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Abstract.

climate-medelsremainuneertain—Ground-based ebservations;—whieh-precipitation observations are sparse in the Arctic ;-are
ﬂeededéeﬁkbeﬁeﬁtmdef%aﬂdmgeﬁbut are needed to better understand precipitation processes and %efem&ee«pem’&

rovide reference data sets for numerical models and satellite products. This study presents new, temporally highly resolved
recipitation measurements from a Pluvio precipitation gauge and a Parsivel disdrometer at the Arctic research station AW-
IPEV %WNy -Alesund Research Station, Svalbard. Using the information on the precipitation phase by Parsivel,

tng-we also derived

a_temperature-dependent separation of precipitation into liquid and solid mass. The Pluvio precipitation amount and the
Parsivel/temperature-based precipitation type were analyzed for four years of data (August 2647—Beeember-2017-December

2021)

and related to the presence of

synoptic-scale weather systems, i.e., of-atmospheric rivers (ARs), cyclones ;-and fronts, te-precipitation-amount—Though-ARs

{separated-orco-located-with-otherweathersystems)-oceunr-detected from ERAS reanalysis data. ARs occurred only 8% of the
time at Ny-Alesund s-43but contributed to about 42% of the total precipitation amount is-measured-duringthese-events—and

liquid mass fraction (72%). Cyclones occurred 20% of the time and were associated with 39% of the precipitation, mainly in
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solid form (62%). Frontal systems play a minor role in the precipitation amount at Ny-Alesund, The days with the highest 2%
of daily precipitation sums contribute 18% of the total precipitation. All of these extreme precipitation events are related to
enhanced water vapor transport, often in the form of ARs and in combination with fronts, and with a high liquid mass fraction.
Also, liquid precipitation in winter is mainly connected to ARs. These new measurements will help to better characterize
uncertainties in gauge-based precipitation observations and the local variability of precipitation.

1 Introduction

Precipitation is a key climate variable thatis-crucial to the Arctic climate system. It is an integral part of the hydrological cycle
and has a direct impact on the Arctic Ocean and land freshwater budget (e.g. Serreze et al., 1995; Cullather et al., 2000; Prowse
et al., 2015; Vihma et al., 2016). In the Arctic, most of the precipitation falls as snow (Bintanja and Andry, 2017), altering the
surface albedo (Box et al., 2012; Riiheld et al., 2019) and thus the surface energy budget. Snow also directly contributes to the
surface mass balance of the cryosphere:e-g;. For example, precipitation is the major positive contribution to the mass balance
of the Greenland ice sheet (Bring et al., 2016; van den Broeke et al., 2009), as well as to ice caps and glaciers in the Arctic.
Snow on sea ice also affects sea ice growth and decay via different snow-sea ice interactions (Serreze and Hurst, 2000).

In the last decades, the Arctic has experienced a rapidly changing climate with a substantial increase in near-surface air tem-
perature, known as Arctic amplification (Serreze and Francis, 2006; Serreze and Barry, 2011; Wendisch et al., 2023). A-recent

study-by-Zhou-et-a 024)-revealed-that-the-Arctic-warming-between1979-and-20014s-three-Recent studies have shown that

Arctic warming during the last decades was four times higher than the-global-warming-global warming (Zhou et al., 2024; Rantanen et al., 2

. In particular, the Svalbard archipelago is located in the warmest region of the Arctic and reveals-has experienced the highest
temperature increase (Dahlke and Maturilli, 2017). The potential causes for Arctic amplification are central questions in Arctic
research (Wendisch et al., 2023). In this context, various local feedback mechanisms (e.g., albedo, fapse-ratelapse rate, water va-

por, Planck ;-and cloud feedback), as well as remote ones (e.g., oceanic heat and meridional heat and moisture transport) are dis-

The increase in Arctic temperature and the associated mechanisms mentioned before also affect the hydrological cycle of the

Arctic climate system and, thus, precipitation. Ferexample;elimate-models-Observations (Serreze et al., 2024; Champagne et al., 2024; Ha

reanalyses and climate models (Serreze et al., 2024; Cai et al., 2024) reveal a substantial increase in precipitation in the Arctic

e.g., Goosse et al., 2018; P
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last decades. For example, all precipitation gauges in Svalbard show a positive trend in annual precipitationameunt-has-been
observed, with significant trends for Bjgrngya, Hopen and Ny-Alesund (Hanssen-Bauer et al., 2019). However, since gauge

data in Hanssen-Bauer et al. (2019) have not been corrected for undercatch, trends are also uncertain due to the shift to
more liquid precipitation, which is more efficiently collected by precipitation gauges. Fhis-issue-The significant observed
WMhas also been rat i i
Champagne-et-al(2024)—confirmed by Champagne et al. (2024), who also distinguished between solid and liquid precipitation

amounts and applied different correction functions to 12 hourly precipitation gauge data. The authors pointed out that correct-
ing for undercatch is crucial in trend detection since it significantly impacts the trend magnitude, particularly for snowfall and

sthus-alse~-thus also for total precipitation. In-addition-to-Although both solid and liquid precipitation amounts at N -Alesund

show positive trends, only the liquid one was found to be significant (independently of the correction method). Also, future

rojections reveal an increase in Arctic precipitation (Cai et al., 2024; McCrystall et al., 2021; Bintanja and Andr

-And also here, the increasing importance of rain has been demonstrated as it will become the most dominant precipitation
type in the future in the Arctic (Dou et al., 2022; Bintanja, 2018; Bintanja and Andry, 2017).

The discrimination of the precipitation phase is thus crucial to accurately describe Arctic precipitation changes. For precipitation
gauge measurements, it is critical since correction functions often depend on precipitation type. As direct observations on the
precipitation phase are usually not available, temperature is often used as a proxy to differentiate between solid and liguid
Champagne et al., 2024; Kochendorfer et al., 2017; Forland and Hanssen-Bauer, 2000; Kneifel et al., 2022). In this wa
amounts from gauge measurements, for example, can be divided into solid and liquid. For example, Champagne et al. (2024)
regarded all precipitation as solid for 2 m temperatures <1°C and as liquid otherwise. In numerical weather prediction and
climate models, parameterizations of precipitation processes and thus phase discrimination heavily depend on temperature
(e.g., ECMWE, 2016; Seifert and Beheng, 2005). Also, in land surface models, a temperature threshold and/or a temperature
range in which both rain and snow occur is often assumed (Jennings et al., 2018; Harpold et al., 2017; Feiccabrino et al., 2015)
- However, the assumed temperature dependencies and applied thresholds are very uncertain.

Recent simulation studies haye shown that not only the Arctic mean precipitation will increase in the 21st century but also its

interannual variability (Bintanja et al., 2020; Hartmuth et al., 2023). Thus, extreme precipitation is also becoming more likely.

2017; Bintanja et al.,



The increase in precipitation is caused by different reasons, i.e., a higher local moisture supply (Bintanja and Selten, 2014; Kopec et al., 201
increased poleward transport of atmospheric moisture from lower latitudes (Bengtsson et al., 2011; Bintanja et al., 2020; McCrystall et al.
but also by a stronger radiative loss of energy to space (Pithan and Jung, 2021). Also, observations have shown an everalt

observed-inerease-in-precipitation-ameuntan-increase in the frequency of extreme precipitation events has-beenfeund-(e.g.,
95 Vikhamar-Schuler et al., 2016; Serreze et al., 2015). Based on precipitation gauge data, Serreze et al. (2015), for example,

revealed a significant increase in frequency and intensity for extreme precipitation events at Ny—Alesund in winter. Vikhamar-

Schuler et al. (2016) further showed that the rate-occurrence of melt daysin-winter-in-Svalbard-and-the-assoctated preeipitation

sums-have-inereased—Theserain-on-snow-, i.€. days with temperature >0°C, and the accumulated precipitation during these
events have increased in Svalbard in winter. Rain-on-snow events, which have implications for the cryosphere, ecosystem s-and

100 infrastructure, have also been studied in further detail (e.g., Hansen et al., 2014, 2019; Peeters et al., 2019; Xie et al., 2024).
Such extreme winter events are connected to warm and moist air masses being advected and are also related to cyclones whose
number has been found to increase in the last decades (Wickstrom et al., 2020; Rinke et al., 2017). In particular, atmospheric
rivers (ARs; Ralph et al., 2020) are an essential mechanism for the poleward transport of moisture (Guan and Waliser, 2015).
They can significantly impact the Arctic via enhanced precipitation, concurrent heat advection ;-and increased longwave down-

105 ward radiation ;-and subsequent snow and ice melt (e.g., Mattingly et al., 2018, 2020; Bresson et al., 2022). In a recent study
by Lauer et al. (2023), the impact of ARs and associated weather systems on Arctic precipitation has been analyzed in detail.
Based on ERAS reanalysis data, precipitation was attributed to ARs, cyclones s-and-/or-and fronts for two campaign periods
in early summer 2017 and early spring 2019. Lauer et al. (2023) found that for the early spring campaign, precipitation was
dominated by cyclone-related weather systems, while for the early summer period, both ARs and fronts contributed by 40%

110 and 55%, respectively. Furthermore, Dobler et al. (2020) investigated atmospheric circulation types, their future changes --and
their impact on precipitation over Svalbard. Based on future climate projections using a regional climate model, they found a
distinct increase in precipitation over Svalbard in the period 2071-2100 compared to 1971-2000. This increase is not related
to changes in circulation type frequencies but rather due to changes in atmospheric conditions, in-particutar-particularly during
cyclonic circulation patterns.

115 Even though many studies addressed precipitation in the Arctic and #—Svalbard in particular, observing and modeling

Arctic precipitation is still very challenging and associated with quite some uncertainties. To—gain—an—-Atretie-wide-picture

120
—Continuous, highly temporally resolved ground-based observations of precipitationare-, which are still sparse in the Arctic
are thus necessary to better-understand pre01p1tat10n and preapltatlon -related processes in-the-Aretic-and-serve-better and to act
as a reference i i i
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In-data set. In this study, we thus-therefore present a new comprehensive-data set of ground-based precipitation observa-
tions at Ny—Alesund, Svalbard, which includes an OTT Pluvio2L weighing gauge --and an OTT Parsivel2 disdrometerand-a
ME%EJ@MRR—Q—ﬂc—m—f&Hmd&ﬁeMRR—) While the Pluvio aﬂérfhe—llaf%we%pfm&deﬂﬂfefmaﬂmmfmeasures surface pre-
cipitation amounta

recipitation gauge data, Pluvio measurements rely on the weighing principle and are available in a h1gh temporal resolution,
i.e., 1 min;v

bucket is combined with a weighing mechanism including a stainless steel load cell and a temperature sensor that accounts for
temperature changes. Since the whole bucket is weighed, there are no losses due to wetting of the inner walls. Due to the high
temporal sampling, uncertainties due to evaporation are avoided, With a high manufacturer-declared accuracy, i.c.. the larger
value of 0.01 mm or £1%, trace precipitation can be in principle better captured. Of course, wind-induced undercatch still
have been performed by the Norwegian Meteorological Institute (MET Norway) with a standard precipitation gauge already
since 1975, automatic hourly resolved precipitation measurements with a Geonor T-200 only started in 1997 by MET Norway.
However, the recorded Geonor data can not be directly used as more sophisticated data corrections and noise filtering must be
applied first (Mareile Wolff, Norwegian Meteorological Institute-

tn-this-paper,-we-, pers. comm 19 Jan 2025). With the Parsivel precipitation type classification, temperature-independent
information on the precipitation phase is now available, further facilitating mass separation into liguid and solid precipitation.
In this way, Pluvio and Parsivel complement the existing MET Norway precipitation observations at Ny-Alesund. This paper
will present the results of data from more than four years of data-and-focus-on-some-general-precipitation—characteristies—at
o-Pluvio and Parsivel. As previous studies have highlighted the
importance of large-scale circulation patterns for precipitation, we link the precipitation amount to specific weather systems on
the synoptic scale, i.e., here, ARs, cyclones s-and frontal zones ;-following the methodology by Lauer et al. (2023). In the-this

aper, we will thus focus on the following research questions:

— Can the Parsivel constrain a temperature-based mass separation of precipitation into solid and liquid precipitation? How
do phase occurrence and mass separation depend on temperature?

— How are precipitation amount and type related to large-scale synoptic systems like ARs, cyclones and fronts?

— Which role do these systems play in extreme precipitation events?

In the next section, the different data sets and methods are introduced. In section 3, feur-main—questions—are—addressed:
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Figure 1. a) Parsivel -—and b) MRR;—and-¢)-Pluvio of the University of Cologne at Ny—x&lesund. The Parsivel and-MRR-are-is located
on the roof platform of the AWIPEV atmospheric observatory (Fig—t-location A), while Pluvio is installed in the field about 180 m away

(Figlocation B). +In addition, the MET Norway precipitation gauge (c) located in the center of N -Alesund (location BC) is shown. The map

of Ny-Alesund and the map inlet showing the location of Ny-Alesund in northwestern Svalbard are taken from https://toposvalbard.npolar.no

by courtesy of the Norwegian Polar Institute.

statisties—n-seetion-the performance of the Pluvio and Parsivel measurements is assessed. This includes a comparison of the
Pluvio precipitation amount to the MET Norway manual observations (with and without undercatch correction applied) and a

discussion on how precipitation type is attributed. Section 4 -individual-preeipitation-events-are-analyzed-in-meore-detail-with
a-focus-on-—extreme-events—Coneclusions-and-an-outloek-deals with the impact of ARs, cyclones and fronts on precipitation at

Ny-Alesund. Conclusions are presented in section 5.

2 Data and methods

The core instruments used in this analysis are a miero-rain-radar-a-Parsivel-Parsivel and a Pluvio operated ef-by the University
of Cologne within the Transregional Collaborative Research Centre (TR 172) "Arctic Amplification: Climate Relevant Atmo-
spheric and Surface Processes -and Feedback Mechanisms (AC)?" (http://www.ac3-tr.de; Wendisch et al., 2017). All-three
The instruments were installed in 2017 at the German-French AWIPEV research base (78.92308°N, 11.92108°E; 11 m above
mean sea level; Fig. 1) that is operated jointly by the Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research
(AWI]) and the French Polar Institute Paul Emile Victor IPEV) and is part of the Ny-Alesund Research Station, Svalbard. In

this work, the data for the years 2017-2021 is considered. A more detailed description of the instruments and the additional

data used in this study is given below. We-also-presentauxiliary-information-included-in-the-analysis—
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2.1 Pluvio

The Pluvio2L 400 ¢in-the-fellewingPlavie)-manufactured by the OTT Hydromet GmbH is an automated weighing gauge with
a collecting area of 400 cm?. The Pluvio has been installed in the measurement field about 180 m away from the Parsivel ané
miererainradar-(Fig. 1). Precipitation falling into the bucket is weighed every 6 s. The difference between the eurrent-bucket
content-and-the-previoustyrecorded-one-bucket content at time step ¢ 41 and at time step ¢ gives the precipitation amount
during the integration time. The OTT software provides different outputs in a 1 min resolution. In this study, the so-caled
non-real-time output of the OTT software is used, which is particularly suited for daily and monthly totals (OTT, 2016b). The
non-real-time output is delayed by Sminutes- min and provides a more precise precipitation sum due to better filtering: fine
precipitation is collected over one hour and output after reaching the threshold of 0.05 mm within that hour. There will be
no output if the fine precipitation does not reach the threshold within an hour. The resolution of the precipitation values is
0.01 mm. The measurement uncertainty is the larger value of £0.1 mm or 1% (OTT, 2016b). The Pluvio data are available
from 2 August 2017 onward (Ebell et al., 2023b). The data availability in each month is generally larger than 90% (Fig. Ala).
Months with longer data gaps are March and August 2019, July 2019, October and November 2020 --and November 2021.
The data gaps are only critical for the monthly precipitation sums of March and July 2019 and October 2020 since significant
precipitation has been reported by the mierorainradar-and/orthe- MET Norway precipitation data during the missing periods.
Thus, the yearly precipitation sums for 2019 and 2020 are most likely underestimated.

The Pluvio data used in this work were filtered according to the instrument status provided by the OTT software. The
software indicates if the instrument runs-property-operates correctly or if an event associated with a "warning" or an "alarm"
occurred. All times where the instrument status is associated with an alarm, i.e., an unstable or incorrect weight measurement,
have been excluded from the analysis.

Uncertainties in the precipitation amount also arise due to an undercatch of precipitation, particularly of solid precipitation
and when wind speed is high. Also, blowing snow can affect the measurements. To reduce this uncertainty, the Pluvio is
surrounded by a single Alter wind shield, which has been shown to substantially improve the detection of precipitation and
reduce the undercatch of precipitation (Nitu et al., 2018): within the WMO Solid Precipitation Intercomparison Experiment
(SPICE) project it has been found that overall a shielded gauge improved the catch efficiency by 0.1 to 0.2 compared to an
unshielded gauge. We also applied an empirical correction function by Wolff et al. (2015) to the +-minute-1 min precipitation
data to furtherconsidercorrect for wind-induced precipitation losses. This correction function has been developed based on

gauge measurements in southern Norway and depends on temperature and wind speed at gauge height (see Eq. 12 in Wolff

et al,, 2015). The advantage of this correction function is that it can be directly applied to the total precipitation amount and
does not require a mass separation of the precipitation into liquid and solid first. As this paper does not focus on evaluating.
correction functions, we made a choice here but want to point out that the estimated undercatch strongly depends on the chosen
correction function (Champagne et al., 2024).
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Figure 2. Monthly frequency of precipitation occurrence for a) Parsivel and b) Pluvio. The monthly values have been calculated from
the 1 min resolved data (dark blue in all panels). For Pluvio, monthly precipitation occurrence has also been calculated based on daily.
period considered (1 August 2017 — 31 December 2021

Fig. 2b shows the frequency of detected precipitation by Pluvio. Using the 1 min resolved Pluvio time series results in
monthly precipitation frequencies of up to 5% only and in all-time average values of 1%. Using daily accumulated Pluvio data
increases the monthly precipitation frequency to 4%—63% and, if a threshold of 1 mm is applied, to 4%—46%.

2.2 Parsivel

The OTT present weather sensor Parsivel? (in-the-following Parsiveb-is an optical laser disdrometer. It provides information
on fall speed, size s-and type of precipitating particles in 1 min temporal resolution. The Parsivel consists of two sensor heads
with a 30 mm wide, 180 mm long -and 1 mm high laser light strip in-between (OTT, 2016a). The output voltage of the Parsivel
is reduced when a precipitation particle falls through the laser beam. The reduction of output voltage is proportional to the
particle size. The particle speed is determined by the duration of the voltage signal, i.e., the time the particle needs to enter and
leave the laser beam. Measurable size ranges are between 0.2 mm and 8 mm for liquid precipitation and between 0.2 and 25

mm for solid precipitation, with 32 size classes in total. Measured fall speeds are in the range of 0.2 ms " and 20 ms~" with 32
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particle speed classes. The OTT Parsivel software also retrieves the type of precipitation particles, namely "drizzle", "drizzle
with rain", "rain", "rain;-/drizzle with snow", snow", "snow grains", "seft-hailgraupel" ;--and "hail". The actual retrieval of the
precipitation type is proprietary, but in principle, it relies on the fact that different particle types have different fall speed-size
relationships. OTT reports that the differentiation of the precipitation types drizzle, rain, hail s-and snow corresponds to the
observations of a weather observer in more than 97% of the cases (OTT, 2016a).

At AWIPEYV, the Parsivel has been installed on the western roof platform of the atmospheric observatory (Fig. 1). Data are
available since 29 April 2017 (Ebell et al., 2023a). Until May 2021, data coverage is generally guite-high (Fig. A1b). From

June 2021 onward, longer measurement gaps occurred ;-and the OTT Parsivel software quality flag often indicated problems

with the glass cover/laser. This was related to humidity condensing inside the instrument. Opening and drying the instrument

helped in the short term. Still, the problem re-emergedsuch-that-valid-measurements-are-only-available-to-a-verylimited-extent

such that the number of valid Parsivel measurements was strongly reduced until the end of 2021. Only-In this study, only data
for which the quality flag indicated reliable measurements were used. In June 2022, this instrument has been replaced by a new

Parsivel.

23 MRR

Ny-Adesund-at-the-end-of-Apri-Compared to the 1 min resolved Pluvio measurements, the precipitation signal occurrence is
much higher for Parsivel (Fig. 2). For the whole period (August 2017 rext-te-theParsivel-on-thereof platform-of-the- AWIPEV
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2021), it is 8% (compared to the 1% of Pluvio). This is due to the fact that the Parsivel already detects a few precipitatin

articles whose mass might not be large enough to be measured by the Pluvio.

2.3 Additional observational data sets

For the analysis of precipitation type and the correction of precipitation undercatch, we also use the 2 m temperature (7%,,)
and 2 m wind speed measured as part of the Baseline Surface Radiation Network (BSRN) station at Ny-Alesund (Maturilli,
2020). The data is provided in 1 min resolution. In general, daily mean 7T5,, values are above 0°C in—summer-and-to-most
extentin-from September and rarely exceed 10°C (Fig. A2). The lowest temperatures are found in March. This is in line with
the long-term observations at Ny—/o\lesund (Dahlke et al., 2020; Maturilli et al., 2013). Fig. A2 also reveals a large variability
of daily mean 75, in the cold season with even positive values in winter, indicating the potential for liquid precipitation.
Furthermore, we 4
https://seklima-metno)-performed-manually-with-an-used precipitation measurements taken with the old Norwegian precipi-
tation gauge with-a-windshield-of MET Norway located in the center of the village of Ny-Alesund-and thus about 300290 m
the original 12-h precipitation sums of MET Norway always reported at 06 and 18 UTC and corrected precipitation sums based
on different correction methods as described in Champagne et al. (2024). The corrections applied include corrections due to
wetting and evaporation losses within the 12 h period, i.e., constant values of 0.075 mm for rain and 0.05 mm for snow, as
well as losses due to aerodynamic effects. To correct for the latter, six different correction functions have been applied by
Champagne et al. (2024). Two of the corrections (Adam and Lettenmaier, 2003; Kochendorfer et al., 2017) are only valid for
snow. The proposed corrections by Hanssen-Bauer et al. (1996) and Fgrland et al. (1996) have separate correction functions for
solid and liquid precipitation. Thus, the total precipitation that the MET Norway gauge has measured had to be separated into
a liquid and solid component first. Champagne et al. (2024) used here the 12 hourly average temperature and a corresponding.
for temperatures lower than 1°C and liquid for temperatures equal or larger than 1°C. This allocation of liquid and solid
applied as well to the total precipitation sums. All correction functions use temperature (except for the correction functions for
solid only) and wind speed information, typically at gauge height. Some correction functions also have an additional version
that uses wind speed at 10 m height. In the present study, we use the original (uncorrected) MET Norway data, as well as the
corrected precipitation values based on the ensemble mean of all corrections analyzed in Champagne et al. (2024), which is

10
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also provided in the data set by Jacobi and Champagne (2024). The-measurements-are-quality-controlled-butnot-correctedfor

2.4 Atmospheric river, cyclone and front detection

To associate precipitation to synoptic scale weather events, we analyzed ERAS reanalysis (Hersbach et al., 2020) data as in
Lauer et al. (2023) from 1 August 2017 to 31 December 2021. To this end, ARs, cyclones s-and-fronts(CYs) and fronts (FRs)
were detected north of 60°N. The details of the weather event detection methods are provided in Lauer et al. (2023) ;-and
we give only a summary here. The AR detection algorithm applied is the second version (Guan et al., 2018) of the original
method by Guan and Waliser (2015)(Guan-et-al52618). It is based on thresholds in integrated water vapor transport (IVT)

and its geometry. The TVT must exceed the monthly 85th percentile of IVT that has been calculated for each grid cell based
ratio needs to be higher than two. If the direction and geometric criteria are not fulfilled, the same checks are repeated for
based on mean sea level pressure (MSLP) following Sprenger et al. (2017) who use-used a refined version of Wernli and
Schwierz (2006). In principle, grid points with a minimum in MSLP are detected and for every local MSLP minimum, the
outermost closed MSLP contour is determined. Cyclones that occur over regions with surface elevations higher than 1500 m
are excluded. Finally, frontal systems are calculated from a threshold in the horizontal gradient of equivalent potential temper-
ature Jenkner-et-at2010: Sehemm-et-at:20+5)-at 700 hPa, i.e., 4 K100 km ' (Jenkner et al., 2010; Schemm et al., 2015).

Precipitation occurring within a distance of up to 200 km of the frontal line is assumed to be associated with the front.
Each reanalysis data grid point (0.25° x 0.25° resolution) is thus classified in terms of the (non-)occurrence of an AR, cyclone

(CY) sand-or-and front (FR). Like the reanalysis data, this weather system classification data set has an hourly temporal
resolution. A weather event is then detected for Ny-Alesund if the grid box in which Ny-Alesund is located is part of the
region of the weather event. In total, seven different combinations are thus possible: The weather systems can occur separately,

ie., only ARs (O-AR;-G-FR;-), only CYs (O-CY) and only fronts (O-FR), or simultaneously in different combinations (AR-
FR, AR-CY, AR-CY-FR, CY-FR). Fer-ene-case-study-{(section-4);-we-also-looked-at-the-temperal-development-of-the-differen

11



13.01.2018, hour 20

WV / kg/m?

Figure 3. Integrated water vapor (IWV, in kg m—2; colors) and mean sea level pressure (in hPa; black contours) on 13 J anuary 2018 at 20

UTC from the ERAS reanalysis. The dashed black-red line indicates the boundaries of the detected atmospheric river.

315 3 Instrument and method assessment

Before we analyze the impact of different weather systems on precipitation at N —Alesund, we first look at the general

of ARs-C¥sand-FRsperformance of Pluvio and Parsivel. For Pluvio, we can compare the measurements to the MET Norwa
320 precipitation data (sec.3.1). The Parsivel measurements are indirectly assessed by relating them to the observed temperature

and wind speed (sec. 3.2). Based on these findings, a new separation of precipitation mass into liquid and solid precipitation is

proposed.

3.1 Precipitation amount from different sensors and correction methods

Figure 4 depicts the monthly precipitation amount of the uncorrected Pluvio data, the corrected Pluvio data following Wolff
325 etal. (2015) -and the MET Norway uncorrected and ensemble-mean corrected precipitation sums. Monthly preeipitation-sums
corrected precipitation sums from Pluvio show a large variability ranging from 1 mm (October 2017) to 155 mm (September
2017). There is no apparent seasonality in precipitation amount from this relatively short period. Other studies with long-term
precipitation measurements_have found a seasonal cycle in precipitation amount at different stations in Svalbard with a

minimum in late spring/early summer and a maximum in September/October (Hanssen-Bauer et al., 2019; Vikhamar-Schuler et al., 2016

330 . For most stations (including N -;\lesund), also a second maximum in March is typical.

12
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Figure 4. a) Monthly precipitation amount (in mm) from Pluvio based on the uncorrected (blue) and undereateh-corrected {see-text)-data
following Wolff et al. (2015) (gray)as-weh-asfromMET Norwayrain-gauge-. The uncorrected (squares) and the ensemble-mean corrected

(x symbols) precipitation measurements of the MET Norway precipitation gauge from Champagne et al. (2024) are shown as well. Hatched

areas indicate months for which the monthly precipitation sums from Pluvio are underestimated due to measurement gaps. b) Differences in

monthly precipitation amount between Pluvio and MET Norway for uncorrected (blue) and corrected values (gray).

Table 1. Annual precipitation amount (in mm) of the uncorrected and corrected Pluvio and MET Norway rain-precipitation gauge data. For

the corrected MET Norway data, the results of the ensemble mean of all corrections of Champagne et al. (2024) are shown.

2018 2019 2020 2021
Pluvio uncorr. 618619  220%222% 325% 336353
Pluvio corr. 752 311* 495°%* 520
MET Norway uncorr. F49-770 - 343322 434446 453464
MET Norway corr. (ensemble mean 941 426 655 639

* underestimated due to measurement gaps

Considering effects due to wind-induced undercatch adds 0.5% to 442257% to the uncorrected monthly vatievalues of
Pluvio. In absolute terms, the largest correction is found for November 2020 with an additional 6667 mm. The large variability

in monthly precipitation sums is also reflected in the large range of yearly precipitation sums (Table 22)--1). With 752 mm of
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precipitation, 2018 was a very wet year(756-mm). The MET Norway time series since 1975 (not shown) reveals that 2018 was
335 even arecord year with the largest annual precipitation amount, while the long-term annual average of the manual (uncorrected)
precipitation measurements is 436 mm. In contrast, 2019 was a relatively dry year with a corrected Pluvio precipitation amount

of about 306311 mm (Table 2?1). As mentioned before, the estimates of annual precipitation amounts from Pluvio are likely

underestimated for 2019 and 2020 due to measurement gaps during some precipitation periods. However, the MET Norway

data also indicate a relatively low annual precipitation amount for 2019. Thewa%ue&efﬁﬂemhlypfeefp&aﬁeﬂametm%éefwed

340

When comparing the monthly and yearly precipitation sums of the Pluvio to the MET Norway precipitation measurements
345 we find quite some differences for both the corrected and uncorrected values (Figs. 4,A3, Table 1). For most of the months
Pluvio has smaller precipitation amounts. For the uncorrected monthly data, this results in a bias of -9.4 mm and a standard

deviation of 9.1 mm (Fig. A3a). The negative bias is also reflected in the uncorrected daily precipitation sums with a correspondin

value of -0.3 mm and a standard deviation of 1.1 mm (Fig. A3c). When comparing the corrected data, i.e. the Wolff et al. (2015)

correction for the Pluvio data and the ensemble mean correction from (Champagne et al., 2024) for the MET Norway data
350 differences are even larger (Figs. 4,A3). These differences accumulate to a difference in the yearly corrected precipitation sums
of 189 mm (2018) and 119 mm (2021). Several reasons likely contribute to the differences between the different data sets. For

the ME

runcorrected data, the smaller

precipitation sums of Pluvio hint at a stronger wind-induced loss at the location of the Pluvio. Due to the surrounding buildings,
the MET Norway precipitation gauge seems more shielded and less exposed to wind effects than the Pluvio. However, even the
355  corrected monthly Pluvio values are in some months smaller than the uncorrected MET Norway gauge data. This means that,
most likely, the Wolff et al. (2015
of the chosen correction function and the way it has been applied (i.e., 12 hourly vs. 1 min resolved data, assumed liquid/solid
mass separation in Champagne et al. (2024)) can be seen from the difference between the gray and blue bars in Fig. 4b. Of

course, different correction functions result in different precipitation amounts, but the temporal resolution of the data also
360 plays a role. Jacobi et al. (2019), for example, have compared the manual MET Norway prempltatlon observations, the Pluvio

measurements as-well-as-and the automatic precipitation measurements of a-G

correction still underestimates the wind-induced precipitation loss. The combined impact

MET Norway)-the Geonor for a full hydrological year (Sep 2017-Sep 2018) at Ny-Alesund and also took different correction

methods and temporal resolutions into account. The Geonor is located in the same field as the Pluvio, about +66140 m apart.

365
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370

375

380

showed that the correction was higher for the daily resolved data. For example, using Pluvio hourly and daily data and applying
the Wolff et al. (2015) correction resulted in 673 mm and 731 mm, respectively. They concluded that this is mainly due to a
larger correction of solid precipitation. Also, in their study, the yearly precipitation sums of both Pluvio and Geonor were

385 lower than the manual MET Norway measurements. However, an excellent agreement between Pluvio and Geonor annual
precipitation sums had been found, giving trust in the Pluvio measurements. For the following analyses, we stick to_the
corrected Pluvio data using the Wolff et al. (2015) method. However, we are aware that in the future, a more detailed analysis
of correction functions is needed to find an optimal correction function for the Pluvio at this location.

390
395

3.2 Precipitation type attribution

The Pluvio provides precipitation amount but the question of how much of the differential-heating—ofthe-Aretie Ocean
400 and the snow-free land as well-as coastal orography-which-supports-baroclinicity y i

systems-to-the-monthly-precipitationamount-(mass is solid and how much is liquid remains. Here, the Parsivel can provide

15



independent information and help to constrain a temperature-based mass separation which is useful for cases when no Parsivel
measurements are available. To analyze this in more detail, we focused on the period from August 2017 to December 2020
405 i.e., the period when the data coverage of Parsivel is very good (see Fig. ??b;e)—wefind-that-the largest-contributions—are

am—the—AR A ORe o N n—the o ot moenth an 0O EEPN SEEVN = O o 4 M n

410

415

420

425 3.3 Preecipitationtype

Alb). We took all corrected
1 min resolved Pluvio precipitation values larger than 0 mm into account, for which also the Parsivel had detected a precipitation
signal within £10 min. The Pluvio precipitation signal was then declared as solid if the classes "snow", "snow grains”, "soft
haitgraupel” and "hail” are-summarized-in-a—"solid-were the dominating precipitation types within the £10 min interval. We

430  included "preeipitation-elass—-graupel” and the-types—"hail" in the solid class even though the microphysical processes might
be guite different in these cases. However, the occurrence of these two classes is very low (<1.9% for graupel and <0.001%
for hail) and does not impact the key findings. If the liquid Parsivel classes "drizzle", "drizzle with rain", and-or "rain" in

theliquid—"—preeipitationclass—was dominating, the Pluvio precipitation amount was associated with liquid precipitation. In
a few cases (0.7% of all cases), mixed-phase precipitation ("Rainrain, drizzle with snow"i i

435




440

445

450

455

460

465

470

plotted-the) was dominating the Parsivel signal. Here, half of the Pluvio precipitation amount was attributed to solid and half to
liquid precipitation. However, since these cases contribute only 0.7% to the total precipitation amount they do not significantly
affect the results.

The occurrence of liquid W%WM%W%@QWW% a
function of 2 m temperature %—ﬂﬁﬁgfhe—l—mﬂﬁe%ehfeééaﬁr(ﬁg 22

precipitation-around-2>C—When-using-all-Parsivel-data-5a). When taking all cases into account (dotted lines in Fig. 2?5a),

liquid precipitation is detected by Parsivel even for temperatures far below 0°C and solid precipitation even for temperatures

larger than 5°C. Wind and turbulence can affect the particle velocity when passing through the Parsivel laser beam such that the
measured velocity does not correspond to the true fall speed of the precipitation particles. Subsequently, this effect will result
in a misclassification of the measured particles. Filtering the data by removing cases with 2s-2 m wind speeds larger than
5 ms™! (solid lines in Fig. 225a) results in a smoother transition from solid to liquid precipitation removing liquid occurrence
at very low temperatures and almost all solid precipitation at temperatures larger than 3°C. Even after filtering, the Parsivel
data shows an unexpectedly higher liquid occurrence around -3 to -2°C. Looking at these cases in more detail reveals that all
these situations are-occur during periods when solid precipitation only has been detected by Parsivel as-well-in other minutes

(not shown). Dete

diameter-of 1-3-mm-only—A possible temperature inversion resulting in positive temperatures in upper height levels could be
excluded from radiosonde profiles. We also checked similar cases for more recent dates for which measurements by a videe-in
video in situ snowfall sensor (VISSS; Maahn et al., 2024) at Ny-Alesund are available. The VISSS has-been-was installed at
Ny-Alesund in September 2021 and is operated in the measurement field about 140 m northwest of Pluvio. Visual inspection of
the pictures of the particles taken by VISSS for a case on 5 May 2023 elearly-showed that only solid precipitation was present
(Max-Maximilian Maahn, University of Leipzig, pers—eomm-personal communication 25 August 2023). We-thus-assume

temperatureregime;Interestingly, Chellini et al. (2022, 2023) found that low-level mixed-phase clouds at Ny-Alesund produce

small fast-falling ice particles in this temperature regime, which could petentially-be misinterpreted as drizzleby-Parsivel-. The
detected Parsivel particle sizes are relatively small during these cold "liquid” events, with a mean volume equivalent diameter
of 1.3 mm only. We thus assume that the Parsivel algorithm falsely classifies these smaller solid particles in this temperature
regime as "rain” or "drizzle”.

pfeelp&&ﬁeiﬁs—a%umed—&e%e—ptﬁely—%ehd—fe%—é-%The transition temperature regime, where both liquid and solid occur, is
roughly between 1 °C and pﬂfelry—hqmd—fe%3 °C M%Wmmmﬁet}gh
a-(see Fig. 5b). If we
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Figure 5. a) Frequency of occurrence of solid (blue) and liquid (red) precipitation as a function of 2 m temperature. Solid and liquid
precipitation was determined from the Parsivel measurements at all times when the Pluvio detected a measurement signal for the period
August 2017 to December 2020. See also sec. 3.2 for more details. Note that liguid and solid precipitation can occur at the same time such
0.2,0.4), [0.4,0.6), etc., with N the number
of cases within a temperature class. Results for all cases (dotted lines) and cases with 2 m wind speeds w <5 ms_" only (solid lines) are
shown. b) Zoom into the temperature range of -1°C and 4°C. The solid (blue) and liquid (red) occurrence fractions for cases with 2 m wind

speeds w <5 ms !

that the sum of liquid and solid occurrence can be >100%. Temperature bin size is 0.2°C, e.g.

are shown (solid lines). The dotted lines indicate the corresponding mass fractions as a function of temperature. See also
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485
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look at the solid and liquid mass fractions (dotted lines in F1g ﬂL&he—ffaeﬂe&ef—meﬂﬁﬂy«pfeexpﬁa&e&eeeuﬁeﬂeeJeemg—sehek

5b), we find that
the temperature dependency of the mass separation follows the phase occurrence frequency. This shows that the occurrence of

solid (liquid) precipitation at a specific temperature can also be used as a proxy for the separation into the corresponding mass.
Atabout 1.8 °C, half of the precipitation ¢ i solid-Hquid: or mi ipitation- 2 We-thus-combi

To split precipitation into solid and liquid for the whole period August 2017 to December 2021, we applied a combined
Parsivel/temperature-based mass separation (TMS) method: for temperatures <0.2°C, we assume all precipitation to be solid.
All precipitation is assumed to be purely-selid-forFom—<—2liquid for temperatures >3.6°C-and-purely iquid-for Fom—>-4°C.
For -2°€-<"T7-<-4°Cthe temperature range in-between, we check the-Parsivel-elassification-within-a-time-window-of-first if

Parsivel detected precipitation within +10 min %Ehthﬁeaseﬂab}eﬁmeeﬂ%&mﬁmmemmeea{eédﬁeeﬂyﬂexﬁﬁeaeh

and if wind speeds are <5 ms_'. If
this is the case, we use the Parsivel classification, as explained earlier, to discriminate between liquid and solid and attribute
the precipitation mass correspondingly. If precipitation phase information is not available from Parsivel due to missing or
erroneous Parsivel data (in particular in 2021; cf. Fig. Alb), due to no detected precipitation ameunt-is-assumed-to-be-sotid
tiquid)—H both-phases-have-been-deteeted by Parsivel, or due to wind speeds >5 ms", the 2 m temperature is used for the
mass separation as shown in Fig. 5b) (for the exact values see Table 2). In some cases, no temperature measurements were

w%@&whe

could not be determined for the corrected Pluvio precipitation amounts. However, this affected less than 2 mm of the whole
recipitation amount in the period from August 2017 to December 2021.
The resulting monthly liquid precipitation amount and liquid mass fraction are shown in Fig. 2?(filled-contours)-shows
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Table 2. Liquid mass fraction as a function of 2 m temperature derived from corrected Pluvio precipitation amount and Parsivel precipitation
type for the period August 2017 to December 2020. For temperatures <0.2°C (>3.6°C), all precipitation is assumed to be solid (liquid). For
the temperature range between 0.2°C and 3.6°C, the liquid mass fraction corresponds to the values shown in Fig. 5b.

Trange/°C_ Liquid mass fraction/ %  Trange/°C  Liquid mass fraction/ %

<02 0 2022) 5
02.04) L 2224, 65
04.06) 2 2426) 85
0608) 3 2628 89
0.8.1.0) 3 12830) 89
10.1.2) 5 13032) 94
1.8,2.0 51

sums in Table 3. Liquid precipitation typically dominates the total precipitation amount from April to September. However, a
substantial amount of liquid precipitation can also be found in January, February, November, and mixed-phase-preeipitation
At ipitation in months;e-ginJanuary December 2018with-nearly-90%- and-in-November-,

this results in a high liquid
recipitation fraction of 52%, while in 2021, the liquid fraction is only 29%. We also analyzed the effect of using a simple
temperature threshold (T1°C) assuming all precipitation to be solid for temperatures <1°C as in Champagne et al. (2024)

in generally higher

ig. 6b). For some months, this significantl

mass separation (TS) as derived from the Parsivel observations (and thus no direct Parsivel observations at all), has a smaller
effect, even though for some months differences are several millimeters showing still the uncertainty related to phase attribution.
However, the yearly liquid mass fraction of the TMS method is similar to the combined Parsivel/TMS method (Table 223).

Since Champagne et al. (2024) applied the 1°C temperature threshold to hourly mean 2 m temperature values, we also
calculated hourly liquid and solid precipitation sums from the 1 itioninginto iquid-an i ipitati
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Figure 6. a) Total monthly precipitation (in mm) from corrected Pluvio data (black bars). The corresponding liquid precipitation amount (in

mm) from the combined Parsivel/temperature-based mass separation (Parsivel/TS; red bars) and the monthly liquid fraction (in %, dotted

line) are shown as well. b) Differences in monthly liquid precipitation amount (in mm) if the temperature-based mass separation (TMS; dark

ray bars) or a simple temperature threshold of 1°C (T1°C; light gray bars) is used.

Table 3. Annual liquid precipitation amount (in mm) and liquid fraction of the total annual precipitation amount (in %; brackets) based on

the combined Parsivel/temperature-based mass separation (TMS) method, the TS method only and based on a simple temperature threshold
of 1°C (T1°QC).

Liquid Parsivel/TMS | 392(52) 106(4) 162(33). 15229).

Liqud TMS  406(34) 962 16032) 155(0).
Lud TIC 504(67). 125(40) 194(39)  185(35).

* yearly values underestimated due to measurement gaps

9min resolved liquid and solid values of the
combined Parsivel/2626-winter TMS method and set those in context to hourly mean 2 m temperatures (Fig. A2);for-which-no

6ROS eventehave bean-deteetedforeach- Nov-Deepe
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535

Table 4. Fraction—Contribution of menthly-preeipitation-oceurrenee-atmospheric rivers (blacktinestdotsAR), cyclones (CY) and monthly
fronts (FR) to the precipitation amount (fited-eontoursin %) being-and their frequency of aoccurrence (in %) setid:—b)-tiquid,—e)-mixed;
same time in different combinations. Fhe-fraction-of-monthly-precipitation-oceurrence-is-givern-with-respeetto-"All" includes all cases with
a ipitation-si stvel- St ton-certain system regardless of menthly-preeipitation-amountis-given-with-respeet

2018 2019 2020 2021 08/2017 — 12/2021
heuidall AR 22950 €G6)10 | 7540 €S 34 2 25 N 42 8
al CY 34 22 43 16 48 23 38 2L 39 20
allFR 18 13 18 13 4y B7l6 | eel6,. H4l3 | 20 14
QAR 2 S 24 2 1 4. 13 3. 22y 4
seid ARTR - 2857 €82 | 42 66l | 3066 6H2 | 2433 492 6 2
mixed ARCY 2068 @292 | 425 dHl | 439 €L 3 1 8 1
ARCYFR 5. 'y 9% 21 @8 1 z 1 6 1
unknownrO-CY 3218 €17 20 12 26 16 24 15 2L 15
CYIR 3 3 3 2 4 3 | 6 253, 4 3.
O-FR 3 Z 4 8 5y 9 o8 s 4 8
residual 275 63 27 72 30 63, 40 68 2 66

period-A4). Also, for hourly averaged 2 m temperatures and hourly accumulated liquid and solid precipitation sums, we find a
similar temperature dependency for the mass separation as shown in Fig. 5b.
4 TImpact of atmospheric rivers, cyclones and fronts on precipitation at Ny-Alesund

To better understand the impact of large-scale weather systems on precipitation at Ny-Alesund, we set the local precipitation
observations in_context to the occurrence of ARs, cyclones and frontal systems, which have been detected using ERAS
reanalysis data and the methods explained in section 2.4. The monthly occurrence of these systems is depicted in Fig. 7
and also listed for the different years as well as for the entire study period (1 August 2017 - 31 December 2021) in Table 4.

4.1 Precipitationfrequeney
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Figure 7. Frequeney-of-Monthly occurrence (in %) of tiquic-weather systems related to a) atmospheric rivers (redAR), sotic-b) cyclones
(bteeCY) -and mixed—c) fronts (gmyFR)pfeapifaﬁe&defmd#feﬁ%PafmeH&a—fuﬁe%&e#%ﬁHempefa&fe Results-are-shownfor-all
bars) includes all cases with the-total-number-a certain system regardless of ebservations-within-each-temperatare—etasswhether the other
two systems are present or not. The temperature-bin-size-is-last column shows the occurrence of weather systems for the whole time period
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550

555

560

565

570

‘Weather systems can occur separatel

"co-located" in the following). On average, ARs (separated

% in some months to an exceptionally high occurrence of
MMMM respectively. tn-prineiple-onty-a-few-mm-sized-snowfall particles(aggregates)
per-eubie-meterare sufficient to-be-detected-by-the MRR-Half of the ARs occurred without the presence of cyclones or fronts
directly at Ny-Alesund. Cyclones occur in each month at Ny-Alesund with a generally higher frequency (whole-time average
of 20%) compared to ARs. 75% of these cyclones occur separately from the other two weather systems. Front occurrence
(separated and co-located) shows monthly maxima of more than 20% in summer or late summer. This enhanced frontal activity.
in summer might be related to the differential heating of the Arctic Ocean and the snow-free land as well as coastal orography.
which supports baroclinicity (Serreze and Barry, 2014). On average, fronts occur 14% of the time at Ny-Alesund. At least
for the four years considered, it seems that the yearly AR occurrence is more variable than the cyclone or front occurrence.
However, a longer time series needs to be analyzed to draw a conclusion here.

R
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Figure 8. Relative contribution (in %) of a) atmospheric rivers (AR), b) cyclones (CY) and ¢) fronts (FR) to monthly precipitation amount.

Weather systems can occur separately (O-AR, O-CY, O-FR) or at the same time in different combinations (colored lines, see legends). "All"

colored bars) includes all cases with a certain system regardless of whether the other two systems are present or not. Precipitation that can
not be attributed to any of these systems is denoted as "residual” (see panel d). The last column shows the relative contribution to the total
precipitation amount of the whole period considered (1 August 2017 31 December 2021).

By combining the corrected Pluvio measurements with
the detected weather systems over Ny-Alesund, we can assess how much of the precipitation is related to ARs, cyclones or
fronts. Precipitation that can not be attributed to any of these systems is denoted as "residual”. The monthly absolute and
relative precipitation amounts are summarized in Figs. A5 and 8, respectively, and the yearly and whole time contributions in
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Table 4. The largest contributions to monthly and yearly precipitation can be found for the AR and cyclone classes. Even if the

occurrence of ARs is rather low on average (4% i ' i
Considering-the-monthsAugust 20H7-to-May 202+for which-s

mean-precipitationfrequeneyis-0-AR, SWWM&&M%%% (MMMM@&L@%

WWMM@MQMI%%MIM

mmmmomw@m@w&@mmmmmwmm{mhemmm
year-to-year and month-to-month
variability of the precipitation fraction associated with ARs is large, with only 25% in 2021 and even 50% in 2018, In
particular, in the very wet month of September 2017, almost all precipitation, i.e., 145 mm (Fig. AS), can be related to the
(co-)occurrence of ARs. For the month with the highest precipitation amount, i.e., November 2020, both AR and cyclone
classes contribute together to about 80% of the total precipitation amount, with the O-CY class even dominating. Cyclones,
which occur more often (20%) than ARs, contribute similarly to the total precipitation amount, i.e., 21% for O-CY and 39%
Mmmprempmuon 0 i i

at Ny-Alesund: a distinct contribution of separated fronts (O-FR) to monthly precipitation amount can only be found in a

few months, e.g., August 2020 (O-FR: 35%). Regarding the whole time period, separated fronts contribute only about 4%

to the total precipitation. Only in combination with ARs and cyclones the value increases to 20%.

cannot be attributed to any of these weather patterns with an overall value of 29%. This residual is generally larger from earl
autumn to early spring, both in terms of absolute (Fig. A5d) and relative precipitation amounts (Fig. 2?b)-we-ecan-see-thatin
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need-to-be-more-than-These results are not directly comparable to the study by Lauer et al. (2023), as they focused on four
months only (May/June 2017, March/April 2019) and on the Arctic North Atlantic and Kara and Barents Seas. However, the
also found that fronts were of higher importance for precipitation in the summer period and that residual precipitation made u

about 30-mi

% of the total precipitation.
With the combined Parsivel/temperature-based mass separation method (sec. 3.2), we also analyzed the phase partitionin,
for the different weather systems (Table 5). Regarding the precipitation of all ARs from 1 August 2017 and— 31 December

of the precipitation amount is liquid. For all fronts and all cyclones, the liquid fraction is 63% and 38%, respectively. The
corresponding values for the different years vary, but the tendency of a higher liquid fraction for ARs and fronts is visible.

The highest liquid fraction occurs when ARs and fronts are co-located (86%). The high liquid fraction of precipitation related

to fronts is also due to the fact that front occurrence has a maximum in summer. Residual precipitation, which predominantly.
oceurs in autumn and winter, consists mainly of solid precipitation (79%) with yearly values ranging from 63% to 89%. The
importance of ARs for rain was also found by Lauer et al. (2023), as well as the higher contribution to snowfall of the residual
The high temporal resolution of the Pluvio and Parsivel measurements allows precipitation rates to be analyzed for shorter
time intervals. When looking at the hourly precipitation sums (Fig. 9), 50% of the sums have values lower than 0.4 mm and
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relative to the total precipitation amount of the different weather systems for different years

and the whole time period considered (1 August 2017 — 31 December 2021). Atmospheric rivers (AR), cyclones (CY) and fronts (FR

can occur separatel

Table 5. Fraction of liquid precipitation (in %

0O-AR, O-CY, O-FR) or at the same time in different combinations. "All" includes all cases with a certain system

regardless of whether the other two systems are present or not. Precipitation that can not be attributed to any of these systems is denoted
as "residual". The precipitation amount is taken from the corrected Pluvio data and phase information is obtained using the combined
Parsivel/temperature-based method.
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Figure 9. Cumulative relative occurrence of a) hourly and b) daily precipitation sums (gray) and cumulative relative contribution of these

recipitation sums to total precipitation amount (black) based on the corrected Pluvio data for the time period 1 Aug 2017 to 31 December

2021. The inlets are a zoom-in for hourly (daily) precipitation sums below 1 mm (10 mm).
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Figure 10. Relative-oecurrence-Boxplots of a)-maximum-and-b)-median~Z—for-al-MRR-hourly precipitation events—froem-amounts of the

different weather systems during 1 August 2017 te-and 31 December 262+-with-2021. a) Total (black), b) liquid (red) and withettc) solid
or at the same time in different combinations. "All" includes all cases with a certain system regardless of whether the other two systems
are present or not. Precipitation that can not be attributed to any of these systems is denoted as “residual’. Precipitation amount is taken
from the corrected Pluvio data and phase information from the combined Parsivel/temperature-based method. The whiskers indicate the

90% lower than 1.5 mm. The latter contributes only about 57% to the total precipitation at Ny-Alesund. Hourly precipitation
amounts larger than 3.6 mm make up only 2% of all non-zero hourly precipitation sums.
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Asseenfrom-Differentiating between different weather systems (Fig. 22;the MRR-is-quitesensitive for-detecting precipitating

maximumZe values during a precipitation-event 10) reveals that the largest hourly precipitation amounts are associated with the
occurrence of ARs with median hourly values between 0.5 mm and 0.7 mm. In 85% of the hours with ARs, liquid precipitation
occurs. Hourly liquid precipitation amounts are typically between i
%%WWMZMWMMMW
during ARs are relatively small since solid precipitation occurs only in 42% of all hours with ARs. Only for the AR-CY class,
both liquid and solid precipitation are common with median values of 0.2 mm and 0.1 mm, respectively. Apart from this,

cyclones (all CY) are rather associated with solid precipitation (median hourly solid precipitation sum of 0.2 mm), while the

opposite is found for fronts (median hourly liquid precipitation sum of 0.1 mm). However, a closer look reveals that the liquid

wW&WMMM%MWWWM&%WmW
m)-residual precipitation is
rather related to solid precipitation which is also reflected in the hourly precipitation amounts with a median value for solid of
0.2 mm and 0 mm for liquid.

K ] | .  of thei Fig. 229b), we ce that tl ative distribution is Jess
sensitive-to-the-event-separation-eriterion—About-54%—(85find that 50% (90%) of all-precipitation-events-have-a-preeipitation
amount-of fess—than—the daily precipitation sums have values lower than 1.3 mm (510 mm) —Fhey-contributeto-about-6%

M&@w@mme total precipitation ameunt—Events-with-apreeipitation-amount-of-mere

-at Ny-Alesund. Very small precipitation amounts or
trace precipitation, i.¢., small but immeasurable daily precipitation events, are still challenging for observations and models.
Boisvertet al. (2018), who defined trace precipitation as days with less than 1 mm precipitation, showed large differences
in the occurrence and annual amount of trace precipitation over the Arctic Ocean between eight reanalyses. However, trace
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Table 6. Upper 2% of events-the days between 1 August 2017 and 31 December 2021 with the highest precipitation amount ranked in
terms-of-theirpreeipitation-amountdescending order. In addition to the daily precipitation amount and-duration—of-from the preeipitation
eventcorrected Pluvio data, the liquid fraction based on the combined Parsivel/temperature-based method and the weather systems detected

at least once during the event are reported, i.e., atmospheric river (AR), cyclone (CY) s-and front (FR).

# Period-Date _ Amount Buration-Liquid fr:
Date/Fime UFC)- (in mm) (hin %)
1 +2-13 Jan 2018 -20:37—14-Jan2018:-62:00 7977 29-89
2 26-Feb204810:25—27Feb2048:16:379 Nov 2021 50 36-1
3 09-Nov-2021-00:56—10-Nev-2021-17:60928 Nov 2020 6143 460
4 OFSep201719:58—03 Sep201747:3518 Noy 2018 5741 4693
5 +8-Bee-26 Feb 2018 -0+:3+—26-Dec 2648,-65:62 5538 5244
6 +7Nov-204819:2+—19-Nov-2048,14:244 Dec 2021 5635 430
7 +4-Nov-2026,-05:36—17Nov-2026,-00:253 Sep 2017 5034 67100
8 27 Nev-2020,18:02—29-Nev-2620,6+:34Feb 2018 4832 AR-EY—9
169 36-Aug2018,-06:08—31+-Aug 2048674625 Sep 2017 4226 AR-CYFRH-09Ful 2048 1+4:31 —H-Jul2048,-62:45 34-100
+2-10_ 24-23 Sep 2017 20:47—26-Sep2647:-00:44 3231 28-100

recipitation can make up a substantial proportion of the total precipitation amount —Foeetsing-on-extreme-events;te;over the
central Arctic Ocean (Boisvert et al., 2018; Barrett et al., 2020). The question of whether these small amounts of precipitation
685 that numerical models frequently generate occur also in reality has not yet been completely answered. This is also due to

missing accurate reference observations. At Ny-Alesund, trace precipitation (i.e., non-zero daily precipitation amount <1 mm

is reported from the corrected Pluvio data for about 16% of the time of the analyzed period. It accounts for 44% of the
days with precipitation recorded. Trace precipitation is thus a common feature of the atmospheric state at Ny-Alesund. The
annual trace precipitation amounts for 2018-2021 are between 20 to 30 mm. Compared to the annual precipitation amount,

690

25-and-67-h-nterestingly; almostall-eventstexcept for onejare these values are rather small. For example, for 2021, the annual
trace precipitation amount is 5.5% of the total precipitation amount at Ny-Alesund. Days with trace precipitation can be mainly
related to the residual class (43%) followed by cyclone-related events, in particular with the O-CY class (18%). Focusing more

695 on processes on the local scale, trace precipitation could also be associated with the eceurrence-of-an-AR—However-also
clouds in conjunction with katabatic winds (Gierens et al., 2020), with the dry katabatic flow leading to the sublimation of a
large portion of the precipitating mass.
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Fhis-When focusing on the right tail of the distribution of the daily precipitation amounts, in particular on the 2% of the days
with the highest precipitation amounts (Table 6), we find that all of these events are related to enhanced water vapor transport

from the North Atlantic w

form of ARs and in combination with fronts. In these situations, the liquid fraction is also often high. Exemplarily, the ERAS5
integrated water vapor and the detected AR for the day with the highest precipitation sum, 13 January 2048—With-the-arrival

ARs—Thefor the other days with extreme precipitation revealed that the prevailing general circulation patterns featare-a-high

MSEP-are a high surface pressure system over Scandinavia/the Barents Sea and/or a fow-pressure-low surface pressure system
located over the North Atlantic near Iceland (not shown). In the case of a (blocking) high-pressure system over Scandinavia,

enhanced water vapor transport into the Arctic is realized along its western flank. In the majority of the extreme precipitation

cases, cyclones also developed in the Fram Strait or off the coast of northeastern Greenland, which also drive the water vapor
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Figure 11. Number of days with liquid precipitation >1 mm and relation to atmospheric rivers (AR), cyclones (CY) and fronts (FR). Weather

systems can occur separately (O-AR, O-CY, O-FR) or at the same time in different combinations.

transport from the North Atlantic to Ny—/oxlesund: water vapor is then advected along their eastern flank, resulting in enhanced
precipitation at the site. Additional precipitation might also occur when polar air that is advected on the backside of these
cyclones hits the warm and humid North Atlantic air. These findings are generally consistent with the composite analysis of
extreme precipitation events at Spitsbergen-Svalbard by Serreze et al. (2015), who analyzed station and MERRA reanalysis
data from 1979 to 2014. They showed that the general synoptic situation is linked to low MSEP-surface pressure systems off
the southeast coast of Greenland and between Greenland and SpitsbergenSvalbard, with positive anomalies in 500 hPa height
over Scandinavia and the Barents Sea and negative anomalies centered over Greenland. These conditions favored a southerly
flow with advection of water vapor from the North Atlantic. Fhe-strong-Strong uplift in the regions of low MSEP-also-favored
theformation-of precipitation—surface pressure caused precipitation formation.

Another type of "extreme” precipitation event is liguid precipitation during the cold season. As mentioned before, rain-on-snow
events are of particular interest since they can have severe implications for wildlife and Arctic communities. We investigated
the number of days with liquid precipitation >1 mm in each month and connected it to the occurrence of the different weather
systems (Fig. 11). As expected, most of these days can be found from May to September when temperatures are predominantly.
above 0°C (Fig. A2). However, except for the relatively cold 2019/2020 winter (Fig. A2), liquid precipitation days are also
common from November to April. Almost all liquid precipitation days are connected to at least one of the weather systems
and all liquid precipitation days from November to April (22 in total). 91% of these days are connected to ARs with a median
liquid precipitation amount of 5 mm. 64% and 45% of these days are related to fronts and cyclones, respectively.

5 Summary and conclusions

Surface observations of precipitation are very scarce in the Arctic. This makes the few locations where continuous precipitation

measurements are available even more important. In mid-2017, a MRR;-a—Parsivel--Parsivel and a Pluvio were added to

the instrument suite at AWIPEV, Ny-Alesund, providing temporally highly resolved (1 min) information on precipitation
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amount and type. Their measurements thus eontribute-te-complement the existing precipitation observations at Ny-Alesund,

e.g., the long-term precipitation records by MET Norway with the 12 hourly manual precipitation gauge and hourly Geonor
observations. In particular, with the new automatic measurements on precipitation phase another important variable linked to
recipitation is now available. i i i i i

—This study has addressed the potential of these ebservations

discrimination of the precipitation phase and the corresponding mass separation, By combining the precipitation observations
of more than four years of-data—

s—August 2017-31 December
2021) with ERAS reanalysis data, we also assessed the impact of synoptic-scale weather systems, namely ARs, cyclones and
fronts, on precipitation characteristics at N -Alesund.

Based on the Parsivel precipitation type classification
we found that almost all precipitation is solid below 0.4°C and liquid above 3.6°C. In-between, liquid precipitation occurrence

~%_occurrence at 1.87C, The temperature dependency
does not change when moving from minute to hourly accumulated/averaged data. To discriminate liquid and solid precipitation
amounts for the whole period considered, we used the Parsivel precipitation type information in combination with the derived
temperature-based mass separation (when no Parsivel information was available). Differences in liquid (and correspondingly
solid) precipitation sums of corrected Pluvio data can be quite large compared to a simple temperature threshold method of
12C. The latter leads to increased annual liquid precipitation sums by six to 15 percentage points, highlighting the importance
of a more precise phase discrimination.

ince no reference precipitation
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hase measurements are available in high temporal resolution, the Parsivel classification could only be checked for consistenc
with 2 m temperature data. Some inconsistencies could be identified with an increased liquid precipitation frequency at -22°C

and an increased solid precipitation frequency at around 5>°C. While the latter is related to cases with higher wind speeds
affecting the assumption of the fall speed of the particles, the liquid occurrence at low temperatures could not be explained
completely. With the measurements of the video in-situ-in situ snowfall sensor, which has-been-was installed in September

2021, these cases can be analyzed in more detail in the future. This might allow for a more refined-detailed evaluation of pre-

cipitation type from Parsivel or even help to establish an improved (and open source) retrieval method for precipitation type,
which could also directly incorporate temperature information as a further constraint. In many-studies;-preeipitation—typeis

‘February 2025, a Thies disdrometer
was operated by the University of Leipzig close to the balloon hall about 30 m away from the Parsivel. A comparison of the
mmmrempﬁaﬂon Wﬂ%ﬂ%%%mﬁﬂé@w&@w&h@&@wmx
of the me
22% disdrometer-derived precipitation phase classification. The observed precipitation phase — temperature dependency can
subsequently also be used to assess the phase partitioning in numerical models.

The occurrence of ARs, cyclones and fronts has a distinct impact on the precipitation characteristics at Ny-Alesund.
Although ARs occurred only 8% of the time at Ny-Alesund, they contributed to about 42% to the total precipitation amount
of the corrected Pluvio measurements in the time period 1 August 2017 to 30%-of the-annual-precipitation-amountis purely
Hquid-with-another31 December 2021 considering all cases, i.e., with or without colocated cyclones and fronts. Even for the
low presence of ARs only (O-AR; 4 g ‘ i Hicuid/mi ipitation(i

57%)in2618-seems-unusual% of the time), their contribution to total precipitation is 20%. Similar precipitation fractions can
be found for cyclone (CY)-related classes with 21% for O-CY and 39% for all cyclones. However, a-meore-extended-time-series

clones are in general more frequent than ARs (20%). Except
for a few months in summer, precipitation associated with fronts seems to play a minor role at N -Alesund. In eneral, a few

higher liquid mass fraction is found
than for cyclones (38%). Residual precipitation, i.e.

rates are generally larger for precipitation during AR-related weather types with the highest hourly liquid precipitation sums.
Both large liguid and solid hourly precipitation sums can only be found when ARs and cyclones occur at the same time. If
cyclones and fronts occur separately, solid hourly precipitation rates dominate. For fronts, hourly liquid precipitation sums are
notably larger if ARs are present as well.
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Daily precipitation amounts at Ny-Alesund are typically very low with 50% of the daily sums being smaller than 1.3 mm.
While trace precipitation with daily precipitation amounts < 1-minreselved-valaes); Parsivel-andPlavie-detectonly-preeipitation

830

radarrefleetivity-values-are-can make up a substantial proportion of the total precipitation amount in the central Arctic, it plays
a minor role in the total precipitation at {east-N —Alesund, where it is mainly related to the residual and O-CY classes. 50%
of the total precipitation in the analysis period is attributed to daily precipitation amounts of >10-dBZ-at-seme-time-during

—1 o h—1 VA

835

ineluding-the-proposed-method by Schogeretak(202h- mm, The days with the highest 2% of daily precipitation sums (10

days in total) contribute 18% of the total precipitation. All of these extreme precipitation events are related to enhanced water

vapor transport from the North Atlantic or Eurasia, often in the form of ARs and in combination with fronts. In these situations,

840  the liquid fraction is also often high. Almost all days with liquid precipitation >1 mm are associated with at least one of the
three weather systems. In the months of November to April, 91% of these days are connected to ARs.

Still, a few points should be noted regarding the presented analysis. The absolute values of the precipitation amount are still

uncertain. As seen from the comparison with the uncorrected Geonor data, the corrected Pluvio measurements (using the algorithm by Wolf

are likely still underestimated. Following Champagne et al. (2024), different correction functions will be applied ;-and-the

845 performance-of radar-based-precipitationretrievalsfor Ny-Alesund-willbe-assessed—TFhe-V

850

during August 2047 and Deeember 202 +eontribute 28%-to-in the future to better account for the uncertainties of the Pluvio data
record. An extended comparison with the processed Geonor precipitation data will provide further insight into the measurement
uncertainties. Since the hourly resolved Geonor data have been available since 1997, the study could be expanded to a longer
855  time series to look also into potential changes in precipitation characteristics and their relation to the totat precipitationamount
of-all-events-considered—Al-the-extreme-events-analyzed-coineide-with-weather systems. The precipitation measurements from
the Bayelva site about 3 km southwest of Ny-Alesund (Boike et al., 2018) could also be incorporated to better understand
the local precipitation variability at this complex location. This is also relevant when setting the measurements in context
with simulation results of numerical models. As these models often produce a lot of small. potentially artificial precipitation
860 amounts, it would be interesting to look more into the trace precipitation events, While these events are probably the most
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challenging ones for precipitation gauge observations, in particular for classical manual gauges, the higher sensitivity of the
Parsivel might be beneficial. Also, additional observations from the cloud and micro rain radar will be helpful in identifying
blowing snow events that might be falsely interpreted as precipitation.

To connect precipitation at Ny-Alesund to ARs, cyclones and fronts, we applied a very straightforward approach following
Lauer et al. (2023). One criterion was that the weather systems have to be detected over the Ny-Alesund model grid box.
This excludes cases when Ny-Alesund is already under the influence of a certain weather system that is not directly located
above the site. Also, the occurrence and shape of a weather system depend very much on the applied definition and thresholds
used (Lauer et al., 2023). We have seen that enhanced water vaportransport-into-the-Aretie-with-H-out-of 12-casesrelated-to
atmospherie tiver events-The-, as highlighted already in other studies, is important for the precipitation at Ny-Alesund. Instead
of using very strict geometric criteria as applied for the detection of ARs, percentiles of water vapor amount or transport might
Mm% temporally hlghly resolved pfeerpft&&efreb%efva&eﬂ%
i 2:38)

microwave radiometer observations of water vapor can be exploited here (Nomokonova et al., 2019). Also, combining the
temporally highly resolved precipitation measurements with the additional infermation—{rem—the—other—in-sttu—and-remote

sensing observations at AWIPEV will thus—further shed light on the precipitation processes, e.g., precipitation formation,

sublimation, and evaporation. Here, the combination with the cloud radar and micro rain radar will be exploited further in the

future so that precipitation characteristics can be described in more detail and also be linked to cloud microphysics (e.g., with

dual- frequency and polanmetry approaches; Chellini et al., 2023) Meiﬁe—defaﬂeérea%ﬁwdies—%hemt&ﬁ-yeaﬁd&&a—%%

Data availability. The Pluvio (Ebell et al., 2023b) and Parsivel data (Ebell et al., 2023a) have been published on PANGAEA. The 12 hourly
precipitation sums of the precipitation gauge of the Norwegian Meteorological Institute (MET Norway) and the corrected precipitation
estimates have been taken from Jacobi and Champagne (2024). 2 m temperature and wind observations at AWIPEV are from Maturilli
(2020). The ERAS reanalysis datasets were provided by ECMWEF (Hersbach et al., 2023b, a). The global atmospheric rivers catalog for
ERAS reanalysis is available on PANGAEA (Lauer et al., 2023). The detected weather systems (atmospheric rivers, cyclones, fronts) at
Ny-Alesund for 20172021 are available in Lauer (2024).

Appendix A: MRR-ealibration-evaluation
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Figure A3. recipitation sums at Ny-Alesund for 1 August 2017 — 31 December 2021. a) Monthl

uncorrected precipitation amount of MET Norway precipitation gauge vs. Pluvio. b) Corrected monthly precipitation amount of MET Norwa

Scatter plots of monthly and dail

recipitation gauge (ensemble mean correction by Champagne et al., 2024) vs. Pluvio (with correction from Wolff et al., 2015). ¢) Same as

a) but for daily data. d) Same as b) but for daily data. The bias, root-mean-squared difference, the standard deviation and the correlation are

shown as well.
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