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Abstract: This study investigates the relationship of cloud properties and radiative effects with air
mass origin during the winter (November-February, 2016-2020) at Ny-Alesund, Svalbard, through
a combination of cloud radar, ceilometer, and microwave radiometer measurements. The liquid
cloud fraction (CF) was less than 2%, whereas the ice CF predominantly exceeded 10% below
6 km. The liquid water content (LWC) of mixed-phase clouds (LWCix), which predominantly
exist in the boundary layer (CFp: 10-30%), was approximately four times higher than that of
liquid clouds (LWCj;q). Warm air mass advection (warm,g,) cases were closely linked with strong
southerly/southwesterly winds, whereas northerly winds brought cold and dry air masses (cold,z,,)
to the study area. Elevated values of LWC and ice water content (IWC) during warm,;, cases
can be explained by the presence of mixed-phase clouds in the boundary layer and ice clouds in
the middle troposphere. Consistently, the 7, of ice particles in warm,;, cases was approximately
5-10 um larger than that in cold,, cases at all altitudes. A high CF and cloud water content in warm,z,
cases contributed to a 33% (69 W m~2) increase in downward longwave (LW) fluxes compared to
cloud-free conditions.

Keywords: Arctic clouds; cloud microphysical properties; air mass advection; cloud radar;
Ny-Alesund

1. Introduction

Cloud-related radiative processes have a major impact on the Arctic surface en-
ergy budget and Arctic warming feedbacks [1-3]. During the boreal winter (December—
February), net cloud radiative forcing at the Arctic surface is approximately 10s of
W m~2, despite almost zero incoming solar radiation; this is due to the strong longwave
radiative effect of Arctic clouds [4—6]. Therefore, the near-surface temperature in the Arctic
during the winter is considerably affected by clouds, particularly cloud macrophysical (e.g.,
frequency of occurrence and vertical distribution) and microphysical (e.g., cloud phase,
liquid /ice water content, and hydrometeor size distribution) properties [7,8].

Furthermore, recent rapid regional warming on the Atlantic side of the Arctic (Sval-
bard, Greenland Sea, Barents Sea, and Kara Sea) is greatly affected by the increased
intrusion of warm and moist air masses from the North Atlantic Ocean, particularly in the
wintertime, under Arctic warming triggered by greenhouse-induced global warming [9-14].
Many observational studies have also noted that cloud cover and cloud microphysical
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properties over the Atlantic Arctic region are strongly influenced by large-scale atmospheric
circulation [15-18]. Specifically, low-level optically thick clouds, particularly mixed-phase
clouds (i.e., a mixture of liquid droplets and ice particles), are ubiquitous during winter
and persist for up to several days under a variety of meteorological conditions [3,19,20]. To
better understand the processes governing cloud-radiation interactions related to unprece-
dented warming on the Atlantic side of the Arctic, observation-based analysis is required
to determine the impact of air mass origin under regional-scale atmospheric circulation on
changes in cloud properties.

Ny-Alesund, located on the west coastline of Svalbard between the Greenland Sea
and the Barents Sea, is a unique station for monitoring cloud properties and cloud-related
processes in the Atlantic Arctic region. Continuous vertically resolved observations of
the atmosphere and clouds by various ground-based remote sensing instruments at Ny-
Alesund have previously been used to analyze cloud properties, including highly complex
cloud radiative processes and their effect on near-surface temperature [15,16,21,22].

The objective of this study is to investigate the relationship between air mass advection
and cloud properties and associated longwave radiative effects at Ny-Alesund, Svalbard,
during the winter months (from November to February). Data of cloud fraction, height, and
microphysical parameters derived from combined ground-based radar-lidar-radiometer
measurements are analyzed to demonstrate that the origin of air masses has a clear impact
not only on the observed cloud properties (e.g., cloud occurrence, liquid water content, ice
water content, and effective radius) but also on cloud longwave radiative effects.

2. Measurements and Analysis

Continuous cloud radar measurements, conducted as part of the Cloudnet [23], have
been performed at AWIPEV research base in Ny—Alesund (78.92° N, 11.92° E), Svalbard,
since June 2016 (expect, October 2018—June 2019) within the “Arctic Amplification: Cli-
mate Relevant Atmospheric and Surface Processes, and Feedback Mechanisms (AC)3”
project [24]. Collocated ceilometer and microwave radiometer (MWR) measurements
were made by the Alfred Wegener Institute for Polar and Marine Research (AWI). This
coordinated set of ground-based remote sensing instruments enables the determination
of vertically resolved microphysical cloud properties as well as cloud boundary heights
under various meteorological conditions.

In this study, we used the reflectivity factor (Z), Doppler velocity, and Doppler spectral
width at vertical and temporal resolutions of 4-17 m and 2.5 s, respectively, obtained from
a zenith-pointing 94-GHz cloud radar of the University of Cologne (model: JOYRAD-94),
which is a Frequency-Modulated, Continuous-Wave (FMCW) Doppler W-band radar, to
identify the presence of in-cloud particles, such as rain, drizzle drops, and ice particles [25].
This radar was also used to detect cloud top altitudes. The ceilometer (model: Vaisala CL51)
detects attenuated backscatter coefficients () at 905 nm from atmospheric targets such as
cloud droplets or aerosol particles at vertical and temporal resolutions of 10 m and 12-20's,
respectively [26]. It is capable of detecting the cloud base altitude, as well as the cloud top
height up to a certain penetration depth depending on the optical thickness of the cloud
layer (i.e., due to signal attenuation within the cloud layer) [27]. Cloud top and base height
information were estimated from these two active sensors [8,19,28]. Both cloud radar and
ceilometer data were downloaded from the Cloudnet (https://cloudnet.fmi.fi/; accessed on
26 June 2021). The MWR is an RPG-HATPRO water vapor and oxygen multichannel mi-
crowave profiler [29,30], which measures brightness temperatures in the K-band (22.24-31.40
GHz) and V-band (51.26-58.00 GHz). This instrument allows us to retrieve the liquid water
path (LWP), integrated water vapor (IWV), and temperature profiles [31]. MWR profiles have
a decreasing vertical resolution with altitude and a temporal resolution of approximately
1-2's. All MWR data were downloaded from PANGEA (https://doi.pangaea.de/10.1594/
PANGAEA.902183; accessed on 26 June 2021) [32].

Through the combined use of these three measurements, we identified the cloud layers
(i.e., cloud base and top heights), then determined the cloud phases of each cloud layer
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(i.e., cloud type) as either liquid, ice, or mixed-phase clouds. Cloud heights and sub-type
classification retrieved every 30 s and 20 m by the methods of Illingworth et al. [23] and
Hogan and O’Connor [33] were analyzed. More details of the cloud layer and phase identi-
fication methods adopted in this study are given in Nomokonova et al. [34] and Gierens
et al. [17]. All profiles for precipitating clouds were excluded in this study (approximately
3% of total observations) because the signal-to-noise ratio was not large enough to meet
the data quality criteria [34].

The microphysical properties of clouds (i.e., liquid water content (LWC), ice water
content (IWC), and effective radius (r.)) provided in Cloudnet and PANGEA (https://
doi.pangaea.de/10.1594/PANGAEA .898556; accessed on 26 June 2021) [35] were derived
by applying the empirical equations summarized in Table 1 [21,34]. By combining the
MWR-derived LWP with the modeled temperature (T) and pressure (P), which were taken
from GDAS1 and a numerical weather prediction (NWP) ICON model used in the Cloudnet
algorithm, LWC was obtained according to the scaled adiabatic method. The IWC and
ice water path (IWP) were retrieved using the empirical formula with radar-measured
Z and T values from Hogan et al. [36]. The 7, of liquid droplets was calculated by the
method given in Frisch et al. [37], assuming a cloud droplet concentration of 74 cm~3 [38].
Similarly, the . of ice particles was calculated using the equation proposed by Delanoé
et al. [39] with the IWC and extinction coefficient (x) [36]. According to Hogan et al. [36]
and Nomokonova et al. [34], the uncertainties of retrieved IWC in Cloudnet are known
to be —50%—+100% and —33%—+50% at a temperature below —40 °C and above —20 °C,
respectively. Uncertainties for retrieved r. are about 30% for liquid droplets and about 20%
for ice particles [21].

Table 1. Retrieval methods of cloud microphysical properties.

Parameter

Equation Reference

Liquid water content
(LWC)

Scaled adiabatic method using LWP from MWR Illingworth et al. [23]

Ice water content
(IWC)

log1o(IWC) = (0.00058) ZT + (0.0923) Z — (0.00706) T — 0.992
Z =0.7194 X Zyeasured

Hogan et al. [36]

Effective radius
(liquid)

1 1 [i=m 3
o) = 20 (3} (' 22 o) exp(~20%)

Frisch et al. [37]

i=1

Effective radius
(ice)

_ 3(IWC) 16
Te = “2om 10

log1o(e) = (0.000876)ZT + (0.0928)Z — (0.00513)T — 2.49

Delanoé et al. [39]

Z = Radar reflectivity factor. T = Temperature. h; = Height in the cloud (i: radar range gate at cloud base and top). Ah = Radar range gate
thickness. p = Water density. p; = Solid ice density (0.917 x 10° g cm—3). o = Logarithmic spread of the distribution (assume 0.38) [38].
« = Visible extinction coefficient.

3. Results and Discussion
3.1. Wintertime Cloud Microphysical Properties at Ny-Alesund, Svalbard

Figure 1 shows the monthly variations of cloud fraction (CF; i.e., frequency of cloud
occurrence), and cloud microphysical properties (i.e., LWC, INC, and ,) for liquid, ice, and
mixed-phase clouds from November to February at Ny-Alesund. The liquid cloud fraction
(CFjiq) was less than 2% during winter months because monthly mean temperatures were
below the freezing point (0 °C) at all altitudes (Figure 1a). Conversely, the fraction of
ice clouds (CFjc) typically exceeded 10% below 6 km, corresponding to temperatures
between —50 °C and —10 °C (Figure 1a). A distinctly high CFj. near the surface in January
and February may be attributed to ice precipitation in the clear sky, which is referred
to as diamond dust and frequently observed in winter over other Arctic stations [40,
41]. Similar to previous studies that revealed the presence of mixed-phase clouds in the
lower Arctic troposphere from radar-lidar synergetic measurements [3,19,20], we also
observed ubiquitous mixed-phase clouds during winter, with estimated CFp;y values
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(a) Cloud fraction

of 10-30% below 2 km altitude (Figure 1a), where air temperatures of —15 °C to 0 °C
are favorable for the coexistence of ice and liquid [41,42]. This result is consistent with
Nomokonova et al. [34] and Gierens et al. [17]; there were very few liquid clouds, but
mixed-phase and ice clouds were common during winter.
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Figure 1. Monthly mean vertical distributions of (a) cloud fraction (CF), (b) liquid and ice water content (LWC/IWC), and
(c) effective radius (r.) for liquid, ice, and mixed-phase clouds during winter months (November—February) at Ny-Alesund.
White horizontal dashed line indicates the model-derived isotherm with intervals of 10 °C. Note that the ranges of 7,
between liquid droplets (0—20 um) and ice particles (30-60 um) in (c) are different.

The LWC of mixed-phase clouds (LWCy;«), which decreased with increasing altitude,
was approximately four times higher than the LWC of liquid clouds (LWC;;q; Figure 1b).
LWCj;q was approximately constant with altitude (0.02-0.04 g m~—3). The IWC of ice clouds
(IWC;ce) and mixed-phase clouds (IWCiy) decreased with increasing altitude (Figure 1b).
IWC,ix was about half of INC;. below 2.5 km altitude but slightly higher (~1.3 times) above
2.5 km. Meanwhile, phase partitioning between LWC,,ix and IWCix plays an important role
in determining the cloud radiative effects due to the strong interaction of liquid water with
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radiation [7,43]. In this study, LWC,ix was more than twice as high as IWC;x below 2 km
altitude (Figure 1b) [44].

The r, value of liquid clouds (réiq) generally increased with altitude, and its mean
value was 8.79 & 2.1 um (Figure 1c). In contrast, both the . of ice clouds (r{°) and ice
mix

particles in mixed-phase clouds (7, (ice)) decreased with increasing altitude, indicating

that ice particles may grow as they fall [45]. The r;' (ic) Galue (44.4 + 4.4 um) was slightly
higher than the rice value (42.5 + 5.1 um) at a 99% statistical confidence level. This can be
explained by the Wegener-Bergeron-Findeisen (WBF) mechanism, in which ice particles
grow rapidly in mixed-phase conditions [46—48]. As discussed later in Section 3.2, not
only the peaks of IWCjce, IWCyyix, and LWCy4, but also the presence of large ice particles
(>50 um) below 3 km in February are attributed to warm and moist air masses advected
from the North Atlantic Ocean to the study region. Abundant water vapor may facilitate
the new formation or growth of liquid droplets, ice particles, or even snow precipitation,
as reported by many studies [49,50].

These microphysical cloud properties at Ny-Alesund are comparable with those
observed at two other Cloudnet stations over the Atlantic Arctic: Andeya (69.14° N,
15.68° E, 0.013 km above mean sea level) in northern Norway and Summit (72.6° N,
38.4° W, 3.216 km above mean sea level) in Greenland. The winter-mean CF,j; over
Ny-Alesund peaked by 43% at an altitude of 0.5-1.5 km due to the high CF of ice and
mixed-phase clouds (Figure 2a). The CFjc. at Ny-z&lesund was almost constant (~18%)
from the surface to approximately 6 km altitude.
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Figure 2. Vertical profiles of the wintertime mean (a) CF and (b) LWC/IWC at three sites (Ny—Alesund, Andoya, and
Summit) on the Atlantic side of the Arctic. In (a), colored line denotes CF of all (black), liquid (blue), ice (yellow), and
mixed-phase (red) clouds, respectively, and green line indicates air temperature. In (b), LWC and IWC are indicated by

sky-blue- (Ny-z&lesund), magenta- (Andeya), and orange- (Summit) colored lines.

The CFjce below 5 km altitude at Andeya was slightly lower than that at Ny-Alesund,
but the CF,; was approximately 10-20% higher at Andoya due to the high CF;, at all
altitudes. This is because the Andeya station, which is located approximately 10° south
of Ny-Alesund, is more frequently influenced by warm and moist air masses from the
Norwegian Sea during winter [51,52]. As shown in Figure 2a, the winter-mean temperature
at Andeya was approximately 8 °C higher than that in Ny-Alesund. In such a situation,
where both liquid droplets and ice particles commonly coexist in the low-level cloud
layer [3,53,54], the cloud phase was classified as mixed-phase clouds at both Ny-Alesund
and Andeya sites, which resulted in a relatively low CFliq. The CFj. at Summit was
overwhelmingly higher (~20%) than that at the other two stations due to low atmospheric
temperature. In this context, the LWC at Ny-Alesund was approximately three (eight)
times lower in the lower (middle) troposphere than that at Andeya, although the vertical
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structure of LWCs was similar (Figure 2b). Unlike the LWC, the difference in INCs among
the three stations was relatively small (~0.01-0.02 g-m~3; Figure 2b). As discussed in
Section 3.2, the occurrence of lower tropospheric mixed-phase clouds at Ny-Alesund and
Andeya during wintertime can be associated with the advection of warm and moist air
masses from the North Atlantic Ocean.

3.2. Cloud Microphysical Properties According to Warm and Cold Air Mass Advection

Air mass pathways and meteorological characteristics with different patterns are
assumed to directly influence cloud formation and its microphysical properties over the
study area.

Figure 3 shows the time-height plot of air temperature and a time series of LWP and
IWP at Ny-Alesund during the winter months. As explained by several previous studies,
variability of near-surface temperature and cloud cover over the Atlantic Arctic region is
related to regional-scale atmospheric circulation [15,16]; however, we also found distinct
changes not only in modeled air temperatures in the lower and middle troposphere but
also in both LWP and IWP due to shifts from cold to warm air masses on a multi-day time
scale. In this study, a total of 18 warm air mass advection (hereafter, warm,;,) and 12 cold
air mass advection (hereafter, cold,;,) cases were determined by the lower and upper fifth
percentile periods of mean temperature bias from the surface and 1.5 km, respectively,
which were calculated by subtracting each monthly mean temperature from the hourly
mean temperature.

cC C WW WWWW CWWCC

(Do) @an3esadwa)

Lwp

2 11 12 1 2 11 12 1 2

2017 2018 2019 2020

Month

Figure 3. (a) Time-height plot of air temperatures and (b) a time series of LWP (blue)/IWP (yellow) during multi-year

winter (November-February). Red and blue boxes labeled “W” and “C” on top of (a) indicate warm and cold air mass

periods, respectively.

Figure 4 contrasts the regional-scale atmospheric circulation patterns over the Atlantic
Arctic between warmgy, and cold,y, cases. Here, the 850-hPa horizontal wind and the
geopotential height from ERAS reanalysis data (https:/ /www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era5; accessed on 26 June 2021) were composited for each ad-
vection case. The warm,, periods were closely linked with strong southerly /southwesterly
winds developed between the Icelandic Low over the south of Greenland (denoted as “L”
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in Figure 4a) and the high-pressure system over northern Europe (including the Scandina-
vian Peninsula; denoted as “H” in Figure 4a), which can bring enormous warm and moist
air masses from the North Atlantic Ocean into Ny-Alesund (Figure 4a) [11,16,55]. Abrupt
warm and humid conditions in the study area were also triggered by the appearance of
a strong Atlantic windstorm [12,14]. Conversely, northerly winds developed by the low-
pressure system centered over the Barents Sea and the Kara Sea (denoted as “L”) brought
cold and dry air masses to the study area from the central Arctic (Figure 4b).

(b) COIdadv
x

Arctic Ocean W 1555
/s
b 3 1510
1465 &
©
1420 T
Barents Sea 1375 \3—
)
[
1330 o
3
1285
e
1240 @
1195
1150

Figure 4. Mean geopotential height (GPH) and wind fields at 850 hPa pressure level (ERA5 reanalysis data) for (a) warm,g,
and (b) cold,;, cases. Locations of Ny—Alesund, Andeya, and Summit are denoted with “crosshair,” “diamond,” and
“triangle” symbols, respectively. White arrow represents the dominant wind direction around Ny-Alesund during two
periods. “L” and “H” denote the low-pressure system (cyclone) and high-pressure system (anticyclone), respectively.

In this context, a high occurrence of clouds, especially both mixed-phase and ice clouds,
and associated large LWC/IWC values was observed in warm,;, cases (Figures 5 and 6). The
total CF of warm, 4, cases showed a peak around 0.5 km (~60%) due to a high CFp (~30%)
and was approximately 20-40% above 2 km altitude (Figure 5a). As mentioned earlier, the
CFice during warm,y, periods was notably high in the middle troposphere (~23%) compared
to cold,y, periods. The CFpx decreased monotonically with increasing altitude. The total CF
and the occurrence of mixed-phase clouds in the lower troposphere during cold,;, cases were
approximately half to one-third of those during warm,;, cases (Figure 5b). Ice clouds (CFjc:
~10%) were predominantly observed above 3 km altitude in cold,;, cases.

Compared to cold,g, cases, elevated values of LWC and IWC during warm,4, cases
(Figure 6a,b) can be explained by the presence of mixed-phase clouds in the boundary layer
and ice clouds in the middle troposphere. This can be attributable to moisture transported
from the North Atlantic Ocean [56], as illustrated in Figure 4. Nomokonova et al. [22] also
reported that moist anomalies (+IWV) at Ny-Alesund led to an increase of LWP and IWP by
1.5-2 times and 3 times, respectively, relative to normal conditions in winter. Consistently,
the . of ice particles in warm,;, cases was approximately 5-10 um larger than that of
cold g, cases at all altitudes (Figure 6c). Ice particles under warm and moist air masses can
grow rapidly through aggregation or riming [45,57,58].
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Figure 5. Vertical distributions of CF for different cloud phases (all: black, liquid: blue, ice: yellow,
mixed-phase clouds: red) during (a) warm,g, and (b) cold,;, cases.
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Figure 6. Comparison of the (a) LWC, (b) INC, and (c) r. of ice particles between warm,, (red) and cold,;, (blue) cases.

3.3. Cloud Longwave Effect: Warm vs. Cold Air Mass Advection

Changes in cloud cover and associated cloud microphysical properties due to alternat-
ing warm-moist and cold—-dry air masses during winter are directly related to the cloud
radiative effects. To further explain the relationships between air mass advection and
cloud longwave (LW) effects at Ny-Alesund, we investigated the frequency distributions
of surface LW fluxes during warm,g, and cold,;, cases (Figure 7). Here, surface-level
LW flux data were taken from the Baseline Surface Radiation Network (BSRN) station at
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Ny-Alesund (https://doi.pangaea.de/10.1594/PANGAEA.914927; accessed on 26 June
2021) [59], and the LW fluxes under cloud-free conditions were calculated using Santa
Barbara Discrete Ordinate Radiative Transfer (DISORT) Atmospheric Radiative Transfer
(SBDART) [60]. Mean temperature and relative humidity profiles, which were obtained
from radiosonde observations (https://doi.pangaea.de/10.1594/PANGAEA.914973; ac-
cessed on 26 June 2021) [61] during each advection period, were used as the input for
SBDART simulations under the cloud-free condition. Climatological values were used for
other input parameters.

Upward longwave flux (ULW; W m™2)
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Figure 7. Frequency distributions of (a) ULW fluxes and (b) DLW fluxes under warm,;, (red) and cold,, (blue) cases. Solid
vertical line indicates the all-sky LW fluxes from ground-based BSRN radiometer measurements. Dashed vertical line
indicates the modeled clear-sky LW fluxes calculated by radiative transfer model (SBDART) simulations using the mean

profiles of temperature and humidity from radiosonde measurements. The differences of LW fluxes between all-sky and

clear-sky conditions are shown by colored shading. In (b), shaded intervals indicate the increase in DLW fluxes compared

to cloud-free conditions under each advection case.

As the upward LW (ULW) fluxes are generally proportional to the surface temper-
ature (i.e., surface emissivity), the average all-sky ULW flux of 293 = 24 W m~2 during
warm,g, cases was approximately 30% higher than that for cold,, cases (230 = 18 W m~2;
Figure 7a). It should be noted that the estimated difference in modeled clear-sky ULW
fluxes due to surface temperature bias was less than 10 W m~2. Meanwhile, the average
all-sky downward LW (DLW) flux, which depends not only on cloud properties but also on
atmospheric water vapor and air temperature, was 278 4= 39 W m~2 during warm,;, cases,
which was approximately 1.5 times higher than that observed under cold,;, conditions
(183 £31 Wm™ % Figure 7b).

Compared to cloud-free conditions, DLW fluxes increased by 33% (69 W m~2) and
16% (26 W m~—2) during the warm,;, and cold,, cases, respectively. In other words, higher
CF and cloud water content (LWC and IWC) under warm,, periods resulted in elevated
downward cloud LW forcing [8,40]. This enhanced downward cloud LW forcing can lead
to sea ice melting, thereby increasing upward latent heat fluxes and eventually promoting
cloud formation [62-65]. Such triggered feedback mechanisms continue to contribute to
surface warming over the Arctic [66,67].

4. Conclusions

This study investigated wintertime cloud properties and radiative effects at Ny-
Alesund, Svalbard, during warm and cold air mass advection periods through a combina-
tion of cloud radar, ceilometer, and MWR measurements. The key findings of this study
are summarized below.
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e  Theliquid cloud fraction (CFy;q) was less than 2%, whereas the ice cloud fraction (CFice)
predominantly exceeded 10% below 6 km during the winter months (November—
February). The LWC of mixed-phase clouds (LWCjy;x), which predominantly exist in
the boundary layer (CFpix: 10-30%), was approximately four times higher than that
of liquid clouds (LWCg).

e Eighteen selected cases of warm air mass advection (warm,g,) were closely linked
with strong southerly /southwesterly winds, whereas northerly winds brought cold
and dry air masses (cold,4,) to the study area.

e  The total CF of warm,, cases showed a peak around 0.5 km (~60%) due to high CFpix
(~30%), and was approximately 20-40% above 2 km altitude. Elevated values of LWC
and IWC during warm,, cases can be attributable to the presence of mixed-phase
clouds in the boundary layer and ice clouds in the middle troposphere. Consistently,
the r, of ice particles in warm,g, cases was approximately 5-10 um larger than that of
cold,y, cases at all altitudes.

e Compared to cloud-free conditions, downward longwave (DLW) fluxes increased by
33% (69 W m~—2) and 16% (26 W m~2) during warm,g, and cold,, cases, respectively.

This study contributes to a better understanding of the relationship between air mass
origin and cloud microphysical properties on the Atlantic side of the Arctic. However,
future research should conduct a quantitative analysis of how effectively regional-scale or
global models simulate the complexity of cloud microphysical properties.
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