded updraughts in the WCB and turbu-
lence at its lower boundary enhanced aggregation by increas-
ing the probability of collisions between particles. This sug-
gests that both aggregation and riming occurred prominently
in this WCB. This case study shows how the large-scale at-
mospheric flow of a WCB provides ideal conditions for rapid

precipitation growth involving SLW production, riming and
aggregation. Future microphysical studies should also inves-
tigate the synoptic conditions to understand how observed
processes in clouds are related to large-scale circulation.

1 Introduction

Precipitation is the result of a chain of meteorological pro-
cesses ranging from synoptic to microscales. In particular
for stratiform precipitation, large-scale flow drives the trans-
port of moisture and lifting of air masses, while microphysics
ultimately determines the growth and fall of hydrometeors,
influencing precipitation intensity and accumulation. There-
fore understanding the link between large-scale flow and
microphysics is paramount to better forecasting precipita-
tion. Extratropical cyclones are the main synoptic-scale fea-
tures associated with precipitation at mid-latitudes and pro-
duce more than 80 % of the total precipitation in the North-
ern Hemisphere storm tracks (Hawcroft et al., 2012). Quasi-
Lagrangian analyses of mid-latitude baroclinic storms have
shown the existence of three distinctive airstreams (Carlson,
1980): the dry intrusion, the cold conveyor belt (Harrold,
1973; Browning, 1990; Schultz, 2001) and the warm con-
veyor belt (WCB; Green et al., 1966; Harrold, 1973; Brown-
ing et al., 1973; Dacre et al., 2019; Wernli and Knippertz,
2020). The latter can be defined as a coherent warm and
moist airstream rising from the boundary layer to the up-
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per troposphere in about 2 d (Eckhardt et al., 2004; Madonna
et al., 2014). Climatological studies of WCBs have used
a simple criterion on the ascent rate of trajectories (e.g.
600 hPa in 48 h; Madonna et al., 2014).

WCBs typically rise from below 900 to about 300 hPa, and
temperature along this flow typically decreases from above
0 to below −40 ◦C. Therefore, clouds along WCBs feature
the whole spectrum from warm clouds to mixed-phase to
pure-ice clouds (e.g. Joos and Wernli, 2012; Madonna et al.,
2014). WCBs are the primary precipitation-producing fea-
ture in extratropical cyclones (Browning, 1990; Eckhardt
et al., 2004) and are responsible for more than 70 % of pre-
cipitation extremes in the major storm tracks (Pfahl et al.,
2014). However, precipitation and cloud processes also im-
pact the dynamics of extratropical cyclones. Trajectory anal-
yses have shown that WCBs experience a strong cross-
isentropic ascent due to latent heat release (Madonna et al.,
2014), which leads to an increase in potential vorticity (PV)
below the maximum diabatic heating level and a decrease
above it (Wernli and Davies, 1997). This represents a direct
link between microphysics and dynamics. Joos and Wernli
(2012) studied the impact of different microphysical pro-
cesses on the diabatic PV production in WCBs. They sug-
gested that condensation of cloud liquid and depositional
growth of snow and ice are the most significant diabatic
heating processes in WCBs. Joos and Forbes (2016) showed
the direct impact of specific microphysical processes on PV
modification in WCBs and the subsequent downstream flow
evolution.

Colle et al. (2014) studied the distribution of snow crystal
habits within mid-latitude baroclinic storms over Long Is-
land, New York. They observed moderately rimed crystals
in the middle of the comma head, while heavy riming was
present close to the cyclone centre. They also showed a posi-
tive correlation between vertical wind speeds, turbulence and
degree of riming by means of Doppler data from a micro
rain radar. Overall, this study highlights the spatial structure
of microphysics occurring in winter storms and suggests a
link between the dynamics of the cyclone and observed snow
crystal habits.

Dual-polarisation Doppler (polarimetric) radars are useful
to study precipitation microphysics as they provide informa-
tion on the hydrometeors’ shape, density and phase. For in-
stance, differential reflectivity ZDR, defined as the logarith-
mic ratio between the reflectivity factor at horizontal and ver-
tical polarisations (ZH−ZV in decibels), is a measure of the
reflectivity-weighted axis ratio of the targets (Kumjian, 2013;
Bringi and Chandrasekar, 2001). Oblate particles (e.g. rain-
drops and dendrites) have positive ZDR values, while pro-
late ones (e.g. vertically oriented ice in an electric field) ex-
hibit negative ZDR values. ZDR also depends on the crys-
tal’s dielectric constant but not on the number concentration.
Therefore, large aggregates tend to have small ZDR values
(< 0.5 dB; Kumjian, 2013) primarily because they have a
much lower density than solid ice but also because they tend

to be more spherical than pristine crystals. On the other hand,
aggregates are much larger than crystals and tend to have
higher ZH values. Consequently, decreasing ZDR together
with increasing ZH towards the ground is a consistent sig-
nature of the aggregation process (Schneebeli et al., 2013;
Kumjian et al., 2014; Grazioli et al., 2015). Furthermore,
the specific differential phase shift (Kdp; in degrees per kilo-
metre), which is the range derivative of the total differential
phase shift on propagation (i.e. phase difference between the
horizontal and vertical polarisation waves propagating for-
ward), is related to the axis ratio, the density, the number
concentration and the size of the targets. Being a lower-order
moment than ZH, it is more influenced by the number con-
centration such that a high number concentration of small
oblate crystals can lead to an increase inKdp, while ZDR will
barely be affected. Owing to this wealth of information, po-
larimetric variables have been extensively used for snowfall
microphysical studies (Bader et al., 1987; Andrić et al., 2013;
Schneebeli et al., 2013; Moisseev et al., 2015; Grazioli et al.,
2015). The pioneering work of Bader et al. (1987) showed
that high ZDR values are associated with large dendritic crys-
tals. More recently, Moisseev et al. (2015) found that en-
hanced values of specific differential phase (Kdp) are related
to the onset of aggregation, producing early aggregates that
can be oblate. Grazioli et al. (2015) suggested that similar
peaks in Kdp can result from secondary ice generation (lead-
ing to a high number concentration of small anisotropic crys-
tals) or the riming of oblate ice crystals, which increases their
density. These studies thoroughly analysed dual-polarisation
signatures of snowfall microphysics. However, they did not
consider the interactions between large-scale flow and micro-
physics. Keppas et al. (2018) studied the microphysical prop-
erties of a warm front with radar and in situ measurements
in clouds. They found that a WCB formed a widespread
mixed-phase cloud by producing a significant amount of liq-
uid water, which favoured riming and secondary ice genera-
tion. However, they did not formally identify WCB trajecto-
ries nor did they confirm that the liquid water was produced
within the WCB. There is hence a need to better understand
how the strong, coherent ascending motion within WCBs in-
fluences precipitation microphysics. To this end, a synergy
between remote-sensing and in situ measurements as well as
trajectory analyses is needed.

In this study, we use data from the International Collabo-
rative Experiments for Pyeongchang 2018 Olympic and Par-
alympic Winter Games (ICE-POP 2018) campaign to study
an extreme snowfall event associated with a WCB over South
Korea on 28 February 2018. The location of Pyeongchang
on a peninsula at mid-latitudes offers an interesting setting to
study the interplay between synoptic circulation, orographic
effects and microphysics. First, the surrounding Yellow Sea
and East Sea provide nearby sources of moisture for precip-
itation, which is particularly relevant for wintertime WCBs
(Pfahl et al., 2014). Secondly, WCBs play a crucial role for
precipitation over the Korean Peninsula: between 80 % and
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90 % of extreme precipitation is associated with WCBs in
South Korea according to a climatological study by Pfahl
et al. (2014). The ICE-POP 2018 data set includes, among
other data, multiple-frequency radar measurements and high-
resolution snowflake photographs. We also make use of the
Integrated Forecast System (IFS; ECMWF, 2017) model
from the European Centre for Medium-Range Weather Fore-
casts to identify WCB trajectories associated with this event.

To understand the role of the WCB during this intense pre-
cipitation event in Korea, we address the following questions:

– What was the synoptic situation leading to this intense
snowfall event?

– Which microphysical processes were involved?

– How did the specific flow conditions in the WCB influ-
ence the observed microphysics?

The paper is structured as follows. We first introduce the
measurement campaign and data sets in Sect. 2. The syn-
optic situation is presented in Sect. 3. Section 4 shows the
evolution of the event over Pyeongchang. An analysis of the
microphysics observed by radar and snowflake images dur-
ing succeeding periods of interest is presented in Sect. 5. We
then summarise the key findings of this study with a concep-
tual model in Sect. 6 before concluding in Sect. 7.

2 Measurement campaign and data set

ICE-POP 2018 was a measurement campaign organised by
the Korea Meteorological Administration and supported by
the World Meteorological Organisation. Figure 1 shows the
location of Pyeongchang and the measurement sites. One of
the main goals of ICE-POP 2018 was to improve our under-
standing of orographic precipitation in the Taebaek moun-
tains (the mountain range along the east coast of the Ko-
rean Peninsula in Fig. 1). For this purpose, remote-sensing
and in situ measurements of clouds and precipitation were
conducted in the Pyeongchang and Gangneung provinces be-
tween November 2017 and May 2018. In this study, we focus
on the data collected by an X-band Doppler dual-polarisation
radar (hereafter MXPol), a W-band Doppler cloud profiler
(hereafter WProf) and a multi-angle snowflake camera (here-
after MASC), details of which are provided in the follow-
ing subsections. In addition, we use measurements from a
Pluvio2 weighing rain gauge located at the Mayhills site
(MHS; Fig. 1). Finally, we show radiosondes (3-hourly reso-
lution) and temperature measurements from Daegwallyeong
(DGW), located 2 km away from MHS.

2.1 X-band Doppler dual-polarisation radar

MXPol was installed on top of a building at Gangneung–
Wonju National University (GWU) at the coast of the East
Sea (Fig. 1). MXPol operates at 9.41 GHz with a typical

angular resolution of 1◦, range resolution of 75 m, non-
ambiguous range of 28 km and a Nyquist velocity of 39 ms−1

in dual-pulse pair (DPP) mode or 11 ms−1 in fast Fourier
transform (FFT) mode (see Schneebeli et al., 2013, for more
details). The scan cycle was composed of three hemispheri-
cal range height indicators (RHIs) at 225.8◦ (in FFT), 233◦

(in DPP) and 325.7◦ (in DPP) azimuth. The first two are to-
wards MHS, while the third is perpendicular to this direction
following the coast (dashed red lines in Fig. 1). The RHIs
were performed with a range resolution of 75 m and an ex-
tent of 27.2 km. The cycle was completed by one plan posi-
tion indicator (PPI) in DPP mode at 6◦ elevation (dashed red
circle in Fig. 1) and one PPI in FFT mode at 90◦ elevation
(for ZDR monitoring). The PPI at 6◦ elevation had a range
resolution of 75 m and an extent of 28.4 km. The scan cycle
had a 5 min duration and was repeated indefinitely. The main
variables retrieved from MXPol measurements are the reflec-
tivity factor at horizontal polarisation ZH (dBZ), ZDR (dB),
Kdp (◦ km−1), the mean Doppler velocity (ms−1) and the
Doppler spectral width SW (ms−1). During the FFT scans
the full Doppler spectrum at 0.17 ms−1 resolution was re-
trieved. A semi-supervised hydrometeor classification (Besic
et al., 2016) was applied to the polarimetric variables. A
recently developed demixing module of this method (Besic
et al., 2018) was also used to estimate the proportions of hy-
drometeor classes within one radar volume, which allows us
to study mixtures of hydrometeors.

2.2 W-band Doppler cloud profiler

WProf was deployed at MHS, 19 km inland from GWU
at 789 m a.s.l. WProf is a frequency-modulated continuous-
wave (FMCW) radar operating at 94 GHz used to sample the
vertical column above the radar using typically three vertical
chirps (Table 1). It consists of one transmitting and one re-
ceiving antenna. A comparison of MXPol and WProf speci-
fications can be found in Table 2. WProf has an integrated
passive radiometer at 89 GHz, which provides the bright-
ness temperature of the vertical column above the radar (see
Küchler et al., 2017, for more details).

2.3 Multi-angle snowflake camera

The MASC was deployed in a double-fence wind shield at
MHS. It is composed of three coplanar cameras separated
by an angle of 36◦. As hydrometeors fall in the triggering
area, high-resolution stereographic pictures are taken, and
their fall speed is measured. A complete description of the
MASC can be found in Garrett et al. (2012). The MASC im-
ages were used as input parameters to a solid-hydrometeor
classification algorithm. Each individual particle is classi-
fied into six solid-hydrometeor types, namely small particles
(SPs), columnar crystal (CC), planar crystal (PC), a combi-
nation of column and plate crystal (CPC), aggregate (AG),
and graupel (GR). In addition, the maximum dimension (di-
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Figure 1. Location of the main measurement sites of ICE-POP 2018 used in this study. A digital elevation model shows the topography
of the region and its location within South Korea. The dotted red lines and circle show the extent of the main RHIs (27.2 km) and the PPI
(28.4 km radius), respectively.

Table 1. Description of WProf chirps.

Range Range Doppler Doppler
resolution interval

chirp2 [2016, 9984] m 32.5 m [−5.1,5.1] ms−1 0.020 ms−1

chirp1 [603, 1990] m 11.2 m [−5.1,5.1] ms−1 0.020 ms−1

chirp0 [100, 598] m 5.6 m [−7.16,7.13] ms−1 0.028 ms−1

Table 2. Specifications of MXPol and WProf.

Specifications MXPol WProf

Frequency 9.4 GHz 94 GHz
3 dB beam width 1.27◦ 0.53◦

Range resolution 75 m 5.6, 11.2 and 32.5 m
Transmission type Pulsed FMCW

ameter of the circumscribed circle) of particles is measured
to characterise the size of the snowflakes. A detailed expla-
nation of the algorithm is provided in Praz et al. (2017). One
challenge during the measurement of snowflakes in free fall
is the contamination from blowing snow. Schaer et al. (2020)
developed a method to automatically identify blowing snow
particles in MASC images. Despite the presence of a double-
fence wind shield during ICE-POP 2018, 31 % of the parti-
cles were identified as blowing snow and removed for this
study. We make use of particle size distributions estimated
from the maximum diameter of particles following the work
of Jullien et al. (2019).

2.4 Warm conveyor belt trajectory computation

We define the large-scale WCB ascent over the Korean
Peninsula from a Lagrangian perspective as a coherent en-
semble of trajectories with an ascent rate of at least 600 hPa
in 48 h (Wernli and Davies, 1997; Madonna et al., 2014). The
48 h trajectories were computed with the Lagrangian analysis
tool LAGRANTO (Wernli and Davies, 1997; Sprenger and
Wernli, 2015) based on the 1-hourly 3D wind field of the hy-
drostatic model IFS (model version Cy43r3, operational from
July 2017 to June 2018; ECMWF, 2017). The details of the
microphysics scheme can be found in Forbes et al. (2011).
The IFS is run with a spatial resolution of O1280 (approx-
imately 9 km) and 137 vertical hybrid pressure–sigma lev-
els (ECMWF, 2017). The IFS data set combines operational
analyses at 00:00, 06:00, 12:00 and 18:00 UTC with hourly
short-term forecasts in between. The data set was interpo-
lated to a latitude–longitude grid with 0.5◦ spatial resolution
for trajectory computation. To analyse the air parcel ascent in
the vicinity of the measurement site, we combine 24 h back-
ward and 24 h forward trajectories starting every hour be-
tween 00:00 UTC on 27 February and 00:00 UTC on 1 March
2018 every 50 hPa from 1000 to 200 hPa in the proximity of
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Figure 2. Sea level pressure (grey contours, labels in hectopascals), dynamical tropopause on the 315 K isentrope (purple lines), IVT (brown
contours, labels in kilograms per metre per second; only values greater than 500 kgm−1 s−1 are shown) and precipitation rate (PR) in mil-
limetres per hour (colour-filled) at (a) 18:00 UTC on 27 February 2018 and (b) 00:00 UTC, (c) 06:00 UTC and (d) 12:00 UTC on 28 Febru-
ary 2018 from ERA5 data. The warm and cold fronts at 06:00 UTC were manually drawn based on an analysis of equivalent potential
temperature at 850 hPa. The red star shows the location of GWU.

Pyeongchang. WCB trajectories are subsequently selected as
trajectories exceeding an ascent rate of 600 hPa in 48 h. In
addition to this Lagrangian representation (i.e. following the
trajectories), we projected the WCB trajectories in an Eule-
rian reference frame above Pyeongchang. This gives for each
time step and for all vertical levels the position of trajectories
above Pyeongchang which ascended with ascent rates of at
least 600 hPa in 48 h within the period between 00:00 UTC
on 27 February and 00:00 UTC on 1 March 2018. This high-
lights the heights at which WCB air parcels (i.e. with strong
ascent at any given time) occur.

3 Synoptic overview and WCB

The 28 February 2018 precipitation event is the most intense
of the whole ICE-POP 2018 campaign. It contributed 77 %
of the winter 2018 (December–February) precipitation ac-
cumulation. At 18:00 UTC on 27 February 2018 (Fig. 2a)
a PV streamer (equatorwards excursion of stratospheric air)
was located over eastern China and moved eastward towards

South Korea. At 00:00 UTC on 28 February 2018 (Fig. 2b) a
surface cyclone formed in the Yellow Sea east of the upper-
level PV streamer. Around 06:00 UTC, the surface cyclone
intensified as the PV streamer was approaching (Fig. 2c)
and became fully developed with a cold front passing to
the south of the Korean Peninsula and a warm front pass-
ing over Pyeongchang. The interaction between the upper-
level PV streamer and the surface cyclone led to a rapid
deepening of the cyclone by 25 hPa between 18:00 UTC
on 27 February and 12:00 UTC on 28 February. The inte-
grated vapour transport (IVT; Rutz et al., 2014) contours
show the strong moisture flux ahead of the cold front, with
the most intense precipitation close to the cyclone centre,
where the IVT gradient is the largest. At 12:00 UTC the
cyclone moved further east, and the PV streamer was lo-
cated over Korea, inducing an increasingly easterly flow
(Fig. 2d). While the Yellow Sea is a known region of cyclo-
genesis, the cyclone frequency over Korea in winter is less
than 2 % (Wernli and Schwierz, 2006), indicating that such
a synoptic situation in winter over Korea is relatively rare.
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Figure 3. WCB trajectories with an ascent rate of at least 600 hPa in 48 h that are located near the measurement site at 06:00 UTC on
28 February 2018. Colours indicate (a) the pressure level and (b) the LWC along the WCB air parcels. Also shown are sea level pressure
(grey contours, every 5 hPa) and the dynamical tropopause at 315 K (purple). Only the WCB trajectories close to the site (green asterisk in
panel a and red in panel b) are shown.

This intense precipitation event is associated with a WCB
that ascended from the boundary layer to the upper tropo-
sphere and rose over the Korean Peninsula on 28 February,
when the low-pressure system was fully developed. Figure 3
shows an ensemble of trajectories that are part of the large-
scale WCB airstream and that ascended near Pyeongchang
at 06:00 UTC on 28 February 2018. The inflow part of
the WCB (i.e. upstream of the strong ascent in Fig. 3a) is
characterised by IVT values greater than 1000 kgm−1 s−1,
showing that the WCB transported large amounts of wa-
ter vapour originating from the Yellow Sea. The trajectories
rapidly ascended over South Korea, and liquid-water con-
tent (LWC) increased along the selected WCB trajectories
to above 0.2 gkg−1 in the region of strong ascent (Fig. 3b).
The WCB ascent in the vicinity of the measurement site was
relatively fast, with ascent rates of approximately 500 hPa in
12 h (Fig. 4). During the relatively strong ascent from the
boundary layer to the upper troposphere an extended, mostly
stratiform cloud band formed, which was also responsible
for the surface precipitation (Fig. 5a, e). The WCB trans-
ported and formed up to 0.20 gkg−1 of liquid water dur-
ing its strong ascent in the mid-troposphere (Figs. 3b and
4). The 0 ◦C isotherm was higher than 900 hPa during the
event. LWC increases along the ascent of the WCB trajecto-
ries above 900 hPa (Fig. 4). The increase in LWC in super-
cooled conditions is likely a result of (i) condensation of the
water droplets advected from below to above freezing and
(ii) nucleation of new droplets at sub-freezing temperatures.
To maintain mixed-phase conditions, the depletion of liq-
uid water by the Wegener–Bergeron–Findeisen process has
to be compensated by production of liquid water by dynam-
ical processes (e.g. condensation or nucleation in ascending
air masses or advection of water droplets). Following this cri-
terion, Heymsfield (1977) showed that for an ascending mo-
tion to maintain liquid water, the velocity of ascent has to be
greater than a critical vertical velocity. We found that in this
event a vertical velocity greater than 0.1 ms−1 would form
supercooled droplets in the presence of both ice and snow

particles (see Appendix A for details of the computation).
The ascent rate of the WCB can be estimated from Fig. 4
to be 0.2 ms−1. We conclude that the simulated supercooled
liquid water (SLW) is a consequence of the strong large-scale
ascent in the WCB.

4 The evolution of clouds and precipitation over
Pyeongchang

In the previous section, we identified SLW associated with
large-scale WCB ascents in IFS analyses. In the following,
we use remote and in situ observations to corroborate the
presence of SLW and to discuss its relevance for the micro-
phyisical processes taking place.

Before the onset of precipitation, a temperature inver-
sion at 1500 m (Fig. 6a at 00:00 UTC) favours the forma-
tion of a low-level cloud (Fig. 5a). This temperature in-
version is located just above a layer of potential instabil-
ity with equivalent potential temperature (θe) gradients of
about −10 Kkm−1 between 1250 and 1450 m. Other layers
of potential instability are present below 3000 m (with θe-
gradients up to −5 Kkm−1) for all three radiosoundings at
00:00, 06:00 and 09:00 UTC. Above 3000 m, the air is sat-
urated or close to saturation with respect to ice (Fig. 6b at
00:00 UTC). At 06:00 and 09:00 UTC, the air is saturated
with respect to ice over almost the entire troposphere. Be-
tween 6000 and 9000 m, the relative humidity with respect
to ice (RHi) is well above saturation at 00:00, 06:00 and
09:00 UTC. This altitude range corresponds to the outflow of
WCB air masses (Fig. 4), which often features cirrus clouds
(Madonna et al., 2014). These cirrus in the WCB outflow are
likely composed of both ice crystals formed by freezing of
liquid droplets in the WCB ascent and ice crystals formed
via nucleation directly from the vapour phase in upper tro-
pospheric air masses pushed upwards by the WCB (Wernli
et al., 2016). This suggests that the high supersaturation with
respect to ice above 6000 m is directly related to the WCB.
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Figure 4. Temporal evolution of LWC (blue line; in grams per kilometre) and ice water content (IWC; yellow line, in grams per kilome-
tre) from IFS analyses along the WCB trajectories (black line and grey shading represent the pressure level of the selected trajectories in
hectopascals) shown in Fig. 3. Shown are the mean (solid lines) and the standard deviation (dashed lines and shading). The altitudes and
temperatures of the pressure levels (second y axis on the right) are taken from the radiosounding at 06:00 UTC.

In this view, the WCB provides favourable conditions for
rapid crystal growth, leading to precipitation onset. The pro-
file of wind speed clearly shows a strong jet of 45 ms−1 at
6500 m a.s.l. at 06:00 UTC (Fig. 6c), which coincides with
the WCB air masses. The height of this jet and the lower
limit of WCB air masses decrease with time, and we observe
the jet just below 5000 m at 09:00 UTC.

In the layer from 4000 to 6000 m a.s.l. at 06:00 UTC an
increase in wind speed with height and a rapid change in
the wind direction from southerly to south-westerly result in
strong vertical wind shear. The vertical wind shear reaches
values of 15 ms−1 km−1 in speed and 0.27 ◦m−1 in direc-
tion. Keppas et al. (2018) identified similar values of vertical
wind shear, which triggered Kelvin–Helmholtz instabilities.
In Sect. 5.3, we illustrate the influence of this vertical wind
shear within the WCB ascent region on the observed micro-
physics.

Figure 5a shows the reflectivity measured by WProf.
The nimbostratus cloud approaches between 00:00 and
03:00 UTC. The cloud base is at 3100 m (Fig. 6b), but virgae
appear down to 2000 m, where ice crystals sublimate in un-
saturated air. Below the temperature inversion at 1400 m the
air is close to saturation (Fig. 6a, b at 00:00 UTC), and a low-
level cloud can be identified as a layer with reflectivity values
below−5 dBZ. At 03:00 UTC surface precipitation starts and
lasts until 16:00 UTC (Fig. 5e). A 3D gridding of the WCB
trajectory positions (Fig. 5,a, b, black contour) reveals that
WCB air parcels continuously ascend above the location of
WProf during the entire passage of the nimbostratus cloud.
At 19:00 UTC a post-frontal precipitating system sets in and
lasts until 00:00 UTC on 1 March. It is not associated with
the WCB and is not investigated.

Within the WCB ascent regions, enhanced updraughts are
present, in particular around 3000 m a.s.l. between 07:00 and
10:00 UTC (Fig. 5b). These overturning cells at the lower
boundary of the WCB (represented by the black contour)
are likely Kelvin–Helmholtz instabilities generated by the
strong vertical wind shear observed in the radiosoundings
(Fig. 6). Except for a moist neutral layer around 4000 m
at 06:00 UTC, the profiles at 06:00 and 09:00 have stable
lapse rates, which together with a strong wind shear provide
favourable conditions for Kelvin–Helmholtz instabilities. A
region of enhanced positive Doppler velocity can be ob-
served from 07:30 to 08:00 UTC between 4000 and 6000 m,
where the mean Doppler velocity amounts to approximately
2 ms−1, indicating the presence of embedded updraughts in
the WCB. Recently, case studies by Keppas et al. (2018),
Oertel et al. (2019) and Oertel et al. (2020) identified em-
bedded convection within the large-scale WCB. Oertel et al.
(2019) and Oertel et al. (2020) showed that embedded con-
vection leads to a local increase in precipitation intensity,
while Oertel et al. (2020) found that it also promotes the
formation of graupel particles in the model simulations. Fi-
nally, Hogan et al. (2002) observed that embedded convec-
tion was collocated with maxima of SLW concentration. In
this paper we refer to these upward air motions as embedded
updraughts since there is no evidence of convective instabil-
ity in the radiosoundings (Fig. 6a). While the cause of the
updraughts we observe might be different than those men-
tioned in Hogan et al. (2002), Keppas et al. (2018) and Oer-
tel et al. (2019), the consequence for the precipitation growth
processes is consistent with what we observe in this study.

Ahead of the precipitating system the cloud contains
mainly crystals (Fig. 5c). Intense precipitation begins around
04:30 UTC, and aggregates dominate during the whole pre-
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Figure 5. Time series on 28 February 2018 of (a) reflectivity and (b) mean Doppler velocity from WProf (defined positive upwards).
(c) Hydrometeor classification (Besic et al., 2018) based on MXPol RHIs towards MHS. Only data with an elevation angle between 5◦ and
45◦ are considered. The isolines represent the proportion of each hydrometeor class normalised by the average number of pixels per time
step. The contour interval is 2 %. The yellow contours represent crystals, the blue ones aggregates and the red ones rimed particles. The
results are shown only above 2000 m since the lower altitudes are contaminated by ground echoes. The black contour in panels (a), (b) and
(c) shows the boundary of the WCB based on the projection of the trajectories in an Eulerian reference frame (see Sect. 2.4). (d) Brightness
temperature (Tb) from the radiometer; (e) precipitation rate (PR; Pluvio2 weighing rain gauge) at MHS (yellow) and GWU (black) and
temperature at MHS (blue).

cipitation period. Rimed particles are also present, especially
between 06:00 and 08:00 UTC, when the proportion and ver-
tical extent of rimed particles are the largest.

The brightness temperature measured by the radiometer
(Fig. 5d) is the primary variable used to estimate the liquid-
water path (e.g. Küchler et al., 2017). In this study, we use
the brightness temperature as an indicator of the temporal
evolution of the total liquid water in the atmospheric col-
umn. The maxima of brightness temperature observed when
precipitation starts just before 04:00 UTC and the peak at

06:00 UTC corresponding to the local maximum of precip-
itation rate (Fig. 5e) are probably due to the partial melting
of hydrometeors since the temperature at MHS is above 0 ◦C.
The multiple peaks after 07:00 UTC (temperature drops be-
low freezing), which co-occur with updraughts, suggest that
the updraughts favour the production of SLW in addition to
the SLW produced by the large-scale ascent in the WCB.
There was unfortunately no CALIPSO (satellite on-board li-
dar) overpass to ascertain the presence of SLW during the
event. There is a local maximum in the precipitation rate
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Figure 6. Radiosoundings at the DGW station showing (a) temperature (dashed lines) and equivalent potential temperature (solid lines);
(b) relative humidity with respect to liquid (RHl; solid lines) and ice (RHi; dashed lines); (c) wind speed; and (d) wind direction at
00:00 UTC (black), 06:00 UTC (blue) and 09:00 UTC (yellow) on 28 February 2018. The diamond symbols for the radiosoundings at 06:00
and 09:00 UTC show the altitude of the lower limit of the WCB (black contour in Fig. 5a, b, c).

just after 06:00 UTC at both MHS and GWU (Fig. 5e), while
the absolute maximum is about 12 mmh−1 at 09:40 UTC at
MHS and 13 mmh−1 at 14:25 UTC at GWU. Except for the
maximum at 14:25 UTC at GWU and the fact that precipi-
tation occurred from 20:00 to 23:59 UTC at MHS but not at
GWU, the temporal evolution of precipitation at both loca-
tions is very similar. Note that the surface warm front never
reached Pyeongchang (only the precipitation associated with
it) but moved further to the east. Hence, in contrast to the
temperature in the mid-troposphere, which increased by ap-
proximately 5 to 10 ◦C (Fig. 6a) during the event, the surface
temperature did not increase.

5 Microphysical analysis of periods of interest

In the previous section we analysed the evolution of the
dynamics and microphysics of the nimbostratus and pre-
cipitation associated with the warm front. In this section,

we analyse succeeding periods that reveal the link between
the temporal evolution of the WCB and the microphysics
over Pyeongchang. Based on the homogeneity of the dom-
inant microphysical processes, three different periods were
selected: we first investigate the period dominated by depo-
sitional growth of crystals (Sect. 5.1) and subsequently anal-
yse the effect of embedded updraughts on aggregation and
riming (Sect. 5.2). Finally, we consider the impact of vertical
wind shear and turbulence on aggregation (Sect. 5.3).

5.1 Vapour deposition: 03:00 to 04:00 UTC

The period from 03:00 to 04:00 UTC is dominated by crys-
tals above 2000 m (Fig. 5c). At this time Pyeongchang is lo-
cated ahead of the warm front. The vertical profiles of po-
larimetric variables (Fig. 7) show an increase in ZH of 2 dBZ
from 6000 to 2000 m, while ZDR is almost constant from
6000 to 3000 m and then subsequently decreases slightly.
This likely indicates the onset of aggregation at 3000 m, be-
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low which temperatures are greater than −10 ◦C and hence
represent favourable conditions for aggregation (Hobbs et al.,
1974). Kdp values are almost zero, suggesting that the num-
ber concentration of oblate crystals is low. In summary, this
period is characterised by the presence of crystals in limited
concentration, which grew by vapour deposition and likely
aggregated below 3000 m.

The selection of snowflake images (Fig. 8b; collected at
an average temperature of 1.5 ◦C) mainly shows small ag-
gregates and crystals of about 2 mm in their maximum di-
mension. They are partly melted (liquid water is less reflec-
tive than ice and creates the dark areas on the snowflake pic-
tures), and riming is indicated by the brighter areas. The size
distribution shows that most particles are below 5 mm in size,
with a median of 2.2 mm. The classification shows that 64 %
of the observed hydrometeors are aggregates, while above
2000 m, the MXPol hydrometeor classification shows pre-
dominantly ice crystals (Fig. 5c). This supports our previ-
ous conclusion that below 3000 m, when the temperature in-
creases and aggregation is more efficient, a large fraction of
crystals aggregate. A total of 7 % of particles were identi-
fied as graupel (Fig. 8b), which we could confirm by a vi-
sual analysis. Again the riming could have taken place below
2000 m, which explains why no rimed particles are present
from 03:00 to 04:00 UTC in the MXPol hydrometeor classifi-
cation of Fig. 5c. Figure 9a shows the distribution of the rim-
ing index (0= no riming; 1= graupel; Praz et al., 2017). The
mode around 1 corresponds to the graupel particles, while
half of the particles had a riming index smaller than 0.4. This
shows that except for the few graupel particles, the other hy-
drometeor classes did not feature significant riming in com-
parison with other periods of the event.

5.2 Embedded updraughts, riming and aggregation:
06:00 to 08:00 UTC

The period from 06:00 to 08:00 UTC is characterised by em-
bedded updraughts (Fig. 5b), a layer with strong vertical
wind shear at 3800 m (Fig. 6c, d) and significant riming, as
seen by MXPol (Fig. 5c). From 6000 to 4800 m the crystals
grow by vapour deposition, leading to an increase in both
ZH and ZDR (Fig. 10) as particles grow mainly along their
longest dimension, which results in larger and more oblate
crystals (Schneebeli et al., 2013; Andrić et al., 2013; Grazioli
et al., 2015). The median ofKdp increases to only 0.4 ◦ km−1,
suggesting that the number concentration of oblate particles
is small. The temperature in this layer varies from −23 ◦C
to −16 ◦C, and the air is slightly above saturation with re-
spect to ice (Fig. 6a, b). This represents favourable condi-
tions for depositional growth of sectored plates (Lohmann
et al., 2016; Fig. 8.15), while aggregation is unlikely to dom-
inate within this temperature range according to Hobbs et al.
(1974). However, we cannot rule out the formation of early
aggregates, which at this stage would be oblate and hence
contribute to the increase in ZDR (Moisseev et al., 2015).

At 4800 m we observe a peak and subsequent decrease in
ZDR, which marks the end of growth dominated by vapour
deposition. We hypothesise that aggregation starts at this al-
titude. First, snowflakes tend to be less oblate and less dense
after aggregation, which explains the decrease in ZDR. Sec-
ond, aggregation increases the size of snowflakes, and hence
ZH continues to increase.

The observed increase in Kdp below the peak in ZDR is
a commonly observed but not fully understood feature. An-
drić et al. (2013) proposed that secondary ice generation of
small oblate crystals could explain the observed enhanced
Kdp values. Concentration of secondary ice particles can be
much larger than the number of snowflakes they originate
from, which would affect Kdp more strongly than ZDR since
the former is more sensitive to concentration. Moisseev et al.
(2015) suggested that it is the result of the onset of aggre-
gation, producing early aggregates that are relatively oblate.
Our hypothesis is that first, the generation of secondary ice
by droplet shattering (Mason and Maybank, 1960) and by
ice–ice collisions (Vardiman, 1978; Takahashi et al., 1995;
Yano and Phillips, 2011) contribute to the increase in Kdp
below 5000 m a.s.l. Droplet shattering shows a maximum oc-
currence at−17 ◦C (Leisner et al., 2014), which corresponds
to the altitude where LWC is converted into IWC (Fig. 4
around 5000 m a.s.l.). Secondary ice generation by ice–ice
collision is most effective at −15 ◦C (Takahashi, 1993) and
may also take place at around 5000 m a.s.l. Second, rim-
ing of already-oblate crystals will tend to increase Kdp be-
cause in the early stage of riming the cavities in the crystals
are filled, increasing the density (and thus the dielectric re-
sponse) of the hydrometeors without changing their aspect
ratio. Third, rime splintering by the Hallett–Mossop process
(Hallett and Mossop, 1974) below 2500 m a.s.l. (temperature
above−8 ◦C) can contribute to maintain highKdp values. Fi-
nally, Korolev et al. (2020) recently suggested that secondary
ice produced by shattering of freezing droplets transported
above the melting layer could be lifted to higher levels. This
may enhance the concentration of secondary ice in regions
of strong updraughts. Note that the higher Kdp values com-
pared to the period 03:00–04:00 UTC are primarily due to the
increase in precipitation intensity, but the fact that Kdp in-
creases below the onset of aggregation cannot be explained
by precipitation intensity only since aggregation decreases
the number concentration and the oblateness of the particles.
Riming will initially increase Kdp by first filling cavities and
hence increasing the density of particles but will later lead
to a decrease in Kdp as the rime mass will smooth the par-
ticles’ shape. There has to be a mechanism which produces
a high number concentration of oblate particles to explain
an increase in Kdp in a layer dominated by aggregation and
riming, and secondary ice production is a good candidate.

At 3800 m a strong vertical wind shear in the lower part
of the WCB (black contour in Fig. 5a, b, c at 06:00 UTC)
can be observed in both the radiosoundings (Fig. 6c, d)
and the spectral-width profiles (Fig. 10). The jet at 6500 m
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Figure 7. Vertical profiles of quantiles of ZH, ZDR, Kdp and SW from MXPol from 03:00 to 04:00 UTC on 28 February 2018. The red line
shows the median, while the solid blue lines show the 25th and 75th percentiles and the dotted blue lines the 5th and 95th percentiles. The
statistics are based on 11 RHIs towards the MHS site. The data within a horizontal distance of 7 to 20 km from MXPol are selected.

Figure 8. (a) Selection of in-focus MASC images. (b) Normalised size distribution and classification of 55 particles observed from 03:00 to
04:00 UTC. SP represents small particles, CC columnar crystals, PC planar crystals, AG aggregates, GR graupel, and CPC a combination of
planar and columnar crystals. The size distribution is normalised by the number of particles. The pictures of panel (a) were selected to be
representative of the classification. The average temperature was 1.5 ◦C (Fig. 5e).

at 06:00 UTC (Fig. 6c) can be seen as an enhancement of
Doppler velocity between 4000 and 6000 m a.s.l., with a
maximum of 45 m s−1 at 5000 m in the RHI of Fig. 11. This
is in good agreement with the wind speed measured by the ra-
diosonde at 06:00 UTC since the RHI is almost aligned with
the wind direction. The vertical wind shear at 3800 m is visi-
ble as the Doppler velocity decreases in the lower part of the
WCB and reaches a value of 0 ms−1 at 3000 m (combined
effect of a decrease in wind speed and change in wind direc-
tion from parallel to perpendicular to the radar beam). This
vertical wind shear may generate Kelvin–Helmholtz instabil-
ities, which can trigger embedded convection (Hogan et al.,
2002). Moreover orography might also play a role in lifting
the easterly low-level flow, which directly impinges the Tae-
baek mountains from the East Sea. These sources of lifting
together with the moist neutral layers below 3000 m (Fig. 6a)
can lead to the observed strong updraughts (Fig. 5b), which

promote aggregation by increasing the probability of colli-
sion between particles. The effect of turbulent cells on aggre-
gation has been discussed thoroughly in Houze and Medina
(2005), Medina et al. (2005), and Medina and Houze (2015).
Houze and Medina (2005) suggested that overturning cells
promote both aggregation and riming. First, they can sustain
the production of SLW necessary for riming. Second, the tur-
bulence increases the probability of collision between parti-
cles. Finally, aggregates are larger targets for the collection
of SLW droplets, which again enhances growth by riming.
While the cause of the turbulence is different here, the pro-
cesses described are consistent with our measurements.

The MASC images (Fig. 12a) show mainly rimed aggre-
gates of about 10 mm in their maximum dimension and two
graupel particles. The average temperature of collection was
0.1 ◦C, and hence the particles should not be as melted as dur-
ing the period 03:00–04:00 UTC. The classification shows a
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Figure 9. Distribution of the riming index for all particles between (a) 03:00 and 04:00 UTC, (b) 06:00 and 08:00 UTC, and (c) 09:00 and
11:00 UTC. The dashed lines show the lower and upper quartiles; the solid line shows the median of the distribution.

Figure 10. Same as Fig. 7 for 06:00 to 08:00 UTC on 28 February 2018. The statistics are based on 21 RHIs towards the MHS site. The
dashed black line shows the lower limit of the WCB (black contour in Fig. 5a, b, c).

Figure 11. RHI of Doppler velocity at 11◦ azimuth at 06:25 UTC
from MXPol radar. The dashed black line shows the lower limit of
the WCB (black contour in Fig. 5a, b, c). The Python ARM Radar
Toolkit (Py-ART; Helmus and Collis, 2016) was used to plot the
radar data.

majority of aggregates (77 %). The hydrometeor classifica-
tion from Besic et al. (2018) classifies rimed aggregates and
graupel as rimed particles, whereas the MASC-based classi-
fication from Praz et al. (2017) classifies only fully rimed
particles as graupel, and the aggregate class also contains
rimed aggregates. Therefore a direct comparison of the class

aggregates between the two classification methods is diffi-
cult. The size distribution is much broader than from 03:00
to 04:00 UTC, with particles reaching 13 mm in their max-
imum dimension. The median amounts to 2.8 mm as there
is still a significant proportion of small particles. The total
number of particles is 589, while it was 55 in the previous pe-
riod, showing that this period features more intense precipi-
tation, which also makes the empirical size distribution more
robust. The 75th percentile is 4.7 mm compared to 3.0 mm
for the period 03:00 to 04:00 UTC, showing that the particles
from 06:00 to 08:00 UTC are significantly larger. These large
rimed aggregates can be attributed to the strong updraughts,
which enhance the growth by aggregation and riming. Note
that while the previous period (Sect. 5.1) featured riming be-
low 2000 m, the precipitation rate was much smaller than
from 06:00 to 08:00 UTC (Fig. 5e), and hence this riming
did not contribute significantly to the total precipitation ac-
cumulation. The important message here is that the flow con-
ditions in the WCB promoted rapid precipitation growth by
aggregation and riming above 2000 m and are thus respon-
sible for the large precipitation accumulation between 06:00
and 08:00 UTC. Moreover, most of the particles have higher
quartiles of riming index (Fig. 9b) than between 03:00 and
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Figure 12. Same as Fig. 8 for the period 06:00 to 08:00 UTC. The number of particles is 589. The average temperature is 0.1 ◦C (Fig. 5e).

04:00 UTC despite the lower proportion of graupel, which is
due to the enhanced aggregation favouring rimed aggregates
at the expense of pure graupel. We conclude that this period
features the most riming both in absolute mass and in relative
terms over all hydrometeor classes.

Figure 13 shows a range spectrogram from WProf aver-
aged from 07:42 to 07:47 UTC and from 07:57 to 08:02 UTC.
The updraught present in Fig. 5b can be seen as a strong
shift in the mode of the spectrum from about −0.5 ms−1

at 6000 m to above 2 ms−1 at 5000 m (Fig. 13a). This up-
draught goes along with strong turbulence, which is vis-
ible as an increase in spectral width between 4000 and
6000 m. By 07:57 UTC (Fig. 13b), the increase in spec-
tral reflectivity together with a decrease in Doppler velocity
from 4800 to 4000 m suggests that large aggregates likely
formed in the turbulent layer and further aggregate during
their fall. This is consistent with the onset of aggregation be-
low 5000 m observed in Fig. 10. The enhanced aggregation
in the updraughts present from around 07:30 to 08:00 UTC
leads to an increase in precipitation rate from 07:55 UTC to
the maximum at 09:40 UTC (Fig. 5e). Particles that started
falling between 4000 and 5000 m will take 85–105 min to
fall to the ground, with an average effective fall speed (abso-
lute fall speed plus updraught) of 0.8 ms−1. This is consis-
tent with the increase in precipitation intensity from 07:55
to 09:40 UTC, and the maximum could correspond to ag-
gregates that formed in the updraught between 07:35 and
07:55 UTC. This hypothesis assumes a certain horizontal ho-
mogeneity, supported by the increase in precipitation in both
rain gauge measurements at MHS and GWU that are sepa-
rated by 19 km (Fig. 5e). It would imply that the embedded
updraughts are responsible for the period of strongest precip-
itation, which also features intense riming (Fig. 5c), consis-
tent with the suggestion in Oertel et al. (2019, 2020).

5.3 Shear-induced turbulence: 09:00 to 11:00 UTC

The period from 09:00 to 11:00 UTC features turbulence and
intense precipitation rates (Fig. 5b, e). Due to a malfunction

of the MASC, only pictures between 10:08 and 10:50 UTC
were collected, leading to only 69 particles during this pe-
riod (Fig. 14). There are substantially more crystals (10 %)
than during the other periods. Figure 14a shows a few small
aggregates, columnar and planar crystals, and one graupel
particle. The median of the size distribution is 2.7 mm, and
the 75th and 95th percentiles are 3.9 mm and 6.6 mm, re-
spectively, indicating that the particles are smaller than in
the previous period. Figure 15 shows a less pronounced in-
crease in ZDR compared to the period between 06:00 and
08:00 UTC (Fig. 10), suggesting that the depositional growth
rate is smaller than during the previous period. The median of
ZDR increases to 0.7 dB around 4200 m, where crystals and
aggregates probably dominate. The median of ZH reaches
a maximum of 22 dBZ at 2000 m compared to 25 dBZ at
06:00–08:00 UTC (Fig. 10). This is consistent with the size
distribution (06:00–08:00 UTC in Fig. 12) that shows more
large particles than Fig. 14. Below 4200 m, larger aggregates
start to form as temperatures exceed −15 ◦C and ZDR de-
creases slightly. It is collocated with the increase in spec-
tral width (Fig. 15), reflecting the vertical wind shear below
the maximum wind speed (Fig. 6c) at 09:00 UTC. The shear
layer was between 4000 and 5000 m in the period from 06:00
to 08:00 UTC, while it is now between 3000 and 4000 m.
This vertical wind shear is collocated with the turbulent cells
observed in Fig. 5b from 08:00 to 10:00 UTC around 4000 m,
which suggests that they originate from Kelvin–Helmholtz
instabilities. This is supported by values of the gradient
Richardson number (not shown here) of 0.2 where the turbu-
lent cells are present. The decrease in the height of the wind
shear is consistent with the decrease in the height of max-
imum wind speed between 06:00 and 09:00 UTC (Fig. 6c)
and explains why the altitude of aggregation enhancement
by turbulence decreases with time. This was also observed by
Keppas et al. (2018), who attributed this altitude decrease in
the maximum wind speed to the passage of the warm front.
On the other hand, the altitude of the onset of aggregation
could increase with time as the warm front passes because
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Figure 13. Range spectrogram from WProf averaged (a) from 07:42 to 07:47 UTC and (b) from 07:57 to 08:02 UTC. Positive velocity values
represent upward motions. The dashed white line shows the lower limit of the WCB (black contour in Fig. 5a, b, c).

Figure 14. Same as Fig. 8 for the period 10:00 to 11:00 UTC. The number of particles is 69. The average temperature is 0.0 ◦C (Fig. 5e).

the altitude of the −15 ◦C isotherm (relative maximum ag-
gregation in Hobbs et al., 1974) is higher at 09:00 UTC than
at 06:00 UTC. Our interpretation is that the enhancement of
aggregation by turbulence dominates the polarimetric signa-
tures in our case: first, because crystals were likely grow-
ing as sectored plates and not as dendrites, the latter being
more effective to aggregate at −15 ◦C, and second, because
the intense aggregation taking place in the shear layer leads
to larger aggregates than the early aggregation at −15 ◦C,
which makes the former more visible in the polarimetric pro-
files. The distribution of the riming index (Fig. 9c) is broader
than for the other periods due to the higher proportions of
crystal-like particles and the presence of graupel and rimed
aggregates.

6 A conceptual model

The findings of this case study can be summarised in a con-
ceptual model (Fig. 16). As the WCB rises from the boundary
layer, the air saturates, and the liquid-water droplets eventu-
ally become supercooled. If the ascent rate is strong enough
(which is the case for most WCBs; see Sect. 3), SLW can be
produced and persist to the mid-troposphere. Crystals grow
by vapour deposition at upper levels of the WCB ascent
(see RHi > 110 % in Fig. 6b), leading to an increase in ZH
and ZDR. During their fall, they experience riming by ac-
cretion of supercooled droplets. Moreover, the vertical wind
shear (large SW) at the lower boundary of the WCB cre-
ates turbulence, which enhances aggregation by increasing
the probability of collision between hydrometeors. Further-
more, embedded updraughts in the WCB (as seen by posi-
tive vertical Doppler velocities) can additionally lift precipi-
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Figure 15. Same as Fig. 7 for 09:00 to 11:00 UTC on 28 February 2018. The statistics are based on 20 RHIs towards the MHS site. The
dashed black line shows the lower limit of the WCB (black contour in Fig. 5a, b, c).

Figure 16. Conceptual model in a Lagrangian reference frame (i.e. along the WCB) summarising the key findings. The temperature in-
dications come from the radiosounding at 06:00 UTC (Fig. 6a). The time is indicated as hours from the start of the ascent. The ascent is
representative of a strong wintertime WCB.

tating particles and increase their time for growth by aggre-
gation. Finally, aggregates are larger targets for collection
of SLW, which enhances riming. This leads to large rimed
aggregates and local peaks in precipitation intensity. In the
layer of growth by aggregation and riming, ZH increases,
while ZDR decreases. Additionally, generation of secondary
ice by droplet shattering and ice–ice collision leads to an in-
crease in Kdp. In the outflow region of the WCB, crystals,

which formed either by nucleation from the vapour phase or
freezing of the remaining supercooled droplets, fall and may
aggregate without significant riming. While this conceptual
model is built upon a single case study, we postulate that the
key processes, which are production of SLW and turbulence-
enhancing riming and aggregation, can take place in most
wintertime mid-latitude cyclones featuring a strong WCB.
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7 Conclusions

This study investigates the snowfall microphysics associ-
ated with a WCB during an extreme wintertime precipi-
tation event in South Korea. We combined Doppler dual-
polarisation radar measurements, snowflake photographs and
radiosonde data with IFS data and trajectories to charac-
terise the detailed precipitation growth mechanisms associ-
ated with the large-scale WCB ascent.

The main findings can be summarised as follows:

– We identified a WCB in IFS analyses as rapidly as-
cending air masses (approximately 600 hPa in 12 h) in
the vicinity of Pyeongchang. A strong jet and enhanced
vertical wind shear within the WCB ascent region are
clearly visible in radiosonde data and Doppler velocity
measurements from MXPol.

– The IFS analyses show that SLW (up to 0.2 gkg−1) is
produced during the rapid ascent in the WCB by con-
densation of water vapour. In agreement with IFS anal-
yses, multiple peaks in the brightness temperature of the
radiometer during the passage of the warm front cor-
roborate the presence of SLW. The timing and presence
of SLW are additionally confirmed by the presence of
rimed particles observed by the MASC and a hydrome-
teor classification based on MXPol data.

– The vertical wind shear promotes aggregation and rim-
ing by producing SLW, updraughts and turbulence,
which enhance the probability of collision between par-
ticles.

– Three periods could be identified in which the govern-
ing microphysical processes are directly influenced by
the specific flow conditions in the WCB. In the first pe-
riod, Pyeongchang is located below the WCB outflow
(Fig. 5a). No strong updraughts were present, the pre-
cipitation intensity was low and we observed mainly
small aggregates and crystals. In the second and third
periods, Pyeongchang is located below the WCB as-
cent. A layer with strong vertical wind shear, whose
height decreases with time, generates turbulent cells and
updraughts. The precipitation intensity peaks between
7 and 10 mmh−1, and large rimed aggregates are ob-
served.

This study enables the investigation of the impact of a
large-scale feature, such as a WCB, on microphysics thanks
to the complementarity of atmospheric models, remote-
sensing and in situ measurements. It suggests a strong cou-
pling between processes at synoptic and microscales that has
to be assessed when evaluating the representation of clouds
and precipitation in atmospheric models. While this case
study presents a detailed analysis of field measurements, ad-
ditional investigations with in situ measurements in clouds –
characterising the presence of SLW for instance – are needed
to further constrain and evaluate the coupling between large-
scale dynamical processes and microphysics in models.
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Appendix A: Estimation of the critical vertical velocity

In this appendix we show details on the estimation of the
critical vertical velocity U∗z needed to form and maintain liq-
uid water in the presence of both ice crystals and snow. Ko-
rolev and Mazin (2003) showed that U∗z can be expressed
as a function of pressure, temperature, number concentration
and mean size of ice crystals. We use Fig. 10 in Korolev and
Mazin (2003), which gives the relation between U∗z and the
product of the number concentration of ice particles Ni and
the characteristic size of ice particles ri for temperatures be-
tween−35 and−5◦C. Since in our case we have both ice and
snow particles, we computeNi and the number concentration
of snow particles Ns separately such that the total number
concentration isNtot =Ni+Ns. We also compute the charac-
teristic size of the mixture of ice and snow particles rtot. The
expression for Ni is given by Eq. (7.40) of ECMWF (2016):

Ni = 100 exp[12.96 (esl− esi)/esi− 0.639], (A1)

where esl (esi) is the saturation vapour pressure with respect
to liquid (ice). The expression for Ns is given by Eqs. (7.15)
to (7.19) in ECMWF (2016). In our case it is simply ex-
pressed by

Ns =3
−1N0s, (A2)

where N0s = nas = 2× 106 (Eq. 7.16 and Table 7.1 of
ECMWF, 2016), and 3 is given by Eq. 7.18 of ECMWF
(2016):

Table A1. Values of the different variables used in the computation of U∗z . Data from IFS analysis and radiosoundings at 09:00 UTC are
used. The pressure p used is 610 hPa; temperature T is −13 ◦C.

Variable Value Source

qi 1× 10−4 kgkg−1 From IFS analysis Fig. 4
qs 6.5× 10−4 kgkg−1 From IFS analysis
ρi 920 kgm−3 Density of ice
ρ 0.82 kgm−3 At p = 610 hPa, T =−13 ◦C and RHl = 95 %
esi 198 Pa At p = 610 hPa, T =−13 ◦C and RHl = 95 %
esl 224 Pa At p = 610 hPa, T =−13 ◦C and RHl = 95 %
Ni 2895 m−3 Eq. (A1)
3 804 Eq. (A3)
Ns 2490 m−3 Eq. (A2)
rtot 309 µm Eq. (A7)

3=

(
nasas0(3)
qsρ

)1/(bs+1−nbs)

. (A3)

0(3)=

∞∫
0

D2 e−D dD = 2, (A4)

where as = 0.069, bs = 2 and nbs = 0 are given in Tables 7.1
and 7.2 of ECMWF (2016). The expression for ri can be
found by stating that the characteristic volume of an ice par-
ticle Vi is

Vi =
ρ qi

ρiNi
, (A5)

where ρ is the air density, ρi the density of ice particles and
qi the mixing ratio of ice. Assuming spherical particles, we
can express ri with

ri =

(
3ρ qi

4ρiNiπ

)1/3

. (A6)

Since snow particles are spherical in IFS and considered
to have the same density as ice, we have ρi = ρs. We define
rtot as

rtot =

(
3ρ (qi+ qs)

4ρiNtotπ

)1/3

. (A7)

Using the values described in Table A1, we find Ntotrtot
= 1.7 µmcm−3, which we can use in Fig. 10 of Korolev and
Mazin (2003) to read U∗z at about−13 ◦C and find 0.1 ms−1.
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