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Development of a Virga Detection Tool and Associated Study
of Arctic Virga and Precipitation
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Pradesh, India, >National Center for Polar and Ocean Research, Ministry of Earth Sciences, Vasco Da Gama, Goa, India

Abstract Virga is a meteorological phenomenon in which precipitation does not reach the ground due to
evaporation or sublimation well above the surface. This significantly influences Earth's energy budget, weather
forecasting, climate prediction, hydrology, civilization, and vegetation. Despite its importance, studies of virga
and it's quantification are rare and limited due to the lack of observations. This study proposes a novel virga
detection tool using the reflectivity (Ze) and Doppler velocity (W) profiles of the vertically pointing Micro Rain
Radar (MRR). The method incorporates height and season dependent thresholds and validates outcomes with
ground-based disdrometer observations, ensuring reliability and robustness. The detection tool was tested in
Ny-f&lesund, a rapidly warming place in the Arctic region where virga studies are limited. The results indicate
that the occurrence of virga varies between 25% and 40% between seasons, with evaporation occurring at lower
heights in the cold season compared to summer. Virga is often observed before precipitation and leads to a dryer
surface condition. The use of the proposed tool is expected to improve the accurate estimation of precipitation
and better understanding of the virga process.

Plain Language Summary Virga occurs when precipitation falls from clouds but evaporates before
reaching the ground. This phenomenon can affect the hydrological cycle, agriculture, and Earth's radiation and
energy budgets. In some regions, frequent virga contributes to drought conditions, as seen in parts of Canada from
1999 to 2005. Accurately detecting virga is important, but satellite-based radars often struggle to observe
precipitation near the surface, leading to errors. Ground-based instruments such as Micro Rain Radars (MRR) are
essential for better detection. This study presents a new method using MRR data from Ny-/oklesund, Svalbard, to
identify virga and surface precipitation. The method applies altitude and season specific thresholds to separate
virga and surface precipitation. The results show that the 25%—40% precipitation completely evaporate before
reaching the ground. Itis observed that in Arctic, during the cold seasons, evaporation occurs closer to the surface,
whereas in summer it is more frequent at higher levels. Surface precipitation is linked to low cloud bases (0.5—
1 km), while virga is related to high cloud bases (>1 km). The combined use of the present algorithm and long-
term ground-based observations from the Arctic will improve the understanding of Arctic precipitation processes.

1. Introduction

Precipitation is a crucial component of Earth's radiative forcing and energy budget. Nevertheless, it has a sig-
nificant impact on weather hazards, hydrology, and agriculture. However, not all precipitation reaches the ground.
It is known as virga, which consists of rain, ice, or snow falling within the troposphere and completely evaporates
or sublimates primarily due to dry air well above the surface (Beynon & Hocke, 2022). The prolonged drought in
the Canadian Prairies during 1999-2005 highlights the critical role of virga, where precipitation frequently
formed aloft but largely sublimated or evaporated within the dry sub-cloud layer, resulting in minimal or no
surface precipitation (Evans et al., 2011; Roberts et al., 2006; Stewart et al., 2011). The evaporation of precip-
itation influences local energy budgets, as virga can cause notable changes in surface moisture and temperature
profiles (Kalesse-Los et al., 2023). Radar and ceilometer measurements indicate that virga is often preceded by
precipitation within the cloud layer (Jullien et al., 2020; Kalesse-Los et al., 2023). It is mainly produced by
specific types of cloud, such as stratocumulus and convective cells, with varying depths of the cloud that affect the
extent of evaporation (Yang et al., 2018). Although the detection and estimation of virga are essential for accurate
weather predictions, it remains a challenge due to the limited observational study.

Previous studies have attempted to quantify the occurrence of virga precipitation globally using three space-borne
radar observations, namely the Tropical Rainfall Measuring Mission (TRMM), Global Precipitation
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Measurement (GPM), and CloudSat (Saikranthi et al., 2014; Wang et al., 2018). The findings indicate that virga
precipitation constitutes more than 30% according to TRMM and GPM, while CloudSat estimates it at 50%,
particularly in arid regions where dry air leads to evaporation (Wang et al., 2018). In the polar region, the
reanalysis and regional models estimate that approximately 17% of precipitation evaporates or sublimates on a
continental scale, increasing to around 35% in coastal regions of Antarctica (Agosta et al., 2019; Grazioli
et al., 2017). Virga accounts for nearly 50% (30%) of false precipitation detections by TRMM (GPM) satellites
(Wang et al., 2018), mainly due to the blind zone of space borne radar near the surface, around 1.5 km, which
introduces biases in total precipitation estimates (Maahn et al., 2014; Valdivia et al., 2022). Shates et al. (2025)
used Ka-band Zenith Radar at the Atmospheric Radiation Measurement user facility on the North Slope of Alaska
in the Arctic and revealed frequent virga misclassified as surface precipitation due to the CloudSat blind zone. In
this context, ground-based vertical profilers play a crucial role with their high vertical resolution and continuous
observations. Several studies have successfully used ground-based vertical profilers to detect virga, particularly in
cold environments such as polar and high-latitude regions (Beynon & Hocke, 2022; Jullien et al., 2020).
Kodamana and Fletcher (2021) used CloudSat—CPR retrievals to validate precipitation with ground observations
and discovered around 9% virga in Canada.

Kalesse-Los et al. (2023) developed Virga-Sniffer, an open-source Python tool designed to detect virga from
continuous ground-based remote-sensing observations, achieving 86% accuracy compared to CloudNet.
CloudNet (CloudnetPy) provides standardized target classifications of cloud and precipitation hydrometeors from
ground-based radar-lidar (Illingworth et al., 2007). The Virga-sniffer tool combines ceilometer data for cloud
base height (CBH) detection with vertically pointing Doppler cloud radar to identify clouds and precipitation that
partially or fully evaporate. Additional inputs, such as the lifting condensation level, a surface rain flag, and
Doppler velocity fields, can be incorporated to refine the detection. The Virga-Sniffer has adjustable threshold
settings and works well in multilayer cloud environments; however, the threshold remains fixed throughout the
altitude once fixed. Since precipitation characteristics vary with both season and altitude, a season and height
dependent thresholding approach may improve precipitation detection accuracy. Moreover, stand-alone radar-
based algorithms will be particularly useful at sites where complementary measurements, such as ceilometer
observations, are unavailable.

Virga studies in the Arctic remain underexplored due to the lack of observations and the unique challenges of
conducting measurements in this region. Detecting virga, particularly snow virga, remains a significant challenge
due to the low radar reflectivity of the ice particles and the intrinsic bias of conventional radar systems toward
liquid precipitation (Saini et al., 2024, 2025b, 2025c¢). This study develops a new tool based on Micro Rain Radar
(MRR) reflectivity (Ze) and Doppler velocity (W) profiles for virga identification. To test the technique, this
study utilized data from Ny—z&lesund, one of the fastest-warming sites in the Arctic (Maturilli et al., 2013). The
proposed technique uses a variable threshold with height and season for the detection of precipitation signals. The
performance of the technique is validated against the ground-based disdrometer. This study aims to provide a
crucial contribution to understanding precipitation processes in the Arctic. Initially, seasonal meteorological
conditions are analyzed to characterize the vertical atmospheric structure over Ny-Alesund. The virga detection
algorithm is introduced and described with a representative summer virga case study. The seasonal occurrences of
virga and surface precipitation are examined, including radar reflectivity profiles, evaporation height, and tem-
poral differences between virga and precipitation. In addition, associated ground meteorological conditions and
CBH are discussed to provide a better understanding of the characteristics of both virga and precipitation.

2. Data and Instruments

This study uses observational data for 2020-2024 for various atmospheric parameters collected at the Ny—/&lesund
Research Station (78.9°N, 11.9°E, 40 m AMSL), a coastal site in the Arctic. The site is located on the southern
shore of Kongsfjorden, one of the many deep and wide fjords on the west coast of Spitsbergen in the Svalbard
(Saini et al., 2025b). Due to its position, its atmosphere is mainly influenced by the nearby orographic features and
the diabatic heating of the warm ocean (Maturilli & Kayser, 2017).

Precipitation data from the Micro Rain Radar (MRR) and disdrometer, along with CBH measurements from a
ceilometer, have been collected from the Gruvebadet Atmospheric Observatory near the Himadri Research
Station in Ny-Alesund, Svalbard. The ground-level meteorological conditions from the Automatic Weather
Station (AWS) (2020-2024) and the vertical soundings from the Radiosonde (2017-2022) have been obtained
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from the AWIPEV Research Station (0.8 km away) in Ny-;&lesund (Maturilli, 2020; Maturilli & Diin-
schede, 2023). The radiosonde observations are available at a temporal resolution of one sounding per day,
launched around local noon (12:00 pm).

The following are the short details of each instrument, including operating principles, specifications, sensitivities,
and limitations.

2.1. Micro Rain Radar

The MRR2 by METEK GmbH is a vertically pointed frequency modulated continuous wave radar operating on
Doppler principle at 24.1 GHz. The MRR provides precipitation profiles up to 6 km altitude with a vertical
resolution of 200 m across 32 range gates (Kneifel et al., 2011; Peters et al., 2002). The MRR has a nominal
sensitivity of around +3 dBZ, although constraints in Doppler moment quality, spurious errors, and receiver noise
frequently impact raw spectra. To resolve this, a sophisticated post-processing approach that is especially opti-
mized for snow observations was used, named ImProToo (Maahn & Kollias, 2012). By determining the most
prominent spectral peak, this technique eliminates noise and uses a dynamic dealiasing procedure to enable
measurements even when the Nyquist velocity range is exceeded. This improved processing increases the
effective sensitivity to approximately —14 dBZ in short ranges and —8 dBZ in longer ranges. This enhancement
exploits the full hardware potential of MRR2 and enables the retrieval of Ze and W, extending its applicability to
shallow, solid precipitation, and virga processes (Maahn & Kollias, 2012).

2.2. OTT Parsivel* Disdrometer

Surface precipitation was observed using the Particle Size and Velocity (Parsivel?) optical disdrometer by OTT
GmbH. It records a 32 X 32 matrix of droplet sizes (0.06-24.5 mm) and Doppler velocities (0.05-20.8 ms™')
(Loftler-Mang & Joss, 2000; Ott parsivel-2 disdrometer manual, 2023). Observations of hydrometeors crossing
the 1 mm horizontal laser beam of 720 nm within a sensor area of 180 x 30 mm?.

Some limitations of Parsivel” include uncertainty for non-spherical particles such as snow and graupel, potential
contamination from blowing snow during blizzards, and wind-induced tilt trajectories that might bias retrievals
(Battaglia et al., 2010; Sarkar et al., 2015; Tokay et al., 2014). In accordance with other research employing
Parsivel” or Thies disdrometers for snowfall analysis, a lower threshold of 0.1 mmh™" precipitation rate (Cha &
Yum, 2020; Garcia-Benadi et al., 2020; Maahn & Kollias, 2012) with a temporal resolution of 6 min was used to
reduce such effects.

2.3. Ceilometer

CBH was observed using a vertically profiling light detection and ranging ceilometer (CL51 by Vaisala) that
works on 910 nm wavelength. Vertically moving laser pulses scatter back from Haze, fog, mist, virga, precipi-
tation, and clouds particles. This backscattered light is measured by the device and generates a vertical signal
intensity (backscatter coefficient) profile. The ceilometer calculates the CBH by measuring the maximum
backscatter signature (Source: https://docs.vaisala.com/r/M210801EN-K/en-US) up to three layers, CBHI,
CBH2, and CBH3. The lowest cloud base is CBH1, which is followed by CBH2 and CBH3. Although the
ceilometer can detect CBH1 with good accuracy, it is typically unable to identify higher cloud bases due to its
limited range and signal attenuation in thick clouds or during precipitation. The ceilometer has a maximum range
7.7 km with vertical resolution of 10 m and temporal resolution of 6 s (Maturilli & Ebell, 2018; Oyj, 2022).

3. Methodology

Figure 1 presents a flowchart outlining the algorithm, which is structured into two distinct phases: data pre-
processing and Virga detection. The data pre-processing phase involves processing, averaging, and generating
thresholds from MRR vertical profiles to establish reference parameters. In the Virga Detection phase, specific
criteria are used to identify virga occurrences based on the thresholds derived in the initial step and refine the
detected results by evaluating each threshold against disdrometer observations, selecting the most appropriate
threshold to generate the final output. A detailed explanation of different stages is given below.
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Figure 1. The flowchart of the virga detection algorithm using MRR and disdrometer data.

3.1. Data Pre-Processing

The first phase of the algorithm focuses on preparing the desired data set. The raw MRR Doppler spectra were
processed using IMProToo, an advanced MRR processing tool by Maahn and Kollias (2012) to improve snow
detection. This generates a NetCDF file with precipitation parameters such as reflectivity factor (Ze) and Doppler
velocity (W) at a temporal resolution of 1 min. To minimize the effect of transient noise and the time delay for
precipitation to reach the surface from above heights, these 1 min vertical profiles are further averaged at a
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Figure 2. Seasonal variation of vertical profiles of (a) temperature (°C), (b) relative humidity (%), (c) wind speed (ms~!) and (d) wind direction upto 10 km from

radiosonde.

temporal resolution of x (x = 6 min for the current study). For an accurate comparison, only data when both MRR
and disdrometer observations are available are considered, ensuring that identical time frames are analyzed across
both instruments.

It should be noted here that for the time synchronization of the MRR and the ceilometer with the disdrometer, the
accurate fall time correction of the hydrometeors needs to be considered. Here, the 6 min average somewhat
minimizes the time delay issue but cannot fully resolve the problem. Averaging for a longer time will reduce this
problem, but then many fine-scale variations will be lost. However, due to the unavailability of particle density
and size distribution, the exact fall time correction is difficult to implement based on standalone MRR. This
remains a limitation of the current algorithm and will be addressed in future studies. Consequently, virga sta-
tistics, as well as the temporal distribution between virga and precipitation, also include this effect, particularly in
virga preceding precipitation conditions. The MRR provides vertical profile data across 32 height range gates,
from the lowest at 0 m (range gate 0) to the highest at 6,200 m (range gate 31). For quality control and to reduce
near-field interference and excessive noise, only range gates 3—25 were used, avoiding false detections of virga.
This results in 23 usable range gates, covering a height range of 600-5,000 m with a range resolution of 200 m.

3.2. Virga Detection

The virga Detection process includes the following four steps to find the optimum threshold and detect virga.

3.2.1. Step I

The n'" (n = 1,2, ...,50) percentiles of Ze and W are generated separately for each height and different seasons.
This height and seasonal differentiation are necessary because precipitation processes may vary according to
seasonal tropospheric conditions (as shown in Figure 2), which can lead to different types of precipitation.

3.2.2. Step II

To differentiate between precipitation signatures and non-precipitating clouds, the threshold value is selected
based on different percentile values generated above. To minimize precipitation detection error due to random
fluctuation in Ze pr W profiles, instead of a particular range gate, the threshold value must be crossed (both Ze and
W simultaneously) for at least 3 consecutive range gates (between 4"-25" gates). Only those profiles that satisfy
these conditions are classified as precipitating profiles, otherwise no-precipitation profiles. However, not all
precipitation can reach the ground. Hence, among these profiles that exceed the threshold at the 3 range gate,
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they are also further classified as surface precipitation. The remaining precipitation profiles are classified as virga
profiles that do not exceed the threshold at the 3" range gate. Using both Ze and W thresholds is essential, as it
ensures that particles with sufficient reflectivity but insufficient downward motion are correctly classified as virga
rather than surface precipitation. Over the observation site, orographic and oceanic winds lead to frequent tur-
bulent conditions that can reduce or even momentarily reverse the apparent fall speed of snow particles. However,
in the context of virga, if strong updrafts prevent particles from descending, they remain above in the atmosphere
and therefore remain consistent with the logic of our detection algorithm.

3.2.3. Step III

To determine the optimum or best threshold, the MRR statistics of surface precipitation for each percentile
(1-50™) are compared with the disdrometer values. It is to be noted here that the no-surface precipitation in the
disdrometer can't differentiate between virga and non-precipitating clouds. Accordingly, the MRR no-surface
precipitation statistics here are essentially the sum of both no-precipitation and virga profiles. For each season,
the optimal threshold is determined based on the difference in surface precipitation occurrences determined by the
disdrometer and the MRR. The precipitation detection by MRR can be higher than the detection by the dis-
drometer due to the higher sensitivity of MRR, as well as the undetected virga below 600 m. Hence, the condition
is defined in the following equation

min{SPnMRR - SPDisdromeler | SP"MRR - SPDisdromeler > 0}

Where SPyz represents the surface precipitation of MRR generated with the n®™ (n = 1,2,...,50) percentile and
SPpisdrometer T€Presents the surface precipitation. The percentile n™ is considered the optimum threshold, which
corresponds to the closest higher occurrence of surface precipitation from MRR compared to the disdrometer.

3.2.4. Step IV

The optimal threshold obtained in Step III is applied to the full data set using the procedure described in Step II to
derive the final virga characteristics, including occurrence time and the lower and upper boundaries of virga
events. This step does not require the calculation of thresholds but the implementation of the threshold to derive
the final results.

3.3. Analysis

The algorithm was applied to four years of data from Ny—;Alesund, Svalbard (2020-2024). The statistics corre-
sponding to the optimum threshold are considered for the final analysis. The algorithm generates the output, such
as the occurrence time, lower and upper edges of virga. The upper edge corresponds to the highest altitude at
which a precipitation signal is detected, while the lower edge represents the height at the lowest detectable
precipitation signal before evaporation or sublimation. Importantly, the lower edge of the virga can occur within
the cloud or below the ceilometer-derived cloud base. Therefore, a combined analysis of the virga lower edge and
CBH provides valuable insight into the cloud—precipitation relationship. However, this was not examined here for
single and multi-layered cloud separately as ceilometer detection of multi-layer cloud is limited as already
mentioned in Section 2.3. Hence, the upper and lower edges of the virga analysis were based on all data without
classification of multi or single layer cloud. However, single and multi-layer cloud occurrences for virga and
surface precipitation have been carried out to get an idea which types of cloud are more frequent in virga.

The occurrence time is used to calculate the temporal differences between the closest virga occurrences and
surface precipitation to understand the relationship between them. In addition, AWS measurements are used to
understand associated meteorological conditions during virga and surface precipitation.

The results section is organized as follows: first, the vertical atmospheric conditions are presented, followed by
the rationale for using a season-dependent threshold. To demonstrate the workings of the algorithm, next dis-
cussed a case study from summer 2021. For a better understanding of the vertical structure of surface precipitation
and virga events, all detected events were examined using seasonal Contour Frequency by Altitude Diagrams of
Ze. Contour Frequency by Altitude Diagrams enable the relative occurrence comparison across altitudes by
dividing the occurrence count in each bin by the maximum count at that height. Finally, the virga statistics and
associated meteorological conditions were explained.
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(b) Spring, (c) Summer, and (d) Autumn. The black dot denoting the best threshold corresponds to the closest higher surface precipitation occurrence from MRR relative

to the disdrometer. (e) The occurrence of surface precipitation driven from the disdrometer and MRR by the best threshold.

4. Results

4.1. Tropospheric Condition Over the Study Location

To understand the nominal vertical atmospheric conditions of the site, radiosonde observations are studied.
Figures 2a-2d presents the seasonal mean along with the 95% confidential interval of the vertical profiles of

temperature, relative humidity, wind speed, and wind direction profiles, respectively, upto 10 km. Winter and

spring show comparatively colder and drier tropospheric profiles than other seasons. However, the presence of

relatively high humidity at lower levels in all seasons indicates low-level cloud formation. Summer exhibits the

warmest and most humid atmospheric profiles, followed by autumn, especially near 1 km altitude.

The wind speed in Figure 2c shows a decreasing pattern toward the ground with the lowest wind speed in summer.

Wind speeds in summer remain comparatively lower than those observed during the colder months, consistent
with Grafl et al. (2022). The direction of wind in Figure 2d at higher levels shows that the winds are mainly
approaching Ny—Alesund from the southwest, while near the surface they are from the south to the southeast
directions. GraBl et al. (2022) showed that higher-level winds follow the large-scale synoptic flow, while near the
surface the winds turn south to southeast due to strong fjord-channeling and katabatic drainage in the Kongsf-

jorden valley during the cold seasons. Interestingly, summer experiences the most distinct deviation from the

other seasons and shows south-southwesterly winds near the surface. This behavior likely reflects weak katabatic

drainage due to surface warming and is more influenced by large scale circulation during summer. This seasonal

variability in meteorological conditions influences the height-dependent evolution of precipitation, affecting its

formation, growth, and evaporation or sublimation. Consequently, a season-dependent threshold for precipitation

detection is incorporated into the proposed algorithm.

4.2. Optimal Seasonal Thresholds

The methodology described in the study is applied to the data collected from Ny-z&lesund. The generated opti-
mum threshold varies between seasons, corresponding to the minimum positive difference for the occurrence of

surface precipitation between the MRR and the disdrometer. For winter, spring, summer, and autumn, the op-
timum thresholds were found to be related to the percentiles 32, 20, 31, and 10 of Ze and W, respectively, as
shown in Figures 3a—3d. Figure 3e presents a comparison of the seasonal mean occurrence of surface precipitation
derived from the disdrometer and the MRR using the optimum threshold, along with their corresponding yearly
standard deviations. Among all seasons, autumn shows the highest surface precipitation occurrence, followed by

spring, winter, and summer.

Figure 4 presents seasonal variations in the optimum thresholds for Ze and W, ranging between ~—6 to 3 dBZ and

0.2-1.2 ms~!, respectively, depending on altitude and season. Autumn shows a relatively lower Ze threshold,
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Figure 4. Seasonal variation of optimum thresholds profiles for (a) reflectivity (Ze) and (b) Doppler velocity (W).

while summer exhibits a higher threshold. Throughout all seasons, the W threshold gradually increases toward the
surface, eventually ranging between 0.5 and 1.2 ms~! on the ground. The relatively higher summer Ze and W
thresholds likely reflect presence of mixed phase particles, particularly in the melting layer (1.5-2.5 km) as well
as larger hydrometeor sizes compared to other seasons leading to increased Ze and W (Saini et al., 2025b).

4.3. Case Study of a Summer Virga

Figure 5 presents one of the many virga and precipitation events that occurred on 8 August 2021, between 00:24
and 06:00 UTC. In this case, in the initial half until ~03:30 UTC virga occurs, which changes to surface pre-
cipitation, and experiences virga again toward the end. This case shows both virga before the surface precipitation
and after the surface precipitation. During the virga, the radar signals did not reach the ground, highlighted with
the optimum threshold (31st percentile of Ze and W). Meanwhile, during the surface precipitation event, these
signals clearly reach ground level (600 m). Figures 5a and 5b also shows the CBH, which indicates a higher base
during virga and a lower base during surface precipitation. However, it should be noted that due to the strong
backscatter of hydrometeors during precipitation, it can be misinterpreted as the cloud base on the ceilometer
(Tuononen et al., 2019), particularly during heavy rain. Asutosh et al. (2021) also observed during high-intensity
precipitation, the ceilometer experiences high backscatter and biases the cloud base measurements, while under
light rain or snow, the ceilometer provides reliable cloud base estimates.

Figures 5c—5f shows the Ze and W profiles for the two time instants highlighted in Figures 5a and 5b by the green
(virga) and blue (surface precipitation) areas, plotted along with the optimal summer threshold (31" percentile).
Both Ze and W profiles are clearly higher than the respective threshold for at least 3 continuous range gates, but do
not reach the ground (600 m) during virga. In contrast, for surface precipitation, the Ze and W profiles are clearly
higher than the respective threshold for at least 3 continuous range gates, as well as reaching the ground with a
significantly higher signal than the respective threshold.

4.4. Vertical Profile of Reflectivity During Virga and Surface Precipitation

Figure 6 presents the seasonal CFADs of radar reflectivity for virga (top row) and surface precipitation (bottom
row), revealing pronounced differences in the vertical structure and intensity of hydrometeor distributions be-
tween seasons. Virga typically shows an increasing Ze with a broad peak ~2-3 km. A systematic reduction below
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Figure 5. Vertical profiles of MRR-derived (a) Ze and (b) W including cloud base height on 27 August 2021 and detected
virga heights with their 31st percentile thresholds (black line with asterisk). Vertical profiles of (c)—(d) Ze and (e)—(f) W
during (c), (e) virga cases (green) and (d), (f) surface precipitation cases (blue), compared against the optimum threshold (red
dashed line; 31st percentile for summer) for the event of 27 August 2021.

this altitude was observed in Ze, which does not lead to precipitation on the ground. In contrast, surface pre-
cipitation is characterized by higher and progressively increasing Ze values toward the surface.

Figure 6 presents the seasonal CFADs of Ze for virga (top row) and surface precipitation (bottom row), revealing
pronounced seasonal differences in vertical structure. For virga cases (Figures 6a—6d), Ze values generally remain
below ~10 dBZ and typically exhibit an increase with height toward the ground, with a broad peak Ze at ~2-3 km
altitude. Below this level, a systematic reduction in Ze is observed, indicating weak precipitation formation aloft
and substantial sublimation that prevents hydrometeors from reaching the surface. Winter and spring show
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Figure 6. Vertical profiles of MRR reflectivity during (a—d) virga and (e-h) surface precipitation for winter, spring, summer, and autumn, respectively, up to 6 km.

comparatively lower reflectivity values, whereas summer and autumn show enhanced Ze, indicating large hy-
drometeors, most likely due to mixed phase and melting during the warmer seasons, leading to higher reflectivity
peaks near 2-3 km altitude.

In contrast, the surface precipitation CFADs in Figures 6e—6h exhibit a continuously increasing Ze toward the
surface up to ~2 km, with higher Ze values (>25 dBZ) compared to those associated with virga. Below this
altitude, winter and spring show nearly uniform reflectivity profiles, consistent with predominantly stratiform
snowfall that occurs under stable boundary-layer conditions (Kneifel et al., 2011). Seasonally, summer and
autumn show substantially higher Ze, reaching values of ~30 dBZ near the surface, indicative of various
microphysical growth driven by melting-layer processes and elevated liquid water content (Fabry, 2015;
Klaassen, 1988). This pronounced vertical structure highlights a seasonal transition toward deeper and more
intense precipitation systems during the warm months compared to the shallower and weaker precipitation
profiles observed in winter and spring (Pruppacher et al., 1998). Interestingly, winter (Figure 6e) experiences a
higher Ze in the mid-troposphere (~4-5 km), unlike other seasons. This may suggest different ice-phase
microphysical growth within cloud layers along with the higher cloud-base heights typically observed during
winter (Morrison et al., 2012; Shates et al., 2025; Shupe et al., 2011).

4.5. Occurrence Statistics of Virga, Surface Precipitation and No-Precipitation

Figure 7 shows that the occurrence of surface precipitation events is higher in autumn, followed by spring, winter,
and summer. The mean values of the occurrence of virga compared to the surface precipitation and no-
precipitation cases vary between ~2.6% and 9.5% as shown in Figure 7a. Figure 7b further compares the
occurrence of virga and surface precipitation. This indicates how often precipitation, which started at higher
levels, reaches the surface. Seasonally, the mean virga occurrence is highest in spring (39.96%), followed by
autumn (36.04%), summer (29.66%) and winter with the lowest (25.05%). The colder and drier conditions during
the spring and autumn seasons suggest a higher occurrence of the virga (Figure 2) than in the other seasons.

SAINI ET AL.

10 of 17

85UB17 SUOLULLIOD dAITES1D) 3|cedl|dde ay) Ag peuseno a2 saoilie YO ‘SN J0 Sa|NI o} Aeiqi T 8UlUO AS]IAN UO (SUOTIPUOD-PUR-SLLIBY WD A8 1M AJeiq 1pu1|uD//SANY) SUONIPUOD PUe SULB | 8U)1 39S *[9202/70/80] UO Aeiqi auliuo A8|1m ‘aiopu ABojouyos L Jo aimnsu| ueipu| AQ #02yv0arszZ0z/620T OT/10p/wod A8 im Akeiq 1 uijuo'sgndnBey/sdny ol pepeojumod ‘9 ‘9202 ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20251D044204

[ Virga [ Surface Precipitation 1 No Precipitation
100

W Virga B Surface Precipitation

80

@ 1 I (b)
80 4 704
f| .

50

-}
=}

40

Occurrence (%)
B
o

304

20
20 A

Ll

o0l
Winter Spring Summer Autumn Winter Spring Summer Autumn

Seasons

Figure 7. Seasonal occurrence of (a) surface precipitation, virga, and no precipitation, and (b) virga and surface precipitation.

4.6. Virga Upper and Lower Boundaries

The seasonal effect on the occurrence of virga is an interesting aspect to explore with the height of evaporation.
Figure 8 presents the violin plot of the lower and upper edges of the virga profiles. The violin plot displays the
probability density distribution of the occurrence over the heights, with the white mark indicating the median and
the thick black bar showing the interquartile range (25%—75%). It can be observed that the upper edge of pre-
cipitation starts above 4 km more than half the time during summer and autumn, while in winter and spring it
mostly starts below 4 km according to the median values. This indicates that precipitation most of the time starts at
a higher altitude in warm seasons compared to cold.

However, the virga dissipation height or lower edge is found to exhibit pronounced seasonal variability. Summer
experiences the highest dissipation height, with the primary peak of the lower edge occurring near 3 km, followed
by autumn (~1.5-2 km), winter (~1-1.5 km), and spring (1 km). This ordering reflects the strong seasonal
variation of the thermodynamic and dynamical conditions in the lower troposphere. The higher summer dissi-
pation heights likely result from enhanced atmospheric temperatures during the polar day, whereas the lower
winter and spring dissipation levels are indicative of stronger sublimation within the colder and drier layers. In
addition, winter, summer, and autumn exhibit secondary peaks, located near 3 km for winter and autumn, and near

[0 Lower Edge [ Upper Edge

i

Winter Spring Summer Autumn
Seasons

w
L

Height (km)
N

Figure 8. Seasonal variation in the probability density distributions of the lower (left side) and upper edge (right side) heights
of virga, shown using violin plots. The white marker denotes the median, while the thick black bar indicates the interquartile
range (25%-75%).
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Figure 9. Histogram distribution of temporal difference between the closest virga for surface precipitation events across all
seasons. Negative values indicate virga preceding precipitation, whereas positive values indicate virga following
precipitation.

1.5 km for summer, indicating the presence of multiple preferred layers for the dissipation of virga under different
seasonal atmospheric conditions, change in wind directions and moisture availability.

This also suggests that in the cold and transitional seasons, precipitation falls from various heights but evaporates
a higher fraction at lower levels below ~2 km. Meanwhile, summer shows a higher upper edge, indicating that
precipitation begins at higher altitudes (>4 km) and evaporates a higher fraction above ~2 km. It should be noted
that the vertical resolution of 200 m is capable of resolving the occurrence of summer virga at higher altitudes.
However, finer resolution vertical profiles that extend to lower levels are crucial to identifying low-level virga,
particularly in the context of low-level polar clouds (Gierens et al., 2020; Griesche et al., 2020).

4.7. Temporal Difference Between Surface Precipitation and Virga Events

The focus here is on the temporal difference between surface precipitation and virga events. This reflects the time
interval between when precipitation is observed at the surface and when a virga event occurs either before or after
the precipitation. It is derived from the start time instant of both virga and surface precipitation events. Specif-
ically, the temporal difference is defined as the time gap between a surface precipitation event and its nearest virga
event.

Figure 9 presents the histogram distribution of the temporal differences between the virga and the surface pre-
cipitation. For comparison with previous study by Jullien et al. (2020), only the time window of +48 hr is
considered here, eliminating ~28%-37% outlier cases. The corresponding mean and median values along with the
percentage of preceding and following virga fractions are shown in Table 1.

Negative temporal differences correspond to the virga preceding the precipitation, whereas positive values
indicate the virga following the precipitation. All seasons show a higher incidence of negative temporal differ-
ences, suggesting dominance of virga preceding precipitation. Each season exhibits a Gaussian distribution of the
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Table 1
Seasonal Statistics of Temporal Differences Within —48 to +48 hr, With Outliers Removed, Showing Data Usage, Mean,
Median and the Relative Frequency of Preceding and Following Events

Season Data used in +48hr (%) Mean (h) Median (h) Preceding (%) Following (%)

Winter 63.87 -2.99 -2.8 58.22 41.78
Spring 66.48 -3.24 =3.0 58.29 41.71
Summer 71.92 —0.57 -1.8 5522 44.78
Autumn 75.88 —1.50 -1.6 54.21 45.79

temporal differences, with mean and median values being almost similar. The overall negative mean and median
values indicate a higher occurrence of virga preceding precipitation events in each season (~54%-59%).

The highest occurrence of temporal differences near zero suggests that virga and surface precipitation are
frequently different stages of the same synoptic event. Similar patterns of temporal distribution were also
described in Jullien et al. (2020). Their study indicates that the virga preceding precipitation often corresponds to
the early phase of the precipitation event, which is most common in the cold seasons. However, virga following
precipitation is more closely associated with the weakening phase of such occurrences observed in warm seasons.

4.8. Cloud Base Height and Meteorological Conditions

The seasonal variation in the lower and upper boundaries of the virga also raises curiosity about how CBH differs
during virga compared to surface precipitation. Based on the classification of individual cloud layers (CBH1 and
CBH2), Figures 10a and 10b presents the seasonal occurrence of single and double layer clouds associated with
both virga and surface precipitation. It can be seen in Figures 10a and 10b that single-layer clouds dominate in all
seasons for both types of precipitation. It should be noted that ceilometer may underestimate multi-layer clouds,
as signal attenuation by low level cloud bases and, as already discussed, precipitation can reduce the detection of
upper layers. This may bias the statistics toward single-layer clouds.

For virga, the highest occurrence of double layered clouds is observed in autumn (21.73 + 8.46%) followed by
summer (18.88 + 4.06%), spring (14.31 + 8.04%) and winter (7.58 + 4.84%). Surface precipitation exhibits
a similar kind of seasonal pattern, with the highest fraction of double layered clouds also in autumn (17.09
+5.18%), followed by summer (15.82 + 2.44%), spring (10.08 + 3.13%), and winter (9.02 £ 4.62%). In a similar
study in the Arctic, Nomokonova et al. (2019) observed 44.8% multilayer and 36% single layer clouds in a total
cloud occurrence of ~81% in 14 months of observations using a ceilometer, microwave radiometer and 94 GHz
cloud radar. Another study by Vassel et al. (2019) proposed a multilayer cloud detection algorithm applied to
radiosonde and radar data and reported that multilayer clouds occur on nearly 29% of days during a time period of
1 year over Ny-Alesund.

1001
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Figure 10. Seasonal occurrence of CBH1 and CBH2 for (a) virga and (b) surface precipitation, representing single-layer and
double-layer cloud fractions, respectively.
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Figure 11. Seasonal variation of cloud base height associated with virga and surface precipitation for CBH1 and CBH?2 in
(a) Winter, (b) Spring, (c) Summer, and (d) Autumn.

Figure 11 presents the distribution of CBH1 and CBH2 for both virga and surface precipitation throughout all
seasons. During virga, CBH1 has a high probability of occurrence around 1.5 km in winter, while in spring and
summer it changes to 2.5 and 0.6 km, respectively. Autumn displays two distinct peaks, one just below 1 km and
another just above 2 km. For CBH2, a higher probability is observed above 2 km, with a peak at 1.5 km in winter,
while spring shows a more pronounced peak at 3.5 km. In contrast, summer demonstrates a uniform probability
distribution of CBH2 at all heights, similar to autumn, but with a slightly higher probability above 2 km.

Compared to Virga, surface precipitation related cloud bases are generally lower, as the peak occurrence of CBH1
is around 0.5 km and CBH2 around at 1 km in all seasons. This suggests that virga clouds are typically located at
higher heights than surface precipitation clouds. Additionally, in summer, virga-related clouds exhibit a low level
CBHI1 while CBH?2 is distributed uniformly across all heights, highlighting a distinct seasonal behavior. During
surface precipitation, variation in CBH is consistent with (Asutosh et al., 2021), showing that most low-level
clouds occur below 1 km over Ny-;\lesund, with multilayer structures extending up to 3 km, but this pattern is
not observed during virga. The variation in the lower edge of the virga in Figure 8 further indicates that in spring
the dissipation of the virga occurs mainly below the cloud base, while in other seasons it is observed more
frequently within the cloud layer, highlighting seasonal differences in cloud—precipitation interactions.

Figure 12 presents a seasonal variation of different 10 m ground conditions such as (a) temperature (°C) (b)
relative humidity (%), (c) wind speed (ms~!) and (d) wind direction (°). Surface precipitation typically occurs at
slightly warmer temperatures, while virga spans a wider temperature range, particularly during winter and spring.
In summer and, to some extent, autumn, both types of precipitation are mostly observed at higher positive
temperatures. However, virga are more frequent at higher temperatures in autumn compared to surface precip-
itation, which exhibits a broader temperature distribution. Although the temperature differences between virga
and surface precipitation are not very significant, relative humidity shows a clear distinction, as expected.
Relative humidity is consistently low for virga, indicating dry conditions. Summer and autumn show comparably
high humidity compared to winter and spring during both virga and surface precipitation events. Wind speed does
not show any significant difference between virga and surface precipitation, although summer generally expe-
riences lower wind speeds compared to other seasons. Both are mainly associated with southeast winds, with
additional contributions from south and southwestern flows.
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Figure 12. Seasonal variation between virga and surface precipitation for 10 m level meteorological conditions:
(a) Temperature (°C), (b) Relative Humidity (%), (c) Wind Speed (ms™!), and (d) Wind direction(®).

5. Summary and Discussion

This paper describes a new detection algorithm to identify precipitation and virga using the vertical profiles of Ze
and W from the Micro Rain Radar (MRR). The tool is tested on observational data from the MRR and the
disdrometer at Ny-/oklesund in the Arctic region. The algorithm detects the precipitation and non precipitation
signal based on the height and seasonal dependent threshold of Ze and W. The Ze threshold was found to vary
from —6 to 3 dBZ in heights and seasons, which is higher than the effective sensitivity of the ImProToo processed
MRR (—14 dBZ) and the default threshold used in previous studies (—10 and —15 dBZ) (Jullien et al., 2020;
Maahn & Kollias, 2012). The detection of virga is simultaneously limited by the W range (0.2-1.2 ms™!).

Statistics from the Ny-Alesund study suggest that autumn has the highest surface precipitation, whereas spring
has the highest occurrence of virga annually. Approximately 25%—40% of precipitation that does not reach the
surface leads to virga. These findings are consistent with long-term KAZR observations (2011-2021) on the
North Slope of Alaska, where snow virga accounts for approximately 28% of all snowing profiles detected (Shates
etal., 2025). Similarly, studies conducted in East Antarctica report comparable fractions of virga occurrence, with
values of ~35% in coastal regions, including 36% in Dumont d’Urville (DDU; coastal, 66.7°S, 140.0°E) and 47%
in Princess Elisabeth (PE; inland, 71.9°S, 23.3°E) (Duran-Alarcon et al., 2019; Grazioli et al., 2017). In com-
parison, space borne radar observations suggest that virga occurrence exceeds ~50% in arid and desert regions,
but remains below ~30% in polar regions (Figure 2d) in Wang et al. (2018)). The results of the current study are
expected to improve this more precisely with seasonal variability in the Arctic.

In Ny-/oklesund, it is observed that during summer evaporation occurs primarily above 2 km, while in other
seasons the probability of evaporation is higher below this level. Surface precipitation is mainly associated with
low cloud bases (0.5-1 km), whereas virga is linked to higher cloud layers above 1 km, which may be due to
higher attenuation of the ceilometer signal during precipitation (Asutosh et al., 2021). Seasonally, virga tends to
occur within cloud layers during winter, autumn, and summer, while in spring it is more frequently observed
below cloud base, likely due to shallower cloud systems. The frequent occurrence of multilayer cloud structures
during virga events, particularly in autumn and summer, is consistent with earlier Arctic studies. For example,
Nomokonova et al. (2019) reported that multilayer clouds account for 44.8% of cloud occurrences over Ny-
Alesund, while Vassel et al. (2019) found that multilayer clouds occur on nearly 29% of days. Both virga and
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surface precipitation generally occur below the freezing level of surface temperature throughout the year, except
in summer. Additionally, during virga, the relative humidity was found to be lower compared to that during
surface precipitation. Virga occurs mainly before the precipitation, and the low values of the mean (and median)
of the temporal difference suggest that it could be part of the same synoptic event.

This study provides a more accurate quantification of virga using high resolution MRR vertical profiles. How-
ever, the 200 m vertical resolution used in this investigation is limited by the 600 m lowest usable range gate of the
MRR, which makes it unable to resolve near-surface virga processes. However, disdrometer data was used to
measure surface precipitation and to provide context for the processes that may occur below the lowest MRR
range gate. Nevertheless, to better capture low-level virga processes, the technique can be used with higher-
resolution MRR data, as the algorithm is resolution independent and when such data are available.
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