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This article presents the results of snowfall rate and accumulation estimates from a vertically pointing
35-GHz radar and other sensors deployed during the Multidisciplinary drifting Observatory for the Study
of Arctic Climate (MOSAIC) expedition. The radar-based retrievals are the most consistent in terms of data
availability and are largely immune to blowing snow. The total liquid-equivalent accumulation during the snow
accumulation season is around 110 mm, with more abundant precipitation during spring months. About half of
the total accumulation came from weak snowfall with rates less than approximately 0.2 mmh™ The total
snowfall estimates from a Vaisala optical sensor aboard the icebreaker are similar to those from radar
retrievals, though their daily and monthly accumulations and instantaneous rates varied significantly.
Compared to radar retrievals and the icebreaker optical sensor data, measurements from an identical
optical sensor at an ice camp are biased high. Blowing snow effects, in part, explain differences. Weighing
gauge measurements significantly overestimate snowfall during February-April 2020 as compared to other
sensors and are not well suited for estimating instantaneous snowfall rates. The icebreaker optical
disdrometer estimates of snowfall rates are, on average, relatively little biased compared to radar
retrievals when raw particle counts are available and appropriate snowflake mass-size relations are used.
These counts, however, are not available during periods that produced more than a third of the total snowfall.
While there are uncertainties in the radar-based retrievals due to the choice of reflectivity-snowfall rate
relations, the major error contributor is the uncertainty in the radar absolute calibration. The MOSAIC radar
calibration is evaluated using comparisons with other radars and liquid water cloud-drizzle processes
observed during summer. Overall, this study describes a consistent, radar-based snowfall rate product for
MOSAIC that provides significant insight into Central Arctic snowfall and can be used for many other
purposes.
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1. Introduction ice is also important for sea-ice forecasts (Webster et al.,
Snowfall is a crucial element of the Arctic climate system. 2020; Wagner et al., 2021).

It affects thermodynamic profiles in the atmosphere
through latent heat transfers associated with snowfall pro-
cesses (e.g., water vapor deposition, sublimation). Snowfall
is one of the largest sinks of moisture in the atmosphere,
and it is also a significant component of the Earth’s hydro-
logical cycle. Snow on the surface, which is generally
determined by snowfall, affects the albedo and the ther-
mal conduction of energy through the subsurface layer,
thus playing important roles in the surface energy budget.
Because of these processes, quantifying snow layers on sea
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Some satellite measurements, such as those from the
CloudSat W-band (approximately 94 GHz) spaceborne pro-
filing radar (Im et al., 2005; Wood et al., 2013), provide
retrievals of mean snowfall rates that are in reasonable
agreement with estimates from the ground-based U.S.
Weather Surveillance Radar-1988 Doppler (WSR-88D) net-
work (Matrosov, 2019). These satellite measurements,
however, are limited to the areas that are approximately
south of the 82° Northern latitude, thus missing a signif-
icant portion of the central Arctic Ocean. In situ measure-
ments of snowfall in the central Arctic Ocean are
extremely scarce, especially in the winter months. As
remote sensing measurements, ground-based measure-
ments of snowfall usually have large uncertainties
(Rasmussen et al., 2012).

The Multidisciplinary drifting Observatory for the Study
of Arctic Climate (MOSAIC) expedition was a 1-yearlong
field experiment in the Central Arctic, which started in

220z Aey €0 uo 3senb Aq ypd° L0100 L 202 BIUBWRIS ¥ 2L LLG/L0L00/L/0L/Pd-BloE/EjUsWS|a/NPa ssaIdoN auljuo//:dlY WOl papeojumod


https://orcid.org/0000-0003-4816-1375
https://orcid.org/0000-0003-4816-1375
https://doi.org/10.1525/elementa.2021.00101

Art. 10(1) page 2 of 20

early October 2019. The overarching goal of the expedi-
tion was to collect a comprehensive data set about the
Arctic climate system in an area that is undergoing fast
changes and generally lacks reliable observations of many
components of this system (Shupe et al., 2020). Many
remote and in situ sensors were deployed onboard the
drifting icebreaker Polarstern and in a nearby sea-ice camp
to make measurements of atmospheric, oceanic, and sea-
ice properties that affect the climate system (Shupe et al.,
2022). These measurements will be used to refine existing,
and develop new, regional and global climate models.
Such models can serve as tools to understand climate
change and enhance weather and sea-ice forecasts in the
Arctic region where model uncertainties are among the
largest (Hodson et al., 2013).

A remote sensing instrumentation suite on the ice-
breaker, included a Department of Energy (DOE) Atmo-
spheric Radiation Measurement (ARM) Program K,-band
(approximately 35 GHz) zenith-pointing radar (KAZR).
Although originally designed for cloud observations
(Kropfli et al., 1990), millimeter-wavelength radars oper-
ating at K,- and W-bands have also proved to be very
useful for snowfall measurements (Matrosov et al.,
2008). A ground-based K,-band radar similar to the KAZR
was first used for snowfall retrievals during the Surface
Heat Budget of the Arctic Ocean study (Uttal et al., 2002),
where radar-derived accumulations were on average
biased high by 23% compared to the surface snowfall
gauge measurements (Matrosov et al., 2008).

Cloud radar-based observations used to derive snow-
fall are usually obtained from the lowest sufficiently reli-
able range gate (i.e., at a height of 160 m from the radar
site, which was at 14 m above the surface during MOSAIC),
which alleviates effects of blowing snow on radar echoes.
The radar-based approach can provide high-temporal res-
olution estimates of instantaneous snowfall rate (i.e.,
snowfall flux) unlike tipping bucket-type gauge data,
which are based on incremental “tip” measurements.
High-temporal resolution snowfall data are needed for
many practical applications including model verification.

The objectives of this study were (1) to assess the con-
sistency of various snowfall measurements using different
approaches and MOSAIC precipitation sensors/gauges
with an emphasis on evaluating the quality of radar-
based snowfall estimates, (2) to quantify the seasonal evo-
lution of snowfall at MOSAIC, and (3) to derive a consistent
MOSAIC data set of high temporal resolution (approxi-
mately 30 s) snowfall rate/flux data that can enable fur-
ther model and observational studies of snowfall and its
processes.

2. Radar-based snowfall retrieval approach

The KAZR-type radars used in this study are deployed
at most of the fixed ARM sites and mobile facilities
worldwide. ARM's North Slope of Alaska (NSA) facility
(71.325° N, 156.608° W) is a convenient location for test-
ing and verification of KAZR-based retrievals of snowfall
rates. Importantly, a National Oceanic and Atmospheric
Administration (NOAA) U.S. Climate Reference Network
(CRN) station (Diamond et al., 2013) is located next to the
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NSA ARM facility at Utqiagvik (formerly Barrow, Alaska). It
operates a Geonor-type (Lamb and Swenson 2005) weigh-
ing precipitation gauge with a double fence intercompar-
ison reference (DFIR) wind shield. This type of DFIR gauge
serves as a World Meteorological Organization standard
reference for measuring solid precipitation and is consid-
ered to provide the most reliable estimates of snowfall
accumulations (Rasmussen et al., 2012).

The absolute calibration of the NSA KAZR radar in the
general (GE) measurement mode has been recently evalu-
ated using drizzle-cloud microphysical processes (Maahn
et al., 2019). This evaluation indicated that the NSA KAZR
equivalent reflectivity factors (Z,, hereafter reflectivities)
were about 1 dB too low, but this average offset was stable
in time. Statistical comparisons of KAZR and CloudSat
measurements for an earlier period suggested a bias of
about 3 dB (Kollias et al., 2019). The absolute calibration
of observed Z, values is important, since for vertically
pointing radars, snowfall retrievals are primarily based
on relations between Z, and liquid-equivalent snowfall
rate, S, that are typically expressed as a power-law approx-
imation:

Z,(mm®m~>) = 2 $(mm h™"), (1)

where a and b are obtained either theoretically or empir-
ically. Reflectivities for vertically pointing radar measure-
ments (especially those at cloud radar frequencies) depend
on the degree of particle nonsphericity (Matrosov et al.,
2012). One of the earliest K,-band, Z—S relations was
suggested by Matrosov (2007). The mean values of coeffi-
cients a and b (56 and 1.2, respectively) for typical atmo-
spheric pressure (approximately 1013 hPa) were obtained
assuming that the average aspect ratio of ice hydrome-
teors (i.e., the ratio of particle minor and major dimen-
sions) is 0.6. This average value was obtained from
two-dimensional particle projections in an in situ
aircraft-based observational study of Korolev and Isaac
(2003). Advanced polarimetric radar measurements can
provide information on precipitation type and general
shape of both solid and liquid hydrometeors (Reinking
et al., 2002; Matrosov et al., 2012; Matrosov, 2021).
MOSAIC cloud radars, however, were measuring only a sin-
gle polarimetric variable—linear depolarization ratio
(LDR), which is strongly affected by particle orientation
and is not ideal for hydrometeor shape retrievals.

Recent retrievals of snowflake shapes near the ground
using advanced scanning polarimetric radar measure-
ments at Oliktok Point, Alaska, have indicated that their
mean aspect ratio is often between 0.4 and 0.6 (Matrosov
et al., 2020). The use of the microphysical data set from
Matrosov (2007) with a change of the assumption about
the average snowflake aspect ratio (i.e., 0.5 instead of 0.6)
results in Equation 1 coefficient a and b values of approx-
imately 63 and 1.2. Thus, the relation Z, (mm®m) = 63 §'*
(mm h™") was used here for snowfall rate retrievals. Figure
1 compares relations Z, = 63 S'* and Z, = 56 S"* with
several other K,-band ZS relations obtained empirically
using observational data (e.g., Falconi et al., 2018; Heyms-
field et al., 2018; Huang et al., 2019) for different
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Figure 1. Standard air pressure K,-band Z_-$§
relations for vertically pointing radar
measurements from different studies: (al), (a2),
and (a3) Falconi et al.'s (2018) relations for low,
moderate, and high rime snow, correspondingly, and
their table 2, (b) Matrosov (2007), (c) this study, (d)
Huang et al. (2019) and their table 3 HB method
producing the best agreement with gauge data, (e)
Kulie and Bennartz (2009) for aggregate snowflakes,
and (f) Heymsfield et al. (2018) and their table 3. DOL:
https://doi.org/10.1525/elementa.2021.00101.f1

snow conditions and also theoretical considerations (e.g.,
Kulie and Bennartz, 2009). It is clear that this set of rela-
tionships produces a wide range of snowfall rates as a func-
tion of reflectivity, implying significant uncertainties in
these relationships.

The relation Z, = 63 S was applied to the NSA KAZR
measurements to retrieve snowfall rates during
a 6-month cold season period (November 1, 2017, to
April 30, 2018) when practically all observed precipita-
tion fell as snowfall. KAZR reflectivities were corrected
for the 1-dB mean offset as found by Maahn et al. (2019).
Figure 2 shows time series of the liquid-equivalent
snowfall accumulation for the radar-based retrieval. The
snowfall rate retrieval was applied to radar measure-
ments with a time resolution of about 3.7s and then
averaged in 1-min intervals. The lowest radar range gate
used for the retrieval was at a height of 0.16 km above
the KAZR location, which is high enough to minimize the
effects of blowing snow near the ground. Attenuation of
the K,-band radar signal in atmospheric gases and dry
snow at shorter ranges is generally small compared to the
radar calibration uncertainties and was neglected. Since
particle terminal velocities are approximately scaled as
pa **3, (Pruppacher and Klett, 1978), where p,, is the air
density, the snowfall rate inferred from Equation 1 was
corrected using a mean vertical profile of air density to
get an estimate at a height h as:

S(h) = Slpa(h = 0)/p,(h)"*. (2)
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For comparison, equivalent melted snowfall accumu-
lation from the CRN DFIR gauge and a collocated Vai-
sala Present Weather Detector (PWD) optical
precipitation sensor are also shown in Figure 2a. The
CRN and PWD data are sampled at 5- and 1-min time
intervals, respectively. The NSA Vaisala PWD system is
similar to the PWD systems deployed at MOSAIC (see
Section 3). Figure 2a shows that the agreement
between CRN gauge data and radar retrievals of total
snowfall accumulation for the entire 6-month period is
relatively good, even though some noticeable differ-
ences exist at particular times.

To illustrate these differences, Figure 2b shows a scat-
ter plot of CRN (acgn) and KAZR (agazgr) derived 24-h ac-
cumulations for snowfall days. It can be seen that
a number of very small accumulations (<0.01 mm)
retrieved by the radar were not recorded by the CRN
gauge. For the data in Figure 2a, the normalized bias
(NB), which is a statistical metric often used when com-
paring radar-based retrievals with gauges (defined as NB =
<(akazr— acrn)>/<acrn>100%, where the angle brackets
denote averaging), is about —13%, and the normalized
mean absolute difference (NMAD), which is another sta-
tistical metric describing a relative spread of the data
(NMAD =< |agazr-acrn|>/<acrn>100%), is 79%, respec-
tively. There is also a height dependence of radar-based
retrievals indicating that snowfall rate/flux changes as
a function of altitude. A collocated PWD sensor consis-
tently overestimated accumulations relative to CRN and
radar-based retrievals (Figure 2a).

While snow accumulation is an important climatolog-
ical quantity, many practical and scientific applications
(e.g., model verification activities) require knowledge of
instantaneous snowfall rates/fluxes. The CRN DFIR
gauge, which provides an overall robust reference for
accumulation measurements, is not very suitable for the
estimates of instantaneous precipitation rates. The short-
est time interval of CRN gauge data is 5 min, and the
smallest accumulation increment is 0.1 mm. Quite often,
however, multiple minimal accumulation increments are
recorded at a particular moment in time. Due to issues
mentioned above, nonzero snowfall rate data from CRN
DFIR weighing gauge are intermittent and can overesti-
mate actual rates at certain times. This is illustrated in
Figure 3, where estimates of snowfall rate from different
sources are shown for an NSA precipitation event
observed on January 28, 2018. Note that the first
0.2-mm CRN accumulation increment (at around 01:05
UTC in Figure 3) is due to snowfall observed during the
previous day.

Unlike the CRN DFIR gauge, the PWD optical sensor
and radar retrieval provide continuous, high-temporal res-
olution instantaneous snowfall rate. The PWD data, how-
ever, significantly overestimated snowfall accumulations
relative to the CRN reference. Blowing snow probably con-
tributed to the PWD data overestimation. To illustrate this
point, Figure 3b shows a scatter plot of the difference
between PWD and KAZR-based snowfall rates (i.e., AS =
Spwp-Skazr) as a function of near-surface wind speed. A
time lag of 160s between KAZR and PWD estimates was
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Figure 2. (a) Snowfall accumulation at the North Slope of Alaska site during a 6-month period (November 1,
2017, to April 30, 2018) as retrieved from K,-band zenith-pointing radar (KAZR) observations at 0.16 km
and measured by the Climate Reference Network (CRN) gauge and Vaisala Present Weather Detector
optical sensor and (b) a scatterplot of daily accumulations as inferred from the CRN and KAZR
measurements. DOI: https://doi.org/10.1525/elementa.2021.00101.f2

)
& L - KAZR, h=0.16 km (AGL)
- CRN at the surface from 5 min dat
€ | ARM PWD at the surface 1 min data
- |
t 4
°
g B 0.3 mm increment in 5 min-------memeev; >
= a
o 3
o |
T
(] [ [ < 0.2 mm increment in 5 min------- >
= i
o 2+
E |
e -
[ I
"z%' R
=1 !'["\ |
g ’ \\
| N m”’ i 1
g ol N Dy gl
N &):00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
time (UTC)

b)

15

5 10
wind speed (ms™)

Figure 3. (a) Estimates of snowfall rates at the North Slope of Alaska site from K,-band zenith-pointing radar
(KAZR) retrievals and Climate Reference Network (CRN) gauge and Present Weather Detector sensor data for
January 28, 2018, and (b) a scatter plot of the difference between the CRN and KAZR 1-min resolution estimates
of snowfall rate as a function of near surface wind speed. DOI: https://doi.org/10.1525/elementa.2021.00101.f3

used to account for a time it takes for snow to reach the
ground from 160 m height at typical snowflake fall veloc-
ity of 1 ms™". As seen from Figure 3b, AS values are
generally higher for wind speeds greater than about
3-4 ms™' compared to calm conditions. Radar retrievals
provide instantaneous snowfall rate estimates that are in
a better agreement with CRN gauge accumulations
(Figure 2a). This demonstrates the practical utility of KAZR-
based retrievals for providing a reliable snowfall data set.

3. MOSAIC snowfall measurements

3.1. MOSAIC snow sensors and gauges

Several snowfall gauges and sensors were deployed during
the MOSAIC expedition by the U.S. DOE's ARM Program
(Shupe et al., 2022). Two optical sensors, which are parts of
the version 22 Vaisala PWD systems (Kyrouac and Hol-
dridge, 2019), were deployed on the icebreaker and in the
ice camp, located approximately 400 m away from the
icebreaker. Second generation Particle Size and Velocity
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Figure 4. Multidisciplinary drifting Observatory for
the Study of Arctic Climate (MOSAIC) expedition
track when K,-band zenith-pointing radar-based
snowfall rate retrievals are available. Red, yellow,
and green colors correspond to the periods of Legs
1-3 of the MOSAIC expedition, respectively. DOI:
https://doi.org/10.1525/elementa.2021.00101.f4

(PARSIVEL-2) optical disdrometers (Nemeth and Beck,
2011; Wang et al., 2019) were also deployed both onboard
the icebreaker and in the ice camp. Besides the optical
sensors, the ice camp site had a Pluvio weighing bucket
precipitation gauge (Nemeth, 2008; Bartholomew, 2020).
Additionally, a Siphon gauge and a precipitation sensor,
which was a part of the Aerosol Observing System (AOS;
Kyrouac and Springston, 2019), were deployed on the ice-
breaker. To reduce the influences of blowing snow, the ice
camp disdrometer and Pluvio gauge were sheltered by
double Alter wind shields (Rasmussen et al., 2012).

3.2. Daily accumulations

The KAZR was operational almost continuously during the
first MOSAIC drifting period spanning from October 11,
2019, until May 14, 2020. The geographical coordinates of
the MOSAIC icebreaker during the drift are shown in
Figure 4. Some other precipitation sensors became oper-
ational at later dates (e.g., starting on October 14 or 17,
2019). There was, however, little precipitation during
the period between October 11 and 17, 2019. The radar-
based estimates of liquid-equivalent accumulation during
the period October 11-17, 2019, were approximately
0.4 mm. During the drift, there were only relatively minor
periods when the radar was not operational (most notably
a period between approximately 18:40 UTC on March 9,
2020 and approximately 14:20 UTC on March 10, 2020).

Art. 10(1) page 5 of 20

Near-surface air temperature during the October 2019—
May 2020 KAZR operation period was generally below
0°C, so it was assumed that all precipitation fell as snow-
fall. Some exceptions happened during short periods on
April 28 and 29, 2020, when episodes of freezing drizzle
were observed. Radar-based retrievals for the entire April
28-29 period, however, indicated only a minor contribu-
tion of about 0.2 mm of liquid-equivalent accumulation.
GE-mode KAZR measurements (Lindenmaier et al., 2019)
were used in this study for snowfall retrievals.

According to the radar-based retrievals using the Z, =
635" relation, there were 35 instances of daily snowfall
accumulations exceeding 1 mm of liquid-equivalent dur-
ing the October 11, 2019—-May 14, 2020, MOSAIC drift
period. Figure 5 shows the time series of the daily accu-
mulations as derived from different MOSAIC sensors. Obvi-
ous spurious data from the Pluvio and PWD sensors (e.g.,
isolated data points indicating liquid-equivalent snowfall
rates greater than 10 mm h™' and repetitive data points)
were filtered out.

As seen from Figure 5, there were several periods of
increased precipitation during the drift. Even though the
magnitudes of accumulation differ, all the sensors indicate
that the highest amount of 24-h snowfall was recorded on
April 20, 2020 (day 193). Radar retrievals and those from
the icebreaker PWD (i.e., PWD;) sensor show similar oc-
currences of snowfall (Figure 5a vs. 5c¢), though accumu-
lation values were quite different for particular periods
(e.g., October 2019, March 2020). The ice camp PWD
(i.e., PWD;) sensor data were generally larger than those
from PWD; (Figure 5c vs. 5d). For the February through
April 2020 period (and the October 31, 2019, estimate),
Pluvio daily accumulations (Figure 5b) were significantly
larger than those from other sensors.

PARSIVEL disdrometers are customarily tuned to pro-
vide the estimates of precipitation assuming rain. As
a result, precipitation rates in disdrometer data files are
usually not consistent with snowfall. To overcome this
issue, MOSAIC PARSIVEL raw particle counts were used
in this study to retrieve precipitation rates. These counts
were converted to liquid-equivalent snowfall rate esti-
mates using a snowflake particle mass—size relation m =
0.0053D" (cgs units), which was used in previous studies
(e.g., Matrosov and Heymsfield, 2017). The icebreaker PAR-
SIVEL disdrometer (i.e., PARSIVEL;) was operational on
most of the days during the drift, though often it did not
provide data for extended periods during those days. The
ice camp PARSIVEL disdrometer (i.e., PARSIVEL,) was oper-
ational only intermittently and it did not provide sensible
data (Figure 5f). The Siphon and AOS precipitation gauges
did not produce sensible precipitation intensity/accumu-
lation data throughout the entire MOSAIC deployment;
thus, measurements from these gauges were not consid-
ered in this study.

3.3. Monthly accumulations

As an example, Figure 6 depicts the time series of liquid
water equivalent snowfall accumulation for November
2019 and April 2020 as estimated from different sources.
There was a period between approximately 00:00 UTC on
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Figure 5. Daily 24-h liquid-equivalent snowfall accumulations during Multidisciplinary drifting Observatory
for the Study of Arctic Climate as obtained from (a) K,-band zenith-pointing radar measurements at 0.17
km above the ground, (b) Pluvio, (c) PWD,, (d) PWD,, (e) PARSIVEL,, and (f) PARSIVEL, data. October 11,
2019, is Day 1. PWD = present weather detector; PARSIVEL = particle size and velocity. DOI: https://doi.org/10.1525/

elementa.2021.00101.f5

November 17, 2019 and approximately 10:20 UTC on
November 20, 2019, when ice camp instruments were not
operational due to a power outage. Note that for the
period of inactivity of the ice camp sensors during this
period (Figure 6a), KAZR-based estimates of snowfall
accumulation were approximately 3.3 mm. With this
3.3 mm addition, the Pluvio gauge November 2019 total
accumulation is not that different from the radar-based
estimates, though this gauge did not record any snowfall

after November 20, 2019, while other sensors indicated
appreciable snowfall.

As seen from Figure 6, the PARSIVEL; estimates of
accumulation are rather close to the KAZR retrieval for
April 2020 but only half of that for November 2019. PAR-
SIVEL, accumulation data are also significantly lower com-
pared to the results from other MOSAIC sensors for
December 2019 and January 2020 (Table 1). It should
also be mentioned that PARSIVEL data were earlier found
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Figure 6. (a) November 2019 and (b) April 2020 liquid-equivalent snowfall accumulation from different
Multidisciplinary drifting Observatory for the Study of Arctic Climate sensors. Pluvio and PWD, data are from
the ice camp site, whereas other sensors were on the icebreaker. KAZR estimates are at the height of approximately
0.17 km above the ground and the Z, = 635" relation. PWD = present weather detector; KAZR = K,-band zenith-
pointing radar. DOI: https://doi.org/10.1525/elementa.2021.00101.f6

Table 1. Estimates of snow water equivalent accumulation (in mm) during different months of the MOSAIC expedition.

DOI: https://doi.org/10.1525/elementa.2021.00101.t1

Sensor/Month 10/19 11/19 12/19 01/20 02/20 03/20 04/20 05/20 Total
KAZR (0.17 km) 59 125 12.1 12.3 171 16.3 17.4 17.9 1115
PWD, 12.9 10.2 7.2 9.4 16.6 6.3 18.9 271 108.6
PWD, 8.3 16.0 24.1 15.9 471 114 399 9.5 172.2
Pluvio 11.9 8.1 12.8 73 72.6 60.7 54.2 0.9 2285
PARSIVEL, 3.1 4.8 4.0 29 3.3 13.8 19.5 9.4 60.8
KAZR (0.23 km) 6.7 14.1 14.7 135 19.1 18.1 19.7 20.5 126.4

Radar-based estimates are shown as derived using the Z, = 635" relation. Subscripts 1 and 2 for sensor abbreviations refer to the
icebreaker and ice camp locations, correspondingly. The icebreaker/ice camp sensor period is October 11, 2019, to May 14, 2020/
October 17, 2019, to May 7, 2020. PWD, and Pluvio sensors did not operate during a period from approximately November 17, 2019,
until approximately November 20, 2019. MOSAIC = Multidisciplinary drifting Observatory for the Study of Arctic Climate; PWD =

present weather detector; KAZR = K,-band zenith-pointing radar; PARSIVEL = particle size and velocity.

to have significant uncertainties for measurements of
solid precipitation (Battaglia et al., 2010).

Table 1 shows monthly liquid-equivalent snowfall
accumulation data as obtained from different MOSAIC
ARM ground-based instruments during the period of the
drift. It can be seen from Table 1 that except for the first
half of the deployment, Pluvio gauge estimates of accu-
mulation are disparate from most other sensor results.
This includes a period of very large Pluvio accumulations
for the February—April 2020 period. For most of the obser-
vational period, PARSIVEL, disdrometer snowfall measure-
ments for monthly totals were also not consistent with
radar-based estimates.

As mentioned in the previous section, there was a time
period during March 9 and 10, 2020 when the KAZR was

not operational during precipitation. According to the
PWD; sensor, there was about 0.3 mm of liquid-
equivalent snowfall accumulation during this period. This
amount was added to the KAZR-based March 2020 esti-
mates shown in Table 1. Additionally, KAZR measure-
ments in October 2019 had some artifacts mostly
affecting low reflectivity data. This could result in higher
than usual uncertainties in retrievals of low snowfall rates
(less than about 0.02 mm h™").

As was also the case at the ARM NSA site (Section 2), in
the lowest radar range gates, there was often a decreasing
trend of MOSAIC KAZR-based snowfall rates with dimin-
ishing height above the ground. This decrease could be
due to snowfall sublimation or/and because of some dis-
tortion of radar echo signals at shorter ranges. In addition
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Figure 7. (a) Time-height cross sections of observed KAZR reflectivities and (b) near surface estimates of
snowfall rates from different MOSAIC precipitation sensors on November 11, 2019. Pluvio and PWD, data are
from the ice camp site, whereas other sensors were on the icebreaker. PWD = present weather detector; KAZR = K-
band zenith-pointing radar. DOI: https://doi.org/10.1525/elementa.2021.00101.f7

to the radar-based results at 0.17 km above the ground
level (AGL), Table 1 shows KAZR-based estimates at
a range gate height of 0.23-km AGL. As seen from Table
1, a mean decreasing trend was present for all months. If
the mean vertical gradient of snowfall rate between 0.17
and 0.23 km range gate heights is assumed to be repre-
sentative also for the layer below 0.17 km, where no reli-
able radar data exit, near surface estimates of snowfall will
be smaller than those at 0.17 km by about 10%—15%. The
use of the earlier relation of Z, = 565"* (Matrosov, 2007)
instead of Z, = 635"* would result in an increase of radar-
based snowfall retrievals by approximately 10% compared
to those in Table 1.

One striking result is a general mutual inconsistency
of two identical Vaisala PWD precipitation sensors, which
were deployed only several hundred meters apart (i.e.,
onboard the icebreaker and in the adjacent sea-ice
camp). As in the case with the NSA snowfall retrieval
tests (Section 2), the ice camp PWD, precipitation sensor
measured, on average, significantly larger snowfall accu-
mulations (compared to the radar-based results) during
the October 2019—February 2020 period. The PWD; sen-
sor deployed onboard the icebreaker provided accumu-
lation estimates that were, on average, similar to the
radar-based retrievals for the total amounts. Although
different wind conditions (and hence differences in
potential blowing snow effects) at the PWD sensor loca-
tions might contribute to the discrepancy of their snow-
fall intensity measurements, it is problematic to attribute
significantly dissimilar accumulation results only to a dif-
ference in wind effects. Analyzing instantaneous snowfall
flux/rate estimates from different MOSAIC sensors pro-
vides additional insights.

3.4. Instantaneous snowfall rates

The temporal resolution of KAZR reflectivity measure-
ments during MOSAIC was 2s. Snowfall rates derived from
radar data were estimated at this resolution and then
averaged in 30-s intervals. Estimates from the Pluvio,
PWD, and PARSIVEL precipitation sensors were available
at a 1-min resolution. Examples of precipitation rate re-
trievals and corresponding time-height KAZR reflectivity
cross sections for several representative significant
MOSAIC snowfall events are shown in Figures 7-9. These
cases are meant to highlight some of the key distinctions
and implications of the different observational
approaches.

Maximum KAZR reflectivity values on November 11,
2019 (Figure 7), were among the strongest observed dur-
ing MOSAIC and, at times, they exceeded 22 dBZ. Near
surface air temperature during this event varied approxi-
mately between —16 and —26°C. A general description of
MOSAIC meteorological events is also given by Shupe et
al. (2022). Liquid-equivalent snowfall accumulation for
November 11, 2019, was around several millimeters even
though there were noticeable differences among esti-
mates from different precipitation sensors (Figure 6a).
The bulk of snowfall accumulation was observed between
approximately 11:00 and 18:00 UTC.

The Pluvio weighing gauge resolution of accumulated
melted snow is 0.01 mm. Given the temporal resolution of
1 min, this corresponds to a 0.6-mm h™' minimal detect-
able precipitation rate. However, as for the CRN gauge at
the NSA ARM site (Section 2), the Pluvio gauge most often
recorded several minimal increments at a time, which
resulted in larger estimates of precipitation rates at the
times of these incremental increases in accumulation
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Figure 9. Same as Figure 7 but for March 19, 2020. DOI: https://doi.org/10.1525/elementa.2021.00101.f9

measurements (Figure 7b). These times were often sepa-
rated by extended periods when Pluvio-based precipita-
tion rates were estimated as 0 mm h™' even though
snowfall was continuous as seen by other precipitation
sensors and radar measurements. High snowfall rate esti-
mates from the Pluvio gauge (e.g., levels of 1.2, 1.8,...,
4.8 mm h™' in Figures 7b and 9b) correspond to the
increases of its accumulated melted snow measurements,
which are multiples of the minimal increment of 0.01 mm
(e.g., 0.02, 0.03,..., 0.08 mm). These high 1-min resolu-
tion snowfall rate estimates, however, are separated by the
values of 0 mm h™' for the times when there were no
incremental increases in accumulation.

Additionally, the Pluvio gauge did not indicate accu-
mulations outside the period between 11:00 and 18:00
UTC on November 11, 2019 (Figure 7b), and did not
record any precipitation on November 15, 2019 (Figures
5b and 8b), even though some significant snowfall was
observed by other sensors. Later in the deployment, Plu-
vio significantly overestimated snowfall compared to
other precipitation sensor data (Table 1 and Figures
5b and 9b).

The precipitation rate resolution of PWD optical sen-
sors is 0.01 mm h™". During some periods, there was an
approximate agreement between snowfall rate estimates
from both PWD sensors (e.g., a snow shower at around
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11:00 UTC on November 11, 2019; Figure 7). However,
very often (e.g., Figure 9b), these sensor measurements
were noticeably different. The optical sensor onboard the
icebreaker (PWD,) reported an error in precipitation rate
estimates (even though it was otherwise operational) dur-
ing the period of most significant snowfall between
approximately 14:40 and 18:30 UTC on November 11,
2019 (Figure 7b), and for most of the event on March
19, 2020 (Figure 9b). During the March 19, 2020, event,
which was characterized by relatively low near surface
wind (<5 m s7'), the ice camp optical sensor (PWD,) con-
tinuously recorded precipitation rate of exactly 1 mm h™
from about 6:30 UTC, which likely was an artifact. As
mentioned above, such obvious artifact data were
excluded when calculating daily and monthly
accumulations.

According to the AOS surface meteorology observa-
tions, wind speed during an event of November 11,
2019, was generally between 10 and 15 m s~ (not shown).
Given such conditions, some blowing snow affecting mea-
surements of surface-based sensors could be expected. No
significant erroneous snowfall rate measurements were,
however, recorded during the period between about
05:30 and 09:40 UTC (except a few PWD, measurements
of 0.01 mm h™") when according to the radar data (Figure
7a), there was no echo in the vertical atmospheric column
above the lowest radar range gate and hence no precipi-
tation. On the other hand, there was some evidence of
possible blowing snow effects between approximately
20:30 and 23:30 UTC (Figure 7b) with a significant num-
ber of PWD, estimates of 0.01 mm h™' during this time
interval. For rather short time intervals, possible blowing
snow contributions in the radar data are seen at approx-
imately 23:00 UTC (Figure 7b). The corresponding esti-
mates of snowfall rates, however, are less than about
0.002 mm h™', which does not significantly affect corre-
sponding total accumulations.

The snowfall shown in Figure 8 corresponds to a warm
front passage of a cyclone at about 10:00 UTC on Novem-
ber 15, 2019. As a result of the frontal passage, the tem-
perature increased to approximately —5°C (not shown).
Precipitation was observed throughout the day, except for
a period between about 08:20 and 11:00 UTC, when the
radar did not observe any significant echo (Figure 8a). All
ARM precipitation sensors except the icebreaker-based
PWD; optical gauge did not detect any precipitation signal
during this time. Nonzero PWD, estimates of precipitation
rates during this period were between about 0.01 and 0.2
mm h™' (Figure 8b), even though such estimates were not
continuous and they likely represented spurious data.

The icebreaker PARSIVEL; disdrometer measurements
did not indicate any precipitating particles during
extended periods of observations such as those before
about 11:00 UTC and after 18:00 UTC on November 11,
2019 (Figure 7b), and for most of the events on Novem-
ber 15, 2019 (Figure 8b). As a result, disdrometer-based
monthly snowfall accumulations were often lower than
most other sensor estimates (Table 1). Surprisingly,
when disdrometer particle counts were available, the
corresponding PARSIVEL-based precipitation rates were

Matrosov et al: Snowfall during the MOSAIC expedition

often rather consistent with radar-based retrievals
(e.g., Figure 9b) even though there is appreciable data
scatter.

Although data from only 3 MOSAIC days are shown
here (Figures 7-9), the issues highlighted concerning
snowfall rate estimates from different sensors are com-
mon for the entire MOSAIC snowfall data set and for
snowfall measurements more broadly (e.g., Rasmussen et
al., 2012). Even though total accumulation amounts for
the whole October 2019-May 2020 icebreaker drifting
period from different sensors could be similar, these are
often the results of different instantaneous, daily, and
monthly snowfall data (e.g., PWD; results vs. KAZR-based
estimates).

Figure 10 shows the scatter plots of 0.01 of the Julian
day snowfall rate averages (i.e., approximately 15-min
averages) as inferred from different sensors during the
October 17, 2019, to May 6, 2020, period when all precip-
itation sensors were deployed. This time averaging was
chosen, in part, due to the fact that comparisons involved
measurements taken at 2 different locations and with
a variety of different sample resolutions. The scatter plots
represent times when both sensors in a given scatter plot
recorded snowfall (i.e,, S> 0 mmh™'). Radar data represent
retrievals for the approximately 0.17 km height above the
ground. The corresponding statistical metrics of NB and
NMAD of a Yaxis variable as compared to the X-axis var-
iable are also given in Figure 10.

As seen in Figure 10, there is a satisfactory mean
correspondence between the radar estimates and those
from PARSIVEL, for the time periods when the disdrom-
eter was reporting particle counts. It should be men-
tioned, however, that disdrometer snowfall rate
estimates are rather strongly dependent on the assump-
tion of snowflake mass—size relation. Note also that PAR-
SIVEL; existing data points with S < 0.1 mm h™' are
significantly less numerous compared to the other sensors
in Figure 10. As expected from comparing monthly accu-
mulations, PWD, measurements significantly overesti-
mate snowfall rates compared to the radar-based
retrieval and also to PWD; measurements. Mean PWD,
snowfall rate measurements exhibit the lowest correlation
with results from other sensors.

While Figure 10 shows the different data correspon-
dences when both snowfall rate estimates for a given pair
of sensors exist, some amount of precipitation was mea-
sured by a particular sensor when no KAZR echoes were
present. Judging from approximately 15-min snowfall rate
averages, for PWD; and PWD, sensors, these amounts
were about 5 and 18 mm of liquid-equivalent accumula-
tion, respectively. At least in part, these accumulations
might be attributed to blowing snow effects. Conversely,
KAZR-based accumulations were around 14 mm (19 mm)
when PWD; (PWD,) did not record any precipitation and
was not operational or provided obvious artifacts. Practi-
cally, no PARSIVEL-based accumulations were recorded
for the period of no KAZR echo. About 40 mm of accu-
mulation was retrieved from KAZR data when there was
no information on icebreaker PARSIVEL; particle counts
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Figure 10. Scatter plots of 0.01 Julian day averages of snowfall rates: (a) KAZR-based estimates versus
PARSIVEL, estimates, (b) KAZR estimates versus PWD, estimates, (c) KAZR-based estimates versus PWD,
estimates, and (d) PWD, estimates versus PWD, estimates. The data are for time periods when both estimates
are greater than 0. PWD = present weather detector; KAZR = K,-band zenith-pointing radar; PARSIVEL = particle size
and velocity. DOI: https://doi.org/10.1525/elementa.2021.00101.f10

even though this disdrometer was nominally operational
most of the time.

To evaluate some possible effects of wind conditions on
snowfall estimates, Figure 11 depicts the differences in
snowfall rates from different sensors versus mean near
surface wind speeds. The data samples of snowfall rates
from Figure 10 were used also in Figure 11. There are no
obvious trends in the differences between KAZR-based
retrievals and PARSIVEL; or PWD; estimates as a function
of wind speed (Figure 11a and b). There is, however, an
indication that PWD, snowfall rate estimates become
noticeably higher, on average, compared to estimates
from other sensors for wind speed greater than about
13-14 m s7' (Figure 11c and d). Part of this increase in

PWD, estimates might be due to a contribution of blow-
ing snow as previously discussed for the November 11,
2019, event (Figure 7).

As can be seen from Figure 10, overall snowfall rates
during MOSAIC were mostly smaller than 1 mm h™" and the
frequency of occurrence of smaller snowfall rates was high-
er. It is instructive to estimate quantitively what are typical
snowfall rates that contribute most to the total accumula-
tion. Based on radar retrievals, Figure 12 shows relative
contributions of snowfall of different intensities to the total
accumulation. About half of the total accumulation can be
attributed to snowfall with liquid-equivalent precipitation
rates less than approximately 0.2 mm h™'. Heavier snowfall
with precipitation rates greater than 2 mm h™' comprised
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Figure 11. Scatter plots of 0.01 Julian day (approximately 15 min) average snowfall rates from different
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less than about 3% of the total accumulation. Estimates of
relative contributions of snowfall of different intensities
depend on a particular Z.—S relation used and they also are
sensitive to the radar absolute calibration.

Overall, the MOSAIC KAZR-based snowfall rate esti-
mates are the most complete in terms of measurement
data availability. These estimates, however (as other sensor
data), are subject to uncertainties. Understanding these
uncertainties could lead to more appropriate utilization
of the radar-derived precipitation retrievals for different
applications of MOSAIC data.

4. Uncertainties of radar-based snowfall
estimates

Uncertainties in assumptions about snowflake microphys-
ical properties and in the electromagnetic scattering
model contribute to errors in radar-based snowfall retrie-
vals through variability of Z.—S relations. Souverijns et al.
(2017) found an approximately 40% uncertainty in snow-
fall estimates due to variability of the relations at a K-band
radar frequency (approximately 24 GHz). Additionally,
possible radar calibration biases are an important factor
affecting accuracy of snowfall retrievals. To demonstrate
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according to the radar-based retrievals. DOI:
https://doi.org/10.1525/elementa.2021.00101.f12

uncertainties of radar-based snowfall estimates due to
varying Z.—S relations, Figure 13 shows KAZR-based total
accumulation estimates for MOSAIC obtained using the
different K,-band Z.—S relations shown in Figure 1.

Since Falconi et al. (2018) provide their relations based
on snowfall rime conditions, the corresponding retrieval
(i.e., curve a in Figure 13) was estimated using their 3
different relations for different snow rimes in conjunction
with supercooled liquid water path (LWP) in the vertical
atmospheric column. According to these authors, the 3
LWP intervals corresponding to low, medium, and high
rime conditions are characterized by (1) LWP < 140 gm™,
(2) 140 gm ™ < LWP < 440 gm 2, and (3) LWP > 440 gm 2,
correspondingly (their figure 3). LWP values for choosing
an appropriate riming interval were obtained from the
MOSAIC ARM microwave radiometer retrievals (Gaustad
et al,, 2019). When applying a rime-dependent Z—S relation
from Falconi et al. (2018), LWP values were averaged in 12-
min time intervals prior to the time of the radar profile.
This approximately accounts for snowflake fall time in
a region of supercooled liquid before reaching lower radar
range gates where snowfall rate is retrieved.

In addition to snowfall accumulations obtained from
different relations applied to the measurements at an
altitude of approximately 0.17 km above the ground,
Figure 13 shows accumulation estimates when applied
to the measurements at an altitude of 0.23-km AGL. An
interesting result is that in spite of having a very different
prefactor and exponent (as compared to other ZS rela-
tions), relation (e) (Figures 1 and 13) provides results
approximately similar to many other relations (Figure
13). This result can be explained by the fact that the
largest contribution to accumulation comes from snowfall
rates around 0.1-0.2 mm h™' (Figure 12), where many
different Z~S relations (except the relation [f]) cluster
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Figure 13. KAZR-based liquid-equivalent snowfall
accumulations at approximately 0.17 km above
the ground as estimated from different Z.-$
relations shown in Figure 1: (a) Falconi et al.
(2018; their relations applied depending on liquid
water path values), (b) Matrosov (2007), (c) Z. =
63 S'2 (this study), (d) Z. = 60.17 S"'3, Huang et
al. (2019), (e) Z. = 313 S ">, Kulie and Bennartz
(2009). KAZR = K,-band zenith-pointing radar. DOI:
https://doi.org/10.1525/elementa.2021.00101.f13

(Figure 1). As seen from Figure 13, there is an about
30% spread in accumulation estimates due to a Z-S rela-
tion choice. Note that relation (f) was excluded since it
provides unrealistically very high snowfall estimates
(approximately 700 mm of total accumulation), and its
results are not shown in Figure 13.

Potential biases in the absolute radar calibration of
reflectivity measurements are an independent source of
retrieval errors. The errors associated with calibration
biases could be substantial. One or 2 decibel reflectivity
biases, which are not uncommon for cloud radars (Maahn
et al., 2019), would result in about 20% and 40% snowfall
rate retrieval errors for the Z~S relation exponent of 1.2.
Dependencies of radar reflectivities on liquid water cloud—
drizzle microphysical processes provide opportunities to
assess the absolute calibration of vertically pointing radars
(Maahn et al., 2019).

Although there were no liquid water cloud observa-
tions during the MOSAIC October 2019-May 2020 drift
period, there were warm stratus clouds observed by the
MOSAIC sensors in summer 2020. Maahn et al. (2019)
suggest a reference relation between LWP and the maxi-
mum reflectivity, max(Z,), in a vertical profile for liquid
water stratus clouds (their table 4). Figure 14a shows
a time-height cross section from a lightly drizzling warm
stratus cloud observed by the MOSAIC KAZR in the GE
measurement mode. Figure 14b depicts a scatterplot
between LWP retrieved from microwave radiometer mea-
surements and max(Z,). As seen from Figure 14b, for
reflectivities less than about —17 dBZ, a correspondence
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Figure 14. (a) Time-height cross section of KAZR general reflectivity for a stratus liquid water cloud observed
on July 21, 2020, and (b) maximum KAZR reflectivity in a vertical profile versus liquid water path. KAZR =
K,-band zenith-pointing radar. DOI: https://doi.org/10.1525/elementa.2021.00101.f14

between LWP and max(Z,) approximately follows that
from Maahn et al. (2019) even though some substantial
data scatter is present. Backscatter contributions from
drizzle drops in volumes where cloud and drizzle drops
coexist gradually become dominant when reflectivities are
greater than approximately —17 dBZ (Maahn et al., 2019).
These LWP— max(Z,) correspondence comparisons indi-
cate that the GE-mode MOSAIC and NSA KAZR absolute
calibrations were similar.

Another way to evaluate the absolute calibration of
a vertically pointing radar is to analyze long-term mean
values of observed cloud reflectivities and compare them
with mean values from measurements of another radar,
which is believed to be well calibrated. This approach was
used by Kollias et al. (2019), when they compared mea-
surements from different vertically pointing ARM radars
with CloudSat radar measurements. CloudSat, however,
does not pass over the Central Arctic, so comparisons
between MOSAIC KAZR and CloudSat reflectivities are not
possible. Comparisons, however, can be performed
between the MOSAIC and NSA radars.

Figure 15 shows mean GE-mode reflectivities observed
by the MOSAIC KAZR at an altitude of 4 km as a function
of the reflectivity threshold (i.e., the minimum reflectivity
considered when calculating mean values). Note that the
influence of sensitivity differences between the 2 radars is
minimized at higher reflectivity thresholds. Also shown in
Figure 15 are corresponding values for the NSA GE-mode
KAZR data, for the period of the retrievals depicted in
Figure 2. Although there could be differences in snowfall
microphysical processes (e.g., aggregation, riming) influ-
encing reflectivities at different sites, these processes are
typically active at lower altitudes, and it can be expected/
assumed that at relatively high altitudes, the Arctic cloud
environment is relatively similar during the cold season.

As seen from Figure 15, mean high-altitude reflectivity
values from the NSA and MOSAIC KAZRs are rather simi-
lar. Since, as mentioned previously, the NSA KAZR was
found to be relatively well calibrated (Maahn et al.,
2019), the data in Figure 15 provide some confidence
in the absolute calibration of the GE mode MOSAIC KAZR.
Comparing NSA and KAZR mean reflectivities at different
altitudes (e.g., 5 km—not shown) provides results similar
to those in Figure 15, although the number of observa-
tions decreases with increasing altitude.

Overall, comparisons of high-altitude mean reflectiv-
ities of ice clouds and mean correspondences between
reflectivities and LWP of warm stratus clouds suggest that
the absolute calibration of the GE-mode MOSAIC KAZR
measurements during the MOSAIC expedition was com-
parable to that of the NSA KAZR. Several decibel uncer-
tainties, however, cannot be ruled out.

Given a relatively high level of KAZR snowfall retrieval
uncertainties, comparisons with measurements from var-
ious sensors/methods are important for better under-
standing the reliability of radar-based data. Manual
measurements of snow water equivalent (SWE) on sea ice
are another source of independent data, which can be
used for assessing radar-based retrievals of snowfall
accumulations.

SWE measurements of snow over sea ice at MOSAIC
were conducted approximately weekly starting on October
31, 2019 (Wagner et al., 2021). To mitigate effects of drift-
ing snow, these measurements were conducted along 2
transect paths and then averaged. Wagner et al. (2021)
report a monotonic increase in SWE values with time until
February 20, 2020, after which the SWE decreases over
prolonged time periods were observed, suggesting that
the snow loss was greater than its increase by falling snow.
These authors explained these decreases by snow erosion
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Figure 15. Mean reflectivities at a 4 km height for the MOSAIC and NSA KAZR for (a) November (b) December,
(c) January, (d) February, (e) March, and (f) April. MOSAIC = Multidisciplinary drifting Observatory for the Study
of Arctic Climate; KAZR = K,-band zenith-pointing radar; NSA = North Slope of Alaska. DOI: https://doi.org/

10.1525/elementa.2021.00101.f15

and suggested that no significant loss of snow occurred
prior to February 20, 2020, such that SWE increase prior
to this date was approximately equal to snowfall.

The total SWE increase from October 31, 2019, to 12
UTC on February 20, 2020 (i.e., the midtime of the tran-
sect SWE measurements on this day), was approximately
36 mm, although some significant uncertainties could be
expected (Wagner et al., 2021, their figure 11b). The re-
sults of the KAZR-based retrievals using different Z—S
relations for this period are shown in Table 2. It can be
seen from this table that the radar-based retrievals

generally indicate higher accumulations compared to the
on-ice SWE estimates. Note also that if there were unac-
counted for losses of snow on ice prior to February 20,
2020 (e.g., losses due to sublimation and/or erosion pro-
cesses undetected against the background of a general
SWE increase due to snowfall), the corresponding SWE
of fallen snow on ice could be higher than the estimate
of 36 mm. Table 2 also shows the snowfall accumulation
from the fifth-generation European Centre for Medium-
Range Weather Forecasts Atmospheric Reanalysis (ERA5)
as reported by Wagner et al. (2021, their figure 11b). While
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Table 2. Radar-based snowfall accumulations for the period 00:00 UTC November 1, 2019, to 12:00 UTC February 20,
2020, from different Z~S relations and the corresponding SWE of snow on ice estimate. DOI: https://doi.org/10.1525/
elementa.2021.00101.t2

Ze-S Relation/SWE (a) (b) (c) (d) (e) (c) SWE ERA5
Height AGL, km 0.17 0.17 0.17 0.17 0.17 0.23 0.0 0.0
Accumulation, mm 67.7 56.6 51.3 51.6 48.6 58.4 ~ 36. ~56.

Relation notations as in Figure 13. Height above the ground level (AGL) accounts for the height of radar location on the icebreaker.

the ERA5 estimates and radar-based retrievals are remark-
ably similar, there are likely significant uncertainties in
each of these data sets. A comprehensive analysis of the
ERAS5 snowfall is needed but is beyond the scope of this
study.

5. Discussion and conclusions

Vertically pointing GE-mode measurements from the ARM
KAZR radar were used to retrieve high temporal resolution
(30 s) snowfall rates/fluxes during the first drift of the
MOSAIC expedition. The radar measurements were avail-
able during practically the entire time of the MOSAIC
icebreaker drift from October 11, 2019, to May 14, 2020
(with an exception of 18:00 UTC March 9 to 14:00 UTC
March 10, 2020). According to the radar-based retrievals,
total liquid-equivalent snowfall accumulation was around
110 mm (Table 1). Accumulations from other MOSAIC
ground-based and ship-based sensors for the same period
varied from approximately 60 to 230 mm. About half of
the total MOSAIC liquid-equivalent accumulations came
from snowfall with precipitation rates less than about
0.2 mm h™".

The radar-derived snowfall rates were retrieved at
heights 0.17- to 0.25-km AGL. At these heights, the ef-
fects of blowing snow, which could be substantial near
the ground (Rasmussen et al., 2012), are expected to be
negligible. While radar echoes from blowing snow might
infrequently reach these heights for short periods of
time, corresponding retrieved snowfall rates during these
periods are typically less than about 0.002 mm h™', and
their contribution to radar-derived accumulations is
negligible.

For the time when both radar-based and Vaisala optical
sensor data were available, the icebreaker-based PWD;
and KAZR-derived mean snowfall rates showed little
mutual bias (approximately 9%), though there were time
periods when only radar or only PWD; sensor data existed.
The ice camp-based PWD, sensor snowfall rates were
biased high (with a normalized relative bias of around
100%) relative to both KAZR-derived and PWD; data. At
higher wind speed, there were indications of blowing
snow effects to this on-ice Vaisala optical sensor, which
is consistent with the results of comparisons using a sim-
ilar instrument at the ARM NSA facility. A relatively good
agreement between PWD; and KAZR-derived total accu-
mulations is, in part, due to mutual compensations
among the periods, when PWD; was not providing mea-
surements during significant snowfall events, and

periods, when this sensor indicated measurable snowfall
whereas other sensors indicated no precipitation and the
KAZR did not detect any radar echo in the vertical atmo-
spheric column. The reasons for discrepancy between 2
identical sensors (PWD; and PWD,) are not totally under-
stood, though differences in the sensor deployment loca-
tions (approximately 2-m AGL in the ice camp and
approximately 22-m AGL onboard the icebreaker) and
associated differences in wind conditions could be
a factor.

The Pluvio gauge measurements, while being suitable
for accumulation measurements, did not provide high
time resolution snowfall rate estimates. Like other
weighing precipitation gauges (e.g., the CRN Geonor
DFIR gauge in Utqgiagvik, AK), the Pluvio gauge measures
only incremental accumulation. Although the incremen-
tal accumulation resolution of 0.01 mm allows for esti-
mating Pluvio precipitation rate in increments of 0.6 mm
h™', typically several 0.01-mm minimal increments
occurred for each change in Pluvio accumulation. This
resulted in the fact that Pluvio gauge snowfall rate esti-
mates were only sparsely available, and the correspond-
ing values were much larger than estimates from the
other MOSAIC instruments. During the second part of
the drift (February—April 2020), this gauge's monthly
accumulations were significantly higher than those for
all other MOSAIC sensors.

The PARSIVEL; disdrometer on the icebreaker did not
provide snowflake particle measurements during
extended periods when other sensors indicated precipita-
tion. Typically, this disdrometer’'s measurements are tuned
for measuring rain drops. In this study, information on raw
particle counts was used to infer snowfall rates from disd-
rometer data. During periods when particle size distribu-
tions were available, disdrometer-based snowfall rate
estimates generally corresponded to the trends in radar-
based retrievals though some appreciable data scatter
existed. PARSIVEL estimates, however, are strongly depen-
dent on the assumption about snowflake mass-size rela-
tions used to calculate snowfall rates. Due to this
dependence and also because of unavailability of disdrom-
eter data during many periods of MOSAIC snowfall, the
use of PARSIVEL data for inferring snowfall rates is rather
limited to specific cases.

The use of different K,-band reflectivity—snowfall rate
relations applied to KAZR measurements results in uncer-
tainty of radar-based retrievals. Applying several relations
suggested recently in various studies resulted in a spread
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of at least 30% in estimated total snowfall accumulation
for a given range gate height. For the MOSAIC period, all
Z+S relations considered here provided total accumula-
tion results that were greater than manual snow estimates
made on the ice. While the manual on-ice measurements
might be biased low as a result of underestimating snow
erosion from the surface, it is also possible that the
MOSAIC KAZR reflectivities had an absolute calibration
bias. Possible MOSAIC KAZR absolute calibration biases will
result in biases in snowfall retrievals. For the Z~S relation
used here, a reflectivity bias of AZ (in decibels) would
bias snowfall rate retrievals by a factor of [104%10)(1/1-2)
(e.g., 21% increase/18% decrease for a 1 dB increase/
decrease in reflectivity, or 47% increase/32% decrease for
a 2 dB increase/decrease in reflectivity). Assuming the inde-
pendence of errors due to the variability in the Z-S rela-
tions and those in the absolute radar calibration, snowfall
rate retrieval uncertainties of around 50% can be expected
(for an approximately 2-dB calibration error). Additionally,
there is uncertainty in how the radar-based snowfall rates
derived at approximately 0.17-km AGL are related to those
at the surface.

Overall, KAZR-based retrievals were the most consistent
source of instantaneous snowfall rate estimates during
MOSAIC in terms of the data availability. Compared to
other sensors, they are expected to be the least affected
by artifacts due to blowing snow. While retrieval uncer-
tainties could be significant, these radar-based estimates
are an important addition to the other available perspec-
tives on MOSAIC snowfall and can be useful for a wide
range of studies examining atmospheric processes and
atmosphere—surface coupling. The high temporal resolu-
tion radar-based MOSAIC snowfall rate/flux data based on
retrievals using the Z, = 63 S' relation is provided to the
ARM archive (Matrosov et al., 2022; https://doi.org/10.
5439/1853942).
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