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Case studies of different types of
precipitation at Ny-Alesund, Arctic

Lekhraj Saini', Saurabh Das'** & Nuncio Murukesh':?

Arctic precipitation plays a crucial role in shaping the surface mass balance of Arctic sea ice and has
wide-ranging impacts on local climate, ecosystems, and global sea level dynamics. With the Arctic
undergoing warming trends, historical data and climate models indicate a shift from primarily snowfall
to arise in liquid and mixed forms of precipitation. This study tried to explain the microphysical
characteristics and atmospheric conditions associated with different forms of precipitation and their
transitions. The phase changes were explained by the vertical precipitation profiles over Ny-Alesund,
Svalbard (78° 55’ N, 11° 56’ E), observed using a Micro Rain Radar (MRR) and vertical atmospheric
profiles using the ground-based microwave radiometer (MWR). Atmospheric conditions were also
analysed based on ERA5 reanalysis data at different pressure levels. For the cases studied here, it was
found that the southerly warm-moist air mass plays a crucial role in the change of precipitation phase
and intensity. Warm and moist winds at ~ 2-3 km altitude facilitated high temperature and moisture
that helped snow to melt in liquid, resulted in rainfall over the location. Additionally, hourly winds
from ERADS reanalysis indicated upward wind motion was responsible for the formation of graupel. The
insight gained from this study will be useful to predict the further precipitation trend over the Arctic
more accurately.

The Arctic region exhibits an exceptional sensitivity to climate change, surpassing that of any other area on the
Earth!. Over the past century, the Arctic has experienced a warming rate nearly twice the global average®. These
changes are closely linked to the rise in greenhouse gases, leading to higher temperatures, ice melting, shifts in
storm patterns, and changes in timing and types of precipitation®. The reduction in sea ice are intricately linked
with the increase in Arctic precipitation. Arctic displays a substantially higher mean precipitation sensitivity (4.5
percent increase per degree of temperature warming) in contrast to the global average (1.6 to 1.9 percent per
kelvin)®. Rainfall events have become more frequent and intense due to rapid Arctic warming, triggering snow
and ice melting by reducing albedo and releasing latent heat®.

Precipitation is a pivotal element of the hydrological cycle in polar regions, which predominantly falls in the
form of snow, but as the region warms, there is a potential for shifts in precipitation patterns, leading to a greater
occurrence of rain and a mixture of rain and snow’. Precipitation analysis during 1993-2020 found significant
positive trends in rainfall (0.87 mm especially in winter (0.36 mm/decade) and fall (0.79 mm/decade) exceeding
the mean precipitation trend®.

Both local and global variables affect Arctic warming, and increased moisture leads to more precipitation
with enhanced rainfall. These changes are linked to tropospheric temperature and moisture trends rather than
surface temperature and humidity increases®-1°. However, the precise impact of these factors on the transition
between different phases and intensities of precipitation at daily and sub-daily scales remains poorly understood.
The vertical profile of precipitation well explains these processes with different altitude levels. The importance
of understanding the vertical profile of precipitation and associated atmospheric conditions is highlighted in
tropical regions, which also helps in accurate quantitative precipitation estimation through ground and space-
borne radars!'!2. The role of vertical profiles on climatological patterns and precipitation processes in remote
polar regions like Antarctica were also studied'*!“. In this context, ground-based in-situ vertical profilers offer
a distinct advantage over satellite measurements by providing more detailed monitoring capabilities in the
proximity of the Earth’s surface. These studies underscore the need for a deeper understanding of the vertical
structure of precipitation and associated atmospheric conditions in the Arctic region.

The present study focuses on Ny-Alesund, Svalbard (74°-81° N), positioned in the primary pathway
for atmospheric energy transport into the Arctic'®. Ny-Alesund experiences relatively high tropospheric
temperatures'®!” and a coastal Arctic climate!'8, with an average annual precipitation of around 461 mm?. The
North Atlantic Arctic is a region highly affected by climate change, characterized by warming, sea ice loss, and
changes in circulation patterns®®2!. In recent years, the region has witnessed increased cloudiness, precipitation,
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and cyclone activity, especially in winter??~?. During south and southwest air mass advection, the region
often experiences increased cloudiness, stronger winds, higher temperatures, elevated humidity, and heavier
precipitation, particularly in West Spitsbergen®. Indian research station "Himadri’ in Ny-Alesund, Arctic,
facilitates in-situ precipitation observation utilizing a Micro Rain Radar (MRR) as a vertical precipitation profiler
in conjunction with a disdrometer for ground-level precipitation measurements. Additionally, a ceilometer is
employed for monitoring cloud base height, while a microwave radiometer (MWR) is utilized for assessing the
vertical atmospheric profiles such as temperature and humidity.

The present study is driven by two primary objectives. The initial aim pertains to examining the vertical
structure of reflectivity (Ze) in various forms of surface precipitation observed in the Arctic region. The second
objective focuses on investigating the atmospheric conditions and moisture pathways, both vertically and
spatially, that are linked to these distinct forms of precipitation and their transition. This study used ground-
based instruments, which is critical due to the region’s unique climate sensitivity and the scarcity of reliable
observations. In-situ observations provide valuable information on vertical structures of precipitation, which
are crucial for understanding precipitation processes in the Arctic. This study advances the scientific knowledge
by addressing challenges in distinguishing precipitation types and offering a better understanding of events
influenced by atmospheric conditions. Furthermore, these observations will enhance the evaluation of satellite-
based and reanalysis precipitation datasets and contribute to improved climate and weather models. The present
study is expected to make a significant contribution in understanding the impacts of climate change feedback on
precipitation patterns in the Arctic region.

Data and methods

Site location

In situ observation data were gathered from the Himadri Research Station, a coastal site in the Arctic. The base
is located in Ny-Alesund (78° 55" N, 11° 56” E), Svalbard, Norway, as shown in Figure 1. This is located on the
southern shore of Kongsfjorden, one of the many deep and wide fjords on Spitsbergen’s west coast. Due to its
position, its atmosphere is mostly influenced by the nearby orographic features and the warm ocean’s diabatic
heating!”. All the instruments are maintained by the National Center for Polar and Ocean Research (NCPOR),
India, and operate on the roof of the Gruvabadat Atmospheric Laboratory (GAL) at 40 m above sea level, as
shown in Figure 2.

Data and instruments

For this study, several precipitation events from 2018 to 2022 were analysed, and three representative events
are presented here to understand the complexities of Arctic weather. The events presented are: snowfall with
graupel (December 14'"-16", 2018), the transition between rain and snow observed in summer (June 7¢"*-8%"
, 2020) and in winter (November 14716, 2020). Surface level meteorological parameters, such as averaged
temperature at 2m level, relative humidity, mean wind speed, and direction for 1—hour temporal resolution,
collected by MET-Norway (from a nearby station)?®. To complement detailed local observations, air-mass
trajectories, temperature, and moisture profiles were analyzed using ERA5 reanalysis data? and HYSPLIT
back-trajectory simulations®®. Hourly averaged ERA5 datasets, the latest reanalysis from the European Centre
for Medium-Range Weather Forecasts (ECMWF), were utilized for various pressure levels (1000-225 hPa)
and the spatiotemporal distribution within the region of 0 — 60° E and 60 — 90° N. Atmospheric conditions
such as temperature, U and V components of wind, vertical velocity, specific humidity, and relative humidity
were analysed from the ERA5 dataset. Ground-based instruments were used for in-situ observation and are
summarised next.
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Fig. 1. Geographical location (a) and topographic map (b) of Svalbard, with a black dot marking the Ny-
Alesund research station. The figure was created using Basemap 1.4.1 (Matplotlib)?” for the polar map and
PyGMT 0.13.0 (Generic Mapping Tools) for the study location.
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Fig. 2. In-situ ground-based instruments (a) micro rain radar (MRR) (b) OTT parsivel? disdrometer (c) laser
ceilometer LIDAR (d) microwave radiometer (MWR) operating at Gruvabadat Atmospheric Laboratory in Ny-
Alesund, svalbard (image: Indian-Arctic winter expedition 2023-24).

Micro rain radar (MRR)

The FM-CW (frequency modulated continuous wave) profiling MRR by METEK GmbH used in this study is
shown in Figure 2(a). It operates at a transmit frequency of 24 GHz (A = 1.24 ¢m) in the K band and produces
64-bin Doppler power spectra spanning a vertical range of 32 bins. It was operated with a temporal resolution of
1 minute and a vertical resolution of 50 m (during 2018-19) and 200 m (during 2020-till date). It has a parabolic
dish with a 0.5-meter effective aperture diameter fixed at a 63° angle with the vertical axis. Two of its major
limitations are the capacity to distinguish between snow and liquid particles and the presence of snow and ice
on the radar antenna. For snow and ice retrieval, instead of the original MRR software, the developed algorithm
ImProToo has been used in this present study®!. For the second limitation, to avoid snow accumulation on the
dish, a 200 W dish heating system has been installed.

OTT parsivel disdrometer

The Particle Size and Velocity (ParSiVel?) optical disdrometer shown in Figure 2(b), manufactured by OTT
Hydromet GmbH, plays a crucial role in monitoring hydrometeor sizes, types, and fall velocities at ground
level. This instrument monitors the hydrometeor sizes and fall velocities as they cross the 1 mm horizontal laser
beam of 780 nm with an area of 180 x 30 mm? between the disdrometer’s transmitter and receiver heads. This
measures hydrometeor with diameters of 0-25 mm and velocities of 0-22.4 ms ™" in 32 classes bins*>*, OTT
classifies the precipitation based on the particle size and the vertical velocities of hydrometeors®?. However, it’s
important to note that they have certain limitations, particularly in windy conditions and when dealing with
closely spaced precipitation particles. This instrument has been in operation since 2018 at GAL.

Ceilometer

A Vaisala CL51 laser ceilometer is being operated at the GAL for the purpose of ascertaining the cloud base
height. Utilizing LIDAR (light detection and ranging) technology, the device determines the cloud base height
(CBH). A pulsed laser beam transmitted vertically into the atmosphere interacts with air molecules and particles,
generating the cloud backscatter coefficient (BSC) using the algorithm provided by Vaisala®. Operating at a
principal wavelength of 910 nm, it can measure CBH at distances of up to 15 km. The vertical and temporal
resolutions are established at 10 m and 6 s respectively. In the case of the CL51, if the lower cloud layer is
translucent enough to permit the backscatter light from the upper cloud layer, it becomes feasible to identify up
to three cloud layers*. The instrument is in operation since spring 2015.

Microwave radiometer (MWR)

A MWR, MP-3000A, manufactured by Radiometrics, provides vertical profiles of temperature and humidity
up to a height of 10 km and low-resolution cloud liquid water content®®*. The radiometric profiler detects
brightness temperature at 12 frequencies within the microwave spectrum, primarily influenced by atmospheric
water vapour, cloud liquid water, and molecular oxygen emissions*®*. The radiometer observes within an
inverted cone, featuring a 2-3 degree beamwidth at 51-59 GHz and a 5-6 degree beamwidth at 22-30 GHz.
The radiometric profiler also includes zenith infrared sensors and surface temperature, humidity, and pressure
sensors. It continuously measures temperature and humidity profiles up to 10 km with high vertical resolution
that decreases with altitude (ranging from 0.05 km to 0.5 km with 58 range gates). Here vertical atmospheric
profiles used up to 5 km heights for 2018 and 10 km for the year 2020 case studies with a temporal resolution of
1-5 minutes.
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Methodology

The substantial variability in snow particle shapes and densities alters the size-fall velocity (W) relationship,
introducing significant uncertainty in snow rate estimation. As already mentioned, the originally produced
averaged data from the MRR software lacked sensitivity for snowfall estimation using remote sensing techniques*’.
To overcome this limitation, the processing tool IMProToo (Improved MRR Processing Tool) method?!. This
method incorporates signal and noise processing techniques, featuring a dynamic de-aliasing routine that allows
to make observations even when the nyquist velocity range is exceeded. Additionally, it includes noise removal
based on identifying the most prominent peak. IMProToo processes the raw file from MRR and produces the
output particularly well suited for snow studies. Hence, instead of snow rate or size distribution, equivalent
reflectivity factor (Ze) and fall velocity (W) from the IMProToo processed file used in this study. The contour
frequency by altitude diagram (CFAD) of these parameters is used to explain the precipitation microphysical
evolution with different altitude levels.

In 32 range gates, the initial one (range gate no. 0) corresponding to the lowest height is excluded from
processing for quality control. Following this, the subsequent two range gates (no. 1 and 2) with the last range
gate (no. 31) are also omitted from analysis due to near-field/excessive noise effects. Consequently, there are
28 exploitable range gates remaining, resulting in an observable height range spanning from 300 to 6000
depending on the height resolution. In this context, parsivel® plays a crucial role by assisting in the study of
ground precipitation and distinguishing between various precipitation types. Hence, observations from OTT
parsivel® were used to classify the MRR profiles in separate precipitation regimes as per WMO guidelines®!.
Ceilometer data for CBH were averaged for 1 minute temporal resolution from 6 second temporal resolution.

Near-surface meteorology parameters at study location such as temperature, humidity, winds from MET-
Norway were also used. The vertical profile of atmospheric conditions was derived from both ground-based
MWR (level 2) and ERA5 hourly reanalysis data. To better understand the synoptic conditions and their spatio-
temporal distribution analyses were conducted at different atmospheric pressure levels. It was highlighted that
the 500 hPa and 850 hPa levels are critical for divergence and advection, respectively*?. Therefore, temperature
and moisture advection at the 850 hPa level, divergence at the 500 hPa level, mean sea level pressure (MSL), and
2 m temperature were analyzed. Based on the temperature and moisture vertical profiles over the study location,
moisture pathways were effectively analyzed using the spatio-temporal distribution of temperature, moisture
and winds at different pressure levels for each event. Below are the equations used to calculate the advection of
temperature and moisture, while divergence data were obtained directly from ERA5.

Temperature Advection = — or. Usyind + or. Uwind (1)
ox oy
Moisture Advection = — @ * Uwind + @ * Uwind (2)
ox Jdy

Here T, q, YUwind and vwing represent the temperature, specific humidity, 4 and v components of horizontal
winds respectively.

Results

Climatology of the study location

The monthly averaged surface temperature over the Ny-Alesund shows significant seasonal variations based
on the dataset from 2011-2022%8. The mean temperature ranges from ~-13 +4°C(March) to ~5 £1°C (July),
with a daily minimum of ~ -25 £5°C in the coldest month of March and a daily maximum of ~ 15 £4°C in
the warmest month of July, as shown in Figure 3(a). Figure 3(b) displays the monthly fraction of precipitation
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Fig. 3. (a) Averaged monthly surface temperature variation at Ny-Alesund? and (b) Fraction of occurrence
of different precipitation type during 2018-21, with 5th polynomial fitting for rain (RA) from parsivel?
disdrometer during 2018-21.
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contributed by each form. This highlights snow as a significant component of the total precipitation, followed by
rain, rain with drizzle, drizzle, graupel and rain mixed with snow. The occurrence of rain increases with rising
temperatures, as seen from distribution. During the summer season, when sunlight is abundant in the Arctic
atmosphere (midnight sun), rain reaches its peak occurrence, while snow occurrences decrease substantially. A
study analysing CBH from April 2015-October 2017 shows that CBH1 in summer is at approximately 1.2 km,
the lowest among all seasons (1.8 km in autumn, 2.3 km in winter, and 1.5 km in spring)43. Furthermore, the
maximum detection of CBH2 and CBH3 occurs during summer, suggesting thinner low-level clouds compared
to other seasons in Ny-Alesund. Over 80% of summer clouds are identified as low-level clouds, which have
significant radiative effects that led to the warming of the surface*®*°. This aligns rain frequency directly with the
annual temperature and cloud patterns observed in the region.

To understand the microphysics and atmospheric conditions associated with different forms of Arctic
precipitation, data from 2018 to 2022 has been analysed. Based on that, three key representative events were
selected to closely examine the Arctic precipitation, which are discussed here.

Case studies

Precipitation as graupel with snow

The first precipitation event, including snow and graupel/small hail (GS), a type of precipitation characterized
by soft, white ice pellets, was selected for the study from December 14*"-16™ in 2018, as presented in Figure
4(a-b). The precipitation event started with snowfall on 14" at 19:00 UTC, followed by the emergence of
graupel (red dots) at approximately 3:30 UTC and persisted for over 10—hour (Figure 4(d)). Later followed by
high-intensity snowfall, accompanied by hail. To investigate these changes, the vertical profiles of the BSC and
CBH, MRR-driven Ze and W were examined, as presented in Figure 4(a-c). Observation of BSC in Figure 4(a)
indicates cloud cover below 1 km with corresponding CBH shown in Figure 4(b). Since both snow and graupel
are solid forms of precipitation, no significant variation in the vertical profiles of reflectivity and fall velocity was
observed between these phases. However, as expected high fall velocity was observed during GS, indicating that
hail falls faster than snow.

At ground level, the temperature and relative humidity variations correlate with each other (Figure 4(e)).
During the snow period, the temperature remains below freezing level, while it crosses during the graupel
period, accompanied by an increase in relative humidity. Subsequently, both temperature and relative humidity
decreased during the later part of snowfall. During the graupel southwesterly winds with low speed (< 2 ms™")
were observed, whereas northwesterly winds with high speed (> 10 ms™") observed during snow, as presented
in (Figure 4(f)).

In Figure 5 vertical profile of various atmospheric parameters from MWR and ERAS5 is presented to show
the correlation between ground-based and global reanalysis datasets. Vertical atmospheric profiles for snow to
graupel transition with the MWR observation shown in Figure 5(b-e) with MRR reflectivity in Figure 5(a). It
was observed that when snowfall started at 19:00 UTC on December 14%", the temperature was below freezing
level, accompanied by a moderate vapour density as shown in Figure 5(b-c). Initially, the liquid water density
profile exhibited some low-level cloud liquid content around 1 km Figure 5(d). As time progressed, both the
temperature and vapour density began to enhance near the surface.

During graupel, the near surface temperature reaches near freezing level, accompanied by a vapour density
exceeding 4 gm ™~ 3. High liquid water density can be seen in Figure 5(c) between 1-3 km with below freezing level
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Fig. 4. Time series of vertical profiles: (a) BSC, (b) reflectivity (Ze) with CBH1 (red), CBH2 (blue), and CBH3
(green), (c) fall velocity (W) observed by ceilometer and MRR, respectively. Ground observations include (d)
precipitation intensity from the disdrometer showing transitions from snow (SN, magenta) to graupel (GS, red)
and vice versa; (e) 2m temperature (blue dashed) and relative humidity (red dashed); and (f) mean wind speed
(blue dashed) and wind direction (red dashed) during December 14" - 16" 2018.
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Fig. 5. Time series of (a) reflectivity (Ze) along with corresponding vertical atmospheric sounding from
ground-based vertical profiler MWR: (b) temperature (°C'), (c) vapour density (gm_g), (d) liquid water
content (gm %), and (e) relative humidity (%). Vertical profile of atmospheric conditions based on ERA5
hourly reanalysis data: (f) horizontal wind speed (g) vertical velocity (h) temperature (°C'), (i) specific
humidity (gkg "), and (j) relative humidity (%) during December 14*" — 16", 2018.

temperature (> —20°C) which indicates the presence of supercooled water®*%, Since the CBH from Figure
4(a) is mostly below 1 km, it indicates the availability of supercooled water within the cloud. This type of cloud
is referred to as a mix-phased cloud*>*°-52. These conditions persisted even after the graupel event until 20:00
UTC on December 15**. These post-graupel conditions were associated with high-intensity snowfall with hail®*.
On December 16", conditions were characterized by a lower temperature, vapour density, and liquid content
in comparison to the previous day. Relative humidity was higher before and in December 15" compared to
the later part of December 16" Figure 5(e) which resulted in low-intensity snowfall as shown in Figure 4(d)>.

Delving deeper into the atmospheric conditions shown in Figure 5(f-j) using ERA5 reanalysis data, low-
speed horizontal winds were observed at lower altitudes below 700 hPa Figure 5(f). An important aspect to
note here is the vertical wind velocity in Figure 5(g). During the snow to graupel transition, upward velocity
was observed from the surface up to ~ 700 hPa and downward motion above that. The temperature profile
also exhibits near-surface enhancement during the graupel, coinciding with an increase in moisture as specific
humidity as shown in Figure 5(h-i). This result is consistent with the MWR atmospheric profiles, ERA5 presents
similarities in the temperature and specific humidity profiles. The good agreement as seen between these two
datasets also present an opportunity to use the reanalysis data to understand the spatio-temporal distribution of
atmospheric parameters.

Synoptic conditions from ERA5 reanalysis data on a large scale can be observed in Figure 6 for snow, graupel,
and their transition. Four time instants: A, B, C, and D, as mentioned in Figure 5, correspond to 20:00 UTC on
December 14'", 06:00 UTC on December 15", 18:00 UTC on December 15", and 12:00 UTC on December
16" respectively, were suited for detailed analysis. Figure 6 shows the mean surface-level pressure with 2m
surface temperature as contour lines in column 1°%, the advection of temperature and moisture at the 850 hPa
pressure level in columns 2"¢ and 37, respectively, and the 4" column represents the 500 hPa level divergence.
A distinct low-pressure system is centered to the north-west of Svalbard, whereas a high-pressure system was
observed to the south of Svalbard at mid-latitude during the initial snowfall phase in time instant A in Figure
6(A). This led to a southwesterly cold wind at 850 hPa level and was associated with negative advection of
temperature as well as moisture. The 24—hour back-trajectory analysis using HYSPLIT also supports the same
as shown in Figure S1, in the supporting file. The 500 hPa level convergence may have been created due to the
reduced speed of horizontal winds near 500 hPa level over the study location. This convergence leads a small
downward motion upto 700 hPa in atmosphere observed from Figure 5(g).

The low pressure system at time instant B in Figure 6(B) during graupel precipitation, centered to the north
part of Svalbard. This led to a southwesterly low-level wind to converge at the study location and create an
upward motion of winds observed during the graupel up to 700 hPa level, also shown in Figure 5(g). Upward
motion led to instability in the atmospheric column, which increased the random motion of supercool water
and ice crystals to form granule via the collision that subsequently become frozen on the ice surface through a
process called riming.>>-%.
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Fig. 6. Synoptic chart of MSL pressure with 2m level temperature contour line (column 1°¢), temperature
advection at 850 hPa level (column 2"%), moisture advection at 850 /Pa level (column 37¢) and divergence
at 500 hPa level (column 4'") at four time instants during December 14" — 16", 2018 in rows: (A) 20:00
UTC, December 14'"; (B) 06:00 UTC, December 15; (C) 18:00 UTC, December 15; and (D) 12:00 UTC,
December 16"

At time C in Figure 6(C) when the graupel event transforming into a snow event, the low-pressure system
moved north of Svalbard. However, the study site was still at low pressure and associated with small upward wind
motion. This shift of pressure system brings westerly cold winds that led to reduced temperature and moisture
advection at 850 hPa level. Synoptic conditions were similar to graupel event, as it experienced high intensity
snowfall with hail®.

The last time instant D in Figure 6(D) is during the end of the event with snowfall. The low-pressure system
shifts to the north-east of Svalbard, and the study location experiences high pressure compared to other instants
of this event. This change in pressure led to divergence at locations associated with northwesterly circular wind
flow and a small downward wind motion observed at near surface level. The HYSPLIT back-trajectory analysis
also confirms the wind pattern, downward and upward motion (see Figure S1 in the supporting files).

To understand the moisture pathways for the event at the near surface level, spatio-temporal analysis of
temperature and moisture at the 900 hPa level is shown in Figure 7. Figure 7(t-r) shows the temperature (t),
vertical winds (w), specific humidity (q) and relative humidity (r) at the time instant A-D as defined earlier.
When snowfall starts at time instant A, low-speed winds (<20 ms~!) originating from the southwest direction
reach over the location site (Figure 7(A)). These winds have below freezing level temperatures and moderate
moisture levels, resulting in high relative humidity and favorable conditions for snowfall. As time progresses, the
wind speeds increase, but the temperatures and moisture content decrease, leading to similar relative humidity
levels (Figure 7(B)). At the last instant in Figure 7(D), very low temperatures influenced by northwesterly
moderate winds with low moisture levels favor low intensity of snowfall.

The CFAD of reflectivity (Ze) for both types of precipitation, graupel and snow, presented in Figure 8, shows
similar trends across height. The majority of precipitation particles in both cases fall within the range of 10-20
dBZ. However, graupel mostly remains under 20 dBZ, while snow surpasses this level, extending to approximately
25 dBZ and exhibiting a broader range of approximately 0-25 dBZ. The reflectivity behavior of snow mirrors that
of the first case study below 1.5 km, where it intensifies as the particles descend towards the ground. Meanwhile,
graupel follows a consistent pattern, with minor fluctuations evident around the altitude of 1 km. In fall velocity,
snow shows a broader range, 0-2 ms~* while the majority of graupel falls above 1 ms~". This clearly shows that
graupel falls faster with a narrow range and high reflectivity compared to SN.

Rain and snow in summer

The second case study was based on the snow-rain event that occurred during summer in June 7" - 8", 2020.
Figure 9(d) highlights the different precipitation types at ground with phase transition represented by black
dotted lines. The first period, referred to as “Snow event-1”, was characterized predominantly by snowfall
observed at the ground from 00:00 to 12:00 UTC on June 7. The subsequent period, spanning from 12:00
on June 7" to 05:00 UTC on June 8", was characterized as a “Rain event” indicating a shift towards liquid
precipitation. Finally, the last period, from 05:00 to 24:00 UTC on June 8", displayed a return to snowfall
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dominance, labeled as “Snow event-2”. Both BSC and CBH extended up to 4 km before the onset of precipitation,
then descended below 2 km as snowfall began as shown in Figure 9(a-b). During “Snow event-1,” the radar
reflectivity and fall velocity profiles were uniform up to 6 km. During the “Rain event”, CBH moved downward,
reaching near the surface below 0.5 km. Enhancement in Reflectivity with fall velocity below ~ 2 km observed
during rain as shown in Figure 9(b-c). This can be explained by the increase in the dielectric constant caused
by the water coating on ice crystals as snowflakes melt®!~¢%. This layer was identified as the melting layer at ~
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2 km, also known as the bright band in the precipitation profile®*%>. During “Snow event-2”, both BSC and
CBH uplifted again as snowfall resumed, as observed in the datasets until 01:00 UTC on June 7*". The radar
reflectivity and fall velocity profiles were again uniform, but the profile extended only up to 4 km.

The atmospheric conditions in Figure 9(e-f) at ground level show temperature variation from 0 to 3.5°C
, with the highest temperature recorded during the rainy phase. Similarly, relative humidity ranges from 65
to 95%, with the highest humidity observed in the rainy period, mirroring the ground temperature pattern.
Initially, in the snow event-1, easterly winds near the surface blow at a velocity exceeding 5 ms ™!, transitioning
to south-easterly then turns to northwesterly winds later in the rain event with reduced speed below 5 ms™' as
well as snow event-2.

Vertical atmospheric profiles from MWR in Figure 10(a-e) indicate notable atmospheric dynamics during
transition from snowfall to rainfall and vice versa along with reflectivily. During the snow to rain transition, the
vertical temperature profile exhibits a significant increment, particularly evident below ~ 2 km altitude. This
upward trend in temperature coincides with the establishment of a melting layer, identified at ~ 2 km altitudes
where temperature crosses the freezing point. Concurrently, there is a notable increase in both humidity and
liquid water content within this layer, indicative of the phase transition from snow to rain and subsequent
moisture release into the atmosphere.

The vertical profile of atmospheric conditions from the ERA5 hourly reanalysis dataset is also presented in
Figure 10(f-j). Consistency between ERA5 and the MWR data is evident, particularly at the 800 hPa pressure
level where temperatures exceed zero degrees Celsius, coinciding with high moisture as specific humidity. This
mutual confirmation underscores the reliability of both datasets in depicting temperature variations.

Synoptic conditions during Snow event-1 at time instant A, as shown in Figure 11(A), the surface high-
pressure system at the MSL brings cold southeasterly winds, with a small negative advection of temperature and
moisture at 850 hPa level. High pressure system creates divergence at surface level due to increased speed of
surface winds, leading to a near-surface downward wind motion from 900 hPa. These conditions, with an overall
low temperature and moisture from a southeastern flow, create a favorable condition for sn

At time instant B during the rain event shown in Figure 11(B), the low-pressure system centered at the
bottom of the Svalbard creates circular wind motion. This shifts the direction to easterly at the surface and brings
warm, moist air from the east of the Svalbard, increasing surface temperatures above freezing and facilitating
a transition to rain. At 850 hPa, warm air with high moisture advection becomes prominent, reinforcing the
warming and eventually rainfall. At the 500 hPa level, a small convergence reduces upward wind motion,
suppressing intense precipitation and favoring rainfall. At time instant C during rain Figure 11(C) shows the
low level pressure system centered over Svalbard and the circular motion shifts the wind flow over location to a
northward direction at surface with negative advection of moisture, but temperature still with positive advection
leads to reduced rainfall intensity.

Snow event-2 presented in Figure 11(D) is characterized by a slightly weaker surface low-pressure system
that is centered north of Svalbard and allows cold northerly winds to return, with low surface temperatures to
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Fig. 11. Synoptic chart of MSL pressure with 2m level temperature contour line (column 1°*), temperature
advection at 850 hPa level (column 2"%), moisture advection at 850 #Pa level (column 3"%) and divergence at
500 hPa level (column 4¢") at four time instants during June 7th 8" 2020, in rows: (A) June 7" at 08:00 UTC
; (B)June 7" at 20:00 UTC; (C)June 8" on 04:00 UTC; and (D) June 8*" at 20:00 UTC.

sub-freezing levels. At 850 hPa, cold air advection resumes but is weaker compared to Snow event-1, resulting
in limited moisture transport.

As per the vertical profile of temperature and specific humidity changes in the rain event between 700-850 hPa
and the melting layer near ~ 2 km suggests the study of the spatio-temporal distribution of moisture pathways
at 800 hPa. Figure 12(t-r)) present the temperature (t), vertical winds (w), specific humidity (q) and relative
humidity (r). Figure 12(A-D)) Present this at four time instants A, B, C and D considering snow, rain, and their
transition for time instants at 08:00, 20:00 UTC on June 7*", and 04:00, 20:00 UTC on June, 8" respectively. This
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Fig. 12. Spatio-temporal distribution of atmospheric conditions with horizontal wind speed vectors at the 800
hPa pressure level, showing: (t) temperature (°C), (w) vertical velocity (Pas™h), (q) specific humidity (gkg™*
), and (r) relative humidity (%) at four time instants during June 7*"-8**, 2020, in rows: (A) June 7*" at 08:00
UTC ; (B)June 7" at 20:00 UTC; (C)June 8" on 04:00 UTC; and (D) June 8" at 20:00 UTC.

reveals a southeasterly wind flow originating from mid-latitude regions, which introduces warmer temperatures
and moisture over Ny-Alesund, denoted by the white star. The advection of high temperature and moisture
content results in a melting layer and the transition of snowfall to rainfall, as shown in Figure 10(h-j). The
horizontal wind speeds at times instant B and C during the rain period are notably high, around 20 ms™" as
shown in Figure 12(B-C).

At time instant C, the atmospheric conditions except wind pattern remain largely unchanged, as shown in
Figure 12(C). It appears that the winds are circulating from the west of Svalbard, passing over the coastal region,
and then returning as northwesterly direction accompanied by moderately upward velocity wind. The circular
motion of this wind flow can be confirmed with HYSPLIT 24— hour wind back-trajectory from Figure S2 in the
supporting file. These winds get slow and no longer carry as much moisture or warmth as they did previously, as
shown in columns of Figure 12(t-r). As a result, when these returning winds hit the location at the time instant
D in Figure 12(D), they arrive as dry winds with significantly lower moisture and temperature, as seen from
vertical observation from Figure 10(b-e) and Figure 10(h-j). Integrated water vapour transport also describes the
water flux presence during snow and rain at A-D time instants (see Figure S4 in the supporting file).

Normalized CFAD for radar reflectivity and fall velocity in Figure 13 provides additional insights into the
microphysical evolution of precipitation during these three phases. In all three events, the CFAD of reflectivity
reveals that precipitation exhibited reflectivity values ranging less than 10 dBZ at 6 km with a fall velocity
below 1 ms~'. However, as the precipitation reaches the ground, reflectivity increases linearly up to 20-25
dBZ and 1-2 ms ™" till ~ 2 km. Below ~ 2 km snow and rain both show different characteristics. Snow shows
uniform reflectivity with approximately the same fall velocity observed below 2 km to ground as shown in Figure
13(a,c,d,f). In the rain profile, a sudden shift to the right was observed as reflectivity increased up to ~40 dBZ,
while fall velocity in this part increased up to 6 ms™! (Figure 13(b,e)). This indicates that below 2 km snow falls
uniformly while rain falls faster with bigger drops. This altitude level was identified as a melting layer, which was
facilitated by hot-moist air mass as discussed above in atmospheric conditions in Figure 10.

Rain and snow in winter

To support and compare the findings from the above event of snow-rain transition in summer, this third event
study from 2020 winter during November is 14*" - 16" presented in Figure 14. This 52— hour long event shows
different precipitation types at ground separated by black dotted lines highlighted in Figure 14(d). The first
period, referred to as the “Rain event” (red dots), was characterized predominantly by rainfall observed at the
ground from 08:20 UTC on November 14" to 06:00 UTC on November 15", The other half, from 06:00 UTC
on November 15" to 11:00 UTC on November 16", was characterized as a “Snow event” . This indicates a shift
from liquid to solid precipitation, including mixed snow as well as graupel. Snowfall occurs with higher intensity
in this case compared to rainfall, unlike summer events. To investigate this precipitation transition, observations
of BSC and CBH show cloud base height around ~ 1 km during rain events with a high BSC. While cloud base
height reduced during the transition to snow and later varies up to around 1 km with a comparably lower BSC,
as shown in Figure 14(a-b). Figure 14(a-c) shows the MRR reflectivity (Ze) and fall velocity (W) profiles which
stays up to 2 km for both snow and rain, however extends up to 5 km during the transition.
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Fig. 14. Time series of vertical profiles: (a) BSC, (b) reflectivity (Ze) with CBH1 (red), CBH2 (blue), and CBH3
(green), (c) fall velocity (W) observed by ceilometer and MRR, respectively. Ground observations include (d)
precipitation intensity from the disdrometer showing transitions from rain (RA, red) to snow (SN, magenta),
(e) 2m temperature (blue dashed) and relative humidity (red dashed), and (f) mean wind speed (blue dashed)
and wind direction (red dashed) for June 7" - 8", 2020.

The near-surface conditions in Figure 14(e) show that the temperature rises above 0°C at the start of the rain,
reaching a peak of about 6°C', which is the highest recorded during this precipitation event. As the precipitation
shifts to snow, the temperature drops exponentially to ~ -9°C' and remains relatively stable during the snow.
The relative humidity varies from ~ 70 to 90% during the rain and from ~ 60 to 90% during the snow. In the
beginning of rain, southeasterly winds near the surface blow at speeds of about 14 ms~" as shown in Figure
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Height (km)

14(f). These winds gradually shift to southerly directions with reduced speeds during the rain event and dropping
to below 5 ms™! during the transition to snow. During snowfall, the winds become more westerly and north-
westerly, with higher speeds compared to the rainy phase.

Vertical atmospheric profiles from MWR, presented in Figure 15(a-e), clearly indicate the transition from
rain to snow along with reflectivity. During the transition, temperature shows a significant shift from 10 — 20°C’
to ~ -20°C particular below 2-3 km as shown in Figure 15(b). This temperature trend aligns closely with the
vapour density, which extends up to 5 km during rain (< 7 gm™?) and near surface during snow (< 2 gm™?3) as
shown in Figure 15(c). Figure 15(d) presents the liquid water density (< 14 gm~3) observed between 2-3 km
altitudes during rain. The presence of this liquid layer indicates the melting layer, which is less visible as a bright
band in the MRR reflectivity. Consequently, relative humidity presented in Figure 15(d) peaks between 3-7 km
during the rain, whereas below 2 km during the snow.

The vertical profile of the atmosphere from the ERA5 hourly reanalysis dataset is also presented in Figure
15(f-j). This event overall experienced low-level (< 850 hPa) slow winds (< 15 ms~1)in comparison with high-
speed winds at high-level (> 850 hPa) as shown in Figure 15(f). During rain, vertical winds showed downward
motion below ~ 850 hPa, slight upward motion between 850-500 hPa, and downward motion in the upper
atmosphere. In comparison with rain event, snow event experience upward motion below 700 hPa and above
700 hPa shows similar downward motion as rain. Similar to the above two events, the strong correlation of
MWR and ERA5 datasets confirms the reliability of ERA5 data for further use for spatio-temporal distribution
of atmospheric parameters.

Figure 16 presents the synoptic conditions at various pressure levels (MSL, 850 hPa, 500 hPa) for the winter
event at four time instants A, B, C and D representing rain, snow and their transitions on November 14%" at
00:00 UTC , November 15" at 00:00 and 12:00 UTC, and November 16" at 00:00 UTC. During initial time
instant A in Figure 16(A), where no precipitation fall at ground, MSL pressure was high over Svalbard, brings
the southeasterly cold winds to the surface. These winds at 850 hPa pressure level seen changed to southerly
winds but negative moisture and temperature advection was observed results in no precipitation. In the next
time instant B in Figure 16(B) during rain, the pressure over the location decreases, which changes the direction
of winds to southwesterly. These winds bring warm moisture seen at 850 #Pa levels results in positive advection
of temperature and moisture and favor the rain. Time instant B is just before the transition to snow, which
experiences slightly a negative advection of both moisture and advection. During time instant C in Figure 16(C)
a low-pressure system moved to the north-west of Svalbard and brings northwesterly cold winds with limited
moisture that made favorable conditions for the snowfall. Low pressure over Svalbard also induces surface level
convergence, which causes a strong and sustained upward motion lasting over 24—hour from the surface up to
the 700 hPa level (Figure 15(g)). This similar condition remains in time instant D in Figure 16(D) as the low-
pressure system moved to the north and brings cold northern winds to make favorable conditions for snow.

Spatio-temporal distribution of moisture pathway at four time instants A, B, C and D representing rain
and snow and their transitions is shown in the rows of Figure 17(t-r). This shows a southwesterly wind flow
originating from lower latitudes, as confirmed by the HYSPLIT 24— hour back trajectory (see Figure S3 in the
supplementary file). At the initial time instant A, Ny-Alesund experiences cold temperatures with no significant
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Fig. 15. Time series of (a) reflectivity (Ze) along with corresponding vertical atmospheric sounding from
ground-based vertical profiler MWR: (b) temperature (°C'), (c) vapour density (gm™3), (d) liquid water
content (gm %), and (e) relative humidity (%). Vertical profile of atmospheric conditions based on ERA5
hourly reanalysis data: (f) horizontal wind speed (g) vertical velocity (h) temperature (°C), (i) specific
humidity (gkg™"), and (j) relative humidity (%) for November 14" - 16" 2020.
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Fig. 16. Synoptic chart of MSL pressure with 2m level temperature contour line (column 1°"), temperature
advection at 850 hPa level (column 2"%), moisture advection at 850 /Pa level (column 37¢) and divergence
at 500 hPa level (column 4") at four time instants during during November 14*"-16", 2020, in rows: (A)
November 14" at 00:00 UTC ; (B) November 15" at 00:00 UTC; (C) November 15" at 12:00 UTC and (D)
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Fig. 17. Spatio-temporal distribution of atmospheric conditions with horizontal wind speed vectors at the
800 hPa pressure level, showing: (t) temperature (°C), (w) vertical velocity (Pas™1), (q) specific humidity
(gkg™1), and (r) relative humidity (%) at four time instants during November 14tP-16™", 2020, in rows: (A)
November 14*" at 00:00 UTC ; (B) November 15" at 00:00 UTC; (C) November 15" at 12:00 UTC and (D)
November 16" at 00:00 UTC.
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specific humidity and low relative humidity, creating a no-precipitation scenario over the location, as shown
in Figure 17(A). During time instant B, warmer temperatures and moisture are transported to Ny-Alesund,
as seen in Figure 17(B). This increase in temperature and moisture supports melting processes and raises
relative humidity to its peak, leading to rain at the surface, as shown in Figure 14(d). During time instant C,
the atmospheric flow shifts to a westerly direction, brings colder temperatures and reduced moisture, as shown
in Figure 17(C), creating favorable conditions for snowfall. At the final time instant D, air masses from the
northwesterly direction transport limited moisture, resulting in low relative humidity and a no-precipitation
scenario at the surface, as seen in Figure 17(D). The wind direction can be confirmed with HYSPLIT 24—hour
wind back-trajectory from Figure S3 in the supporting file. It shows the winds during rain originate from higher
humidity southwest regions while for snow period it originate from low humidity northwest regions. Integrated
water vapour transport also describes the water flux presence during rain and snow and no precipitation at A-D
time instants (see Figure S5 in the supporting file).

The CFADs of radar reflectivity and fall velocity for both rain and snow events highlight distinct microphysical
processes and vertical structures in winter. In the rain event, as shown in Figure 18(a), the reflectivity is
concentrated up to 6 km, with values exceeding 25 dBZ predominantly below 2-3 km, which suggests the presence
of moderate but smaller raindrops compared to the summer rain event, particularly below the melting layer. In
contrast, the snow event shown in Figure 18(b) displays reflectivity primarily below 3 km, with moderate values
(~20 dBZ) that maintain a more uniform vertical pattern. Looking at the fall velocity profiles, both events show
similar characteristics. As shown in Figure 18(c-d), the maximum occurrence of fall velocities for both rain and
snow is found between upto 5 ms~" below 3 km. Both snow and rain also show negative velocities, indicating
upward motion of droplets.

Discussion

This investigation presents three events studies over Ny-Alesund (78.9°N, 11.9°E) illustrating a range of
precipitation forms at the surface and analyzing their vertical and synoptic conditions. In-situ ground-based
instruments were deployed for precipitation observations, with a MRR employed to capture the vertical profile
of precipitation and a disdrometer used for measuring precipitation at the surface. A lidar ceilometer was used
to observe cloud base height. To investigate the vertical synoptic conditions, ground-based MWR was used, and
the profile was compared with the ERA5 reanalysis data profile, showing a strong correlation. Consequently,
ERAS5 data was further utilized to analyze spatio-temporal distribution. The analysis found that snow was the
most dominant precipitation type, followed by rain and mixed-phase precipitation. The physical processes of the
events are discussed here.

Scientific Reports |

(2025) 15:3086 | https://doi.org/10.1038/s41598-025-85833-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The first precipitation event from December 14"-16'", 2018, presents the atmospheric processes driving
the transition between snow and graupel/small hail. The event began with comparably high pressure over the
location, while a low-pressure system situated to the northwest of Svalbard. Wind circulation associated with this
system brings south-westerly cold moist winds. This induced high relative humidity and a favorable condition
for snow. The transition to graupel was marked by a shift of the low-pressure system to the north of Svalbard,
which reduces the pressure at the location. Low surface pressure and above freezing level temperature create
convergence, which leads to upward motion and induces instability. Similar conditions were also observed
during the post-graupel hail®*. Graupel was associated with an enhanced liquid water density profile at below
freezing level temperature within mixed phase cloud between 1-3 km identified as supercooled water7-66:67,
Instability caused by upward motion led to the collision of supercool water and ice crystals within mixed-phased
cloud that results in the formation of graupel through riming process®>8-%. The subsequent return to snowfall
was marked with the shift of low-pressure system to the northeast of Svalbard, brings northern cold winds. This
results in reduction in temperature and moisture that results in low intensity precipitation. Graupel shows higher
fall velocities, narrower reflectivity range compared to snow. This event highlights the presence of mixed-phase
cloud over the Svalbard. A study also reported the presence of mixed-phase clouds over Svalbard through out
the year with an average occurrence of 55%. This is higher than the average occurrence over Arctic which is 30%
in winter and 50% rest of the year. It was found that mixed-phase clouds are especially located below 3 km, with
a frequency of 90%, particularly during winter, spring and autumn. This is consistent with the observation of
present study where mixed-phase clouds was found between 1-3 km.

The second event from summer 07'"-08" June 2020 was divided into three distinct phases: snow event-1,
rain event and snow event-2, each governed by unique atmospheric dynamics. The event started with high
pressure over the study location and the low-pressure system centered to the south of Svalbard. This brings
southeasterly cold winds that facilitate the transport of moisture and are favorable conditions for snowfall. The
initial phase, snow event-1, was characterized by uniform radar reflectivity with fall velocity profiles extending
upto 6 km. The shift of the low-pressure system over Svalbard brings southeasterly winds transporting warm,
moist air, resulting in significant warming and moistening of the atmospheric column. Ground temperatures
increased to 3.5°C), accompanied by high relative humidity ~95. The advection of warm, moist air above ~ 8
50 hPa led to the formation of a melting layer between ~ 2-3 km altitudes, characterized by enhanced liquid
water density at this level. The melting layer was evident in MRR profiles, which showed increased reflectivity
(up to 40 dBZ) and higher fall velocities (up to 6 ms™"), consistent with phase transitions from solid to liquid
precipitation. The final phase snow event-2, when the low-pressure system centered to north Svalbard, brings
northwesterly winds but with reduced moisture and temperature supply led surface temperatures drop below
freezing. Radar reflectivity and fall velocity profiles indicated a reduction in the vertical extent to 4 km with
uniform vertical evolution. A study on Svalbard precipitation also highlights that heavy precipitation and rain
events are driven by strong poleward flows transporting water vapor from warmer regions®. These winds
enhance downwelling longwave radiation, raising surface temperatures and intensifying precipitation, especially
during cyclonic conditions influenced by such flows>>%°.

The third rain-snow winter event, observed from November 14" to 16", 2020, provides a contrasting
scenario to the summer event in terms of synoptic conditions and microphysical processes. The event began with
rainfall and transitioned to snow over a 52—hour period. During the rain phase, a low-pressure system located
to the west of Svalbard that facilitates a southwesterly flow, transporting warm and moist air over the location.
This warm-moist advection led to temperatures rise above freezing level, resulting in rainfall. Enhanced liquid
density during the rain phase indicates the melting layer between ~2-3 km. As the low-pressure system moved
north of Svalbard, the surface wind shifted to a northwesterly direction, bringing colder air into the region. This
cold air reduced the temperature profile significantly, dropping below freezing level, which led to the transition
from rain to snow. The MRR profile indicates that during the rain event, reflectivity extends up to 5-6 km, with
values above 25 dBZ predominantly observed below 3 km lower than the summer event. In contrast, during the
snow event, the reflectivity profile is mainly confined below 3 km. Fall velocity profile of both snow and rain
indicates the upward motion of droplets.

Conclusion

The present study highlights the role of microphysical and dynamical processes that result in different forms of
precipitation over Ny-Alesund in the Arctic. In conclusion, the present study highlights the following salient
points based on the event studied:

« A distinct vertical profile of snow, rain and graupel is observed, which could be useful to differentiate the type
of precipitation from remote sensing data.

o The melting layer/ bright band is formed between ~ 2-3 km above the ground level indicating the phase
change in that region. The vertical evolution of snow was found to be uniform as compared to rain, where
reflectivity and fall velocity increase toward the surface.

o The collision of the supercooled water with ice crystals via the riming process within mixed-phased cloud
leads to the formation of graupel. The upward motion was found to be a significant factor in the process. The
graupel was found to be associated with higher fall velocity and narrower reflectivity range as compared to
SNOW.

o The transition between snow and rain/graupel is mostly influenced by tropospheric conditions more than
surface temperature. For the cases presented here, it is observed that Northwesterly and Northeasterly cold
moist winds favor snowfall, whereas the poleward warm-moist air masses promote rainfall/ graupel at the
study location.
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This study also highlights the microphysical evolution of various precipitation types across different altitudes.
However, further in-depth research is required to generalize these findings for Arctic precipitation. This
knowledge is essential for improving quantitative precipitation estimation from both space-borne and ground-
based radars, which will be crucial for developing numerical weather prediction (NWP) models for more
accurate forecasting.

Data availability

The global ERAS reanalysis datasets and surface-level meteorological data from the Norwegian Polar Institute
used in this study are freely available at https://cds.climate.copernicus.eu/ and https://seklima.met.no/, respectiv
ely. The in-situ observed precipitation and synoptic datasets are available upon request from the corresponding
author, S.D.
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