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ABSTRACT: The High-Latitude Measurement of Snowfall (HiLaMS) campaign explored variability
in snowfall properties and processes at meteorologically distinct field sites located in Haukeliseter,
Norway, and Kiruna, Sweden, during the winters of 2016/17 and 2017/18, respectively. Campaign
activities were founded upon the sensitivities of a low-cost, core instrumentation suite consisting
of Micro Rain Radar, Precipitation Imaging Package, and Multi-Angle Snow Camera. These instru-
ments are highly portable to remote field sites and, considered together, provide a unique and
complementary set of snowfall observations including snowflake habit, particle size distributions,
fall speeds, surface snowfall accumulations, and vertical profiles of radar moments and snow
water content. These snow-specific parameters, used in combination with existing observations
from the field sites such as snow gauge accumulations and ambient weather conditions, allow for
advanced studies of snowfall processes. HiLaMS observations were used to 1) successfully develop
a combined radar and in situ microphysical property retrieval scheme to estimate both surface
snowfall accumulation and the vertical profile of snow water content, 2) identify the predominant
snowfall regimes at Haukeliseter and Kiruna and characterize associated macrophysical and micro-
physical properties, snowfall production, and meteorological conditions, and 3) identify biases in
the HARMONIE-AROME numerical weather prediction model for forecasts of snowfall accumula-
tions and vertical profiles of snow water content for the distinct snowfall regimes observed at the
mountainous Haukeliseter site. HiLaMS activities and results suggest value in the deployment of
this enhanced snow observing instrumentation suite to new and diverse high-latitude locations
that may be underrepresented in climate and weather process studies.
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he High-Latitude Measurement of Snowfall (HiLaMS) field campaign sought an improved

understanding of snowfall properties and processes at two meteorologically distinct

field sites in Scandinavia during the winters of 2016/17 and 2017/18. HiLaMS science
featured a synergistic in situ measurement-remote sensing—numerical modeling design
using techniques developed by project partners from the University of Utah and University
of Wisconsin in the United States and the Norwegian Meteorological Institute (MET-Norway),
the University of Oslo (UiO), Swedish Meteorological and Hydrological Institute (SMHI), and
Lulea University of Technology (LTU) in Scandinavia. The winter 2016/17 deployment was at
the MET-Norway Haukeliseter test site in the mountainous Telemark region of Norway, while
the winter 2017/18 campaign was at a generally colder and drier Arctic observation site near
Kiruna at the Swedish Institute of Space Physics (IRF) run by LTU. Figures 1 and 2 show site
images and topographical maps, respectively. Core project instrumentation included the Micro
Rain Radar (MRR; Klugmann et al. 1996), Precipitation Imaging Package (PIP; Pettersen et al.
2020a, 2021), and Multi-Angle Snow Camera (MASC; Garrett et al. 2012). These instruments
generate a unique and complementary set of snowfall observations including snow particle
size distributions (PSD), habit, and fall speeds, and vertical profiles of radar reflectivity from
which profiles of snow water content (SWC) can be derived. These parameters provide the basis
for mapping regional snowfall characteristics, evaluating forecasts and model physics, and
supporting advanced studies of snowfall processes and impacts when used in combination
with coincident atmospheric-state and snowfall observations from Scandinavian-partner
field sites.

Fig. 1. (a) The MET-Norway Haukeliseter test site, which sits above tree line in the mountains of
Telemark. (b) The IRF site in Kiruna, which is located in a boreal forest above the Arctic Circle in
northern Sweden.
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Fig. 2. (a) Location of HiLaMS field sites at Haukeliseter, Norway, in winter 2016/17 and Kiruna,
Sweden, in winter 2017/18. (b) Topography and surface wind direction for two snowfall regimes
observed at the Haukeliseter test site. Figure from S19.

The high-latitude regions are undergoing some of the largest transformations attributed to
climate change, exemplified through a collection of processes referred to as Arctic amplifica-
tion (Manabe and Stouffer 1980; Chapman and Walsh 1993; Nicholls et al. 1996; Holland
and Bitz 2003; Serreze and Francis 2006; Bekryaev et al. 2010; Crook et al. 2011; Serreze and
Barry 2011). The fundamental role of snowfall in these scenarios is understood well to the first
order. Changes in the spatial distribution of snowfall and ice cover in high-latitude regions
in response to anthropogenic warming feedback on the climate system through impacts on
albedo and surface energy budgets (Cohen and Rind 1991; Brown 2000; Holland et al. 2006;
Vavrus 2007; Screen and Simmonds 2010; Cohen et al. 2012; Bindoff et al. 2013). Snowfall
accumulation also acts to build and maintain the Antarctic and Greenland ice sheets and,
therefore, is an important variable when considering projections of sea level rise (Shepherd
and Wingham 2007; Jacob et al. 2012; Gardner et al. 2013; Lenaerts et al. 2013; Palerme
et al. 2014, 2017).

Snowfall at weather time scales has wide-ranging societal impacts. Although surface snow-
fall may be viewed most simply as an end product of the snow event, the snowfall itself also
interacts with and influences the overall storm environment and exerts lasting influences
on the energy and water cycles. The effects of snowfall on its immediate environment are
easily recognized in that it transports water mass to the surface and thus can modify surface
albedo, emissivity, and other properties relevant to energy balance that may impact cloud
growth and lifetime. For example, snow cover has been shown to act as a fast climate switch
influencing air temperature, cloud cover, and boundary layer structure (Betts et al. 2014).
Vertical profiles of snow microphysical properties also help dictate snow event evolution as
diabatic heating generated from snow formation processes modulates potential vorticity in
synoptic-scale disturbances (Joos and Wernli 2012; Schifler et al. 2018).

Considerable progress has been made on understanding the physics behind the
atmosphere—surface interactions that drive these climate and weather feedback processes
(e.g., Curry et al. 1996; Shupe and Intreiri 2004; Morrison et al. 2012; Bennartz et al. 2013;
Van Tricht et al. 2016; MclIlhattan et al. 2017; Pettersen et al. 2018). Much of this work was
facilitated through use of measurements from high-latitude supersite observatories, specifically
the Atmospheric Radiation Measurement (ARM) North Slope of Alaska (NSA) Climate Facility
at Barrow (now Utqgiagvik) and the Integrated Characterization of Energy, Clouds, Atmospheric
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state, and Precipitation at Summit (ICECAPS; Shupe et al. 2013) project on Greenland.
Numerous high-latitude field campaigns also were implemented to characterize high-latitude
snowfall processes (Intrieri et al. 2002; Verlinde et al. 2007; Tjernstrom et al. 2014; Smith
et al. 2017; Wendisch et al. 2019). Recent campaigns included the Multidisciplinary drifting
Observatory for the Study of Arctic Climate (MOSAiC; Shupe et al. 2022) and ARM Cold-Air
Outbreaks in the Marine Boundary Layer Experiment (COMBLE; Geerts 2019) field programs
that sought to reduce documented gaps in our understanding of cloud, precipitation, and
surface processes and their relationships with boundary layer and synoptic-scale controls.

Despite these efforts, key uncertainties remain in our understanding of the overall impact of
snowfall on climate and weather. These gaps are due, in part, to limitations in existing snow
observations in the remote high-latitude regions and oftentimes large uncertainties in satellite-
derived snowfall products (e.g., Kulie and Bennartz 2009). These concerns were highlighted in
the National Science Foundation (NSF) “10 Big Ideas for Future NSF Investments” program that
stressed that “current Arctic observations are sparse and inadequate for enabling discovery
or simulation of the processes underlying Arctic system.” In the spirit of these concerns, the
HiLaMS campaign was conceived to attack key remaining research questions in our under-
standing of high-latitude snowfall. For example, we have not yet quantified the amount of
snow generated under varying high-latitude storm systems and have not adequately assessed
the resulting impact of this snow on the variables like surface albedo that drive the surface
energy and mass balance. These are, however, primary pathways by which systematic shifts
in high-latitude weather states may feedback on climate. Lacking observational constraints
for the diverse climate regimes found across the high latitudes, model representations of
key feedback processes underlying Arctic amplification may be incomplete or biased to an
unknown degree.

During HiLaMS, simultaneous MRR, PIP, and MASC observations were made to generate
complementary estimates of snowfall properties including snow particle habit, PSD, particle
fall speeds, surface snowfall accumulations, and SWC. This core instrumentation package
is highly portable and requires much less power relative to larger facilities, allowing for ease
in deployment to remote field locations that may lack extensive infrastructure or logistical
support. This flexibility permits the generation of unique low-cost datasets for locations and
climates that may be underrepresented in process studies. During HiLaMS, for example, we
pursued snowfall process studies for an Alpine tundra environment in Norway and an Arctic
boreal forest location in Sweden. As such, the meteorological conditions observed during
HiLaMS contrast starkly with those at the ARM or ICECAPS supersites in the high Arctic or
those during the much larger MOSAiC and COMBLE field campaigns that focused on maritime
environments. Such efforts complement existing longer-term snowfall observation sites in
unique high-latitude locations including Hyytidld station in Finland (Petdja et al. 2016) and
the Dumont d’Urville Station in Antarctica (Berne et al. 2017; Grazioli et al. 2017).

This paper describes the MRR-PIP-MASC instrumentation suite and its deployment to
the Haukeliseter test site in winter 2016/17 and to the Kiruna IRF site in winter 2017/18. We
discuss previously peer-reviewed results from the application of data collected during these
Swedish and Norwegian deployments to 1) develop a variational, combined radar and in situ
microphysical property retrieval scheme to estimate both surface snowfall accumulations
and the vertical profile of SWC (Schirle et al. 2019, hereafter S19), 2) identify the predomi-
nant snowfall regimes at Haukeliseter and Kiruna and characterize their macrophysical and
microphysical properties, snowfall production, and meteorological conditions (Shates et al.
2021), and 3) quantify the ability of the HARMONIE-AROME numerical weather prediction
(NWP) model (Seity et al. 2011; Brousseau et al. 2016; Bengtsson et al. 2017) to predict surface
snowfall accumulations and profiles of SWC for the snowfall regimes observed at the moun-
tainous Haukeliseter site (Hellmuth et al. 2021). Finally, we explore possible experimental
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designs linking the hydrological, dynamical, and radiative processes of snowfall that flow
directly from the MRR-PIP-MASC observations presented here when augmented by additional
instrumentation or analyses techniques from the broader atmospheric community.

Instrumentation and research sites

HiLaMS science objectives were founded upon the complementary sensitivities of the core
MRR-PIP-MASC instrumentation suite. Figure 3a shows the arrangement of these sensors
at the Haukeliseter test site. We note that the MASC became inoperative during year 1 at
Haukeliseter during extreme weather event Urd but not before it had photographed hundreds
of thousands of hydrometeors. During the year 2 deployment at Kiruna, a Dual Ice Crystal
Imager (D-ICI; Kuhn and Vazquez-Martin 2020) developed at LTU provided information on
particle snowflake habit in lieu of MASC observations.

MRR. The METEK MRR 2 is a frequency-modulated, continuous-wave, vertically pointing radar
that operates at a frequency of 24 GHz (Klugmann et al. 1996). It provides observations of
effective reflectivity, Doppler velocity, and spectral width. A noise removal technique is applied
to the MRR observations to increase radar sensitivity to an effective reflectivity of -10 dBZe
(Maahn and Kollias 2012) and limit effects of interference (Pettersen et al. 2020b). Reflectivity
observations provide a description of storm macrophysical structure and are used to derive SWC
aloft. MRR Doppler velocity observations are used to estimate particle fall speeds, which are
required to translate SWC into snowfall rate. Figure 4 shows typical MRR reflectivity and Doppler
velocity profiles and values for two snowfall regimes observed at Haukeliseter during HiLaMS.
As with all radars, careful calibration of the MRR over time is critical for the generation of
accurate long-term observations of reflectivity (Kollias et al. 2019; Myagkov et al. 2020).

PIP. The PIP video imager captures images of falling hydrometeors from which snow PSDs
and fall speeds can be derived (Pettersen et al. 2020a, 2021), both for use as inputs in the
radar-based snowfall retrieval algorithm and in regime-dependent microphysical analyses.
The PIP consists of a high-speed video camera located ~2 m away from a halogen lamp
which illuminates falling precipitation. This design reduces the creation of turbulence from
the apparatus itself and samples a very large volume relative to other optical probes, thus
providing measurements of PSD and particle motions that likely are an accurate representa-
tion of the snow conditions during an event. The bottom panel in Fig. 5a shows PSDs derived
from PIP observations for a sample snow event at Haukeliseter.

MASC. The MASC captures high-resolution images of falling snow from which estimates
of particle shape, maximum dimension, and fall speed can be found for each falling snowflake

Fig. 3. (a) The experimental setup for the deployment of the MRR, MASC, and PIP at the MET-
Norway Haukeliseter test site during HiLaMS in 2016/17. (b) MET-Norway DFAR and single fence
snow gauges at the site. Figure modified from S19.
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Fig. 4. (a) Typical MRR reflectivity and Doppler velocity signatures associated with the “upslope” snowfall regime seen at
Haukeliseter. (b) As in (a), but for a “pulsed” snowfall event. Negative velocities denote upward motion. Figure modified
from S19.

(Garrett et al. 2012). Particle shape observations are critical for the radar-based snowfall
retrieval algorithm as they provide guidance for the selection of an appropriate particle
model for a given snowfall scene. In design, the MASC employs three cameras pointed
toward a common focal point in the center of the instrument sampling ring. As snowflakes
fall through this sampling ring, they activate two near-infrared sensors that trigger the
cameras. The MASC determines the fall speed of the snowflake by measuring the time
it takes to fall between the vertically aligned infrared sensors. Figure 5b shows sample
MASC images from Haukeliseter. The top panel in Fig. 5a shows sample PSD estimates
derived from MASC images. Side-by-side comparisons of PSD estimates from the MASC and
PIP as in Fig. 5a suggested possible MASC sampling biases as discussed in S19. Therefore,
HiLaMS science applications were based upon the understanding that the MASC provided
useful information on particle habit whereas the PIP provided a more complete description
of PSD.

MET-Norway Haukeliseter test site. The Norwegian component of the HiLaMS campaign
took place from October 2016 to April 2017 at the Haukeliseter test site in the mountainous
Telemark region of central Norway; see Figs. 1-3. This Alpine site is located above tree line
at an elevation of 991 m at 59.8°N on the southern edge of the Hardangervidda mountain
plateau. Haukeliseter was ideal for HiLaMS given its persistent snowfall and seven month
long winters (Wolff et al. 2015). Proximity to the moist Gulf Stream provided the opportunity
to observe snowstorms that generate heavy riming (519), such as intense atmospheric river
events (illustrated in Fig. 4b) that can have severe impacts on northern European communi-
ties (Stohl et al. 2008).

MET-Norway has equipped the Haukeliseter test site with multiple precipitation gauges,
thermometers, anemometers, and other basic meteorological observations necessary for
HiLaMS snowfall analyses. Geonor T-200B3 precipitation gauges located either inside a double
fence intercomparison reference (DFIR; Goodison et al. 1998), denoted as a double fence
automated reference (DFAR; Kochendorfer et al. 2018), or inside a single Alter wind shield
provide measurements of liquid water equivalent of snow accumulation at 1-min temporal
resolution. DFAR and single fence gauges are shown in Fig. 3b. The DFAR provides more
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Fig. 5. (a) MASC and PIP observed particle size distributions for a 23 Dec snow event at Haukeliseter. (b) Typical rimed
snow particles observed at the site for both upslope and pulsed storm regimes. Figure modified from S19.

accurate estimates of snowfall accumulations than the single fence gauges, especially in
windy conditions such as those found at Haukeliseter (Rasmussen et al. 2012; Wolff et al.
2015; Kochendorfer et al. 2018, 2022). The DFAR therefore is considered as “best truth” for
these studies. Mast-mounted anemometers at a height of 10 m provided wind direction and
speed measurements. The “Haukeliseter snow gauge studies” sidebar describes the snowfall-
related work pursued by MET-Norway at the site in more detail.

Haukeliseter snow gauge studies

The Norwegian Meteorological Institute established the Haukeliseter test site for the study of precipitation
processes in the mountainous Telemark region of central Norway in 2011. The site (Fig. SB1) is located
well above tree line near an altitude of 1,000 m on a relative plateau with surrounding mountaintops of
1,200-1,500 m located 1-4 km away. Natural vegetation is dominated by low scrubs and moss. The winter
season lasts from October to May and exhibits precipitation events primarily in the form of snow and sleet that
can have sustained windspeeds up to 20 m s~ and temperatures as low as —30°C. These conditions, together
with the relative homogeneity of the location (Wolff et al. 2013), make the site ideal to study measurement
performances of different precipitation sensors and configurations under extreme winter conditions.

Fig. SB1. The MET-Norway Haukeliseter test site provides researchers with year-round access
to advanced instrumentation in a remote Alpine, tundra setting.
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At the heart of Haukeliseter science lies a DFAR, a field working reference system defined by the World
Meteorological Organization (WMO) for the measurement of solid precipitation. The accurate measurement
of snowfall amount from precipitation gauges is notoriously challenging (Goodison et al. 1998; Rasmussen
et al. 2012). During windy conditions, falling snowflakes may be unable to settle in the snow gauge opening,
resulting in the underestimation of snowfall amount. With the DFAR, however, the outer fence reduces wind
speed and turbulence for the falling snowflakes within the inner fence, improving the likelihood that they
settle into the precipitation gauge and providing more accurate estimates of snowfall.

Wolff et al. (2015) used DFAR observations at Haukeliseter to develop an adjustment function for the wind
induced undercatch in solid and mixed precipitation measurements by the Geonor gauge with Alter wind
shield, the standard configuration of single fence precipitation gauges in the Norwegian network. Use of
coincident optical precipitation sensors and basic meteorological observations allowed for scene-dependent
analyses of snow gauge performance as a function of wind speed, temperature, or other environmental vari-
ables. Overall, the single fence gauges showed an undercatch of approximately 50% of total precipitation
over monthly and seasonal time scales during typical winters. Use of the adjustment function reduced the
bias in estimated precipitation to about 10%.

The MET-Norway site also was included in the WMO Solid Intercomparison Experiment (WMO-SPICE; Nitu
et al. 2018). In that program, Kochendorfer et al. (2017) developed a universal adjustment function based on
the data from Haukeliseter and various WMO-SPICE sites that was further evaluated by Kochendorfer et al.
(2018) and Smith et al. (2020). Although this universal approach again succeeded in reducing measurement
bias from precipitation observations on a seasonal basis, its use could suggest significantly too little or too
much snowfall for individual snow events and specific sites. Such findings dictate the need for the continued
study of the impact of local topography, meteorological conditions, and snow particle microphysical proper-
ties on snow gauge sampling efficiencies (Kochendorfer et al. 2021).

Kiruna IRF site. The Swedish component of the HiLaMS field campaign took place from
September 2017 to May 2018 at the IRF site operated by LTU near Kiruna at 67.8°N; see Figs. 1
and 2. The site was selected as it experiences frequent and measurable snowfall from
September through May and its taiga climate contrasts significantly with that of Haukeliseter.
It is located at an elevation of 425 m in a region surrounded by forests with proglacial lakes
and discontinuous permafrost (Gisnas et al. 2017). Sweden’s highest mountains are approx-
imately 75 km southwest of Kiruna and limit the influence of the relatively warm Atlantic
Ocean on this inland site.

The IRF location provided multiple field site options for HiLaMS instrumentation and
housed the basic meteorological observations necessary for project process studies. The
MRR was located on the roof of the main IRF building, whereas the PIP and D-ICI were
mounted approximately 0.4 km away atop the one-story IRF lidar laboratory. Existing
site instrumentation included a Vaisala WXT536, which provided 1-min observations
of wind speed and direction, surface temperature, and relative humidity at 2 m above
ground level. Snowfall accumulation measurements were available from single-fence snow
gauges at the SMHI weather station at Jukkasjarvi, which is located several kilometers
to east of IRF. Given the relatively homogenous forest conditions, the small distances
between project instrumentation are much less of an issue than it would be in the complex
Haukeliseter topography.

Deploying at Kiruna also enabled coincident measurements with the D-ICI, a ground-
based in situ instrument developed at LTU to determine snow ice crystal properties and
fall speed simultaneously (Kuhn and Vazquez-Martin 2020). The instrument takes high-
resolution pictures of the same falling ice particle from two different viewing directions.
One viewing direction is horizontal and is used to determine fall speed by means of a
double exposure. The “Kiruna D-ICI studies” sidebar describes D-ICI science applications
at Kiruna in detail.
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Kiruna D-ICI studies

The D-ICl is a high-resolution in situ instrument used for capturing key parameters of falling snow particles.
Vertically and horizontally pointing cameras take images of single particles that pass through the inlet's
sensing volume, enabling the simultaneous retrieval of snow crystal properties and fall speed (Kuhn and
Véazquez-Martin 2020) for particles within the 20 ym-3.2 mm range. The vertically viewing camera captures
the size and shape of the snow particles from single-exposure images. The horizontally viewing camera uses
a double exposure technique to determine fall speed. This combination of geometries is ideal for linking
particle shape and size to fall speed since properties seen from the vertical direction have the most significant
impact on fall speed.

The use of both D-ICl view angles significantly reduces the ambiguities of particle shape classification
relative to a single viewing geometry. The images of snowflakes in Fig. SB2 demonstrate this concept. In
Fig. SB2a, the attached bullet is seen only from the side view. In Fig. SB2b, a plate would be mistaken for a
needle given the side view alone.

Fig. SB2. Examples of D-ICI dual images of snowflakes with (top) top view and (bottom)
side view.

The deployment of D-ICI at the Kiruna site during the snowfall seasons of 2014—19 produced a dataset of
snow particle properties including particle shape, size parameter, and fall speed (Vazquez-Martin et al. 2021a).
Particle shape classification from this dataset led to an update of the widely used scheme by Magono and Lee
(Vazquez-Martin et al. 2020). Determination of mass for simpler particle shapes from geometry considerations
allowed for the verification of the size parameter best suited to determine Reynolds number and the evalu-
ation of particle mass—fall speed relationships (Vazquez-Martin et al. 2021b). Future deployments of D-ICI
are planned for applications where the shape of snow particles is important, such as in complementing cloud
radar and disdrometers for EarthCARE snowfall validation activities. While D-ICl was originally developed
for smaller snow crystals, future versions will include a wider field of view to identify a broader particle size
range and to improve automated image processing and shape recognition.

HiLaMS science highlights
The HiLaMS campaign sought an improved understanding of snowfall properties and pro-
cesses at the meteorologically distinct Haukeliseter and Kiruna sites in Scandinavia using a
combination of in situ measurements, remote sensing observations, and numerical modeling
techniques. This section describes key scientific achievements from HiLaMS.

Successfully creating research quality data streams from HiLaMS instrumentation
required the use of advanced snowfall remote sensing techniques that translate observations
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into accurate estimates of snowfall properties. For the conversion of radar reflectivities into
estimates of snow water, we exploited our long heritage of snowfall-related activities centered
around the CloudSat 94-GHz Cloud Profiling Radar (CPR) and its 2C-SNOW-PROFILE snow-
fall product (Wood and I’Ecuyer 2018, 2021). The CPR retrieval scheme exploits the flexible
optimal-estimation approach (Rodgers 2000) to combine radar reflectivities, PSD-temperature
parameterizations, and environmental profiles into a common framework to derive a best
estimate of snowfall properties consistent with each. The accuracy of any snowfall retrieval
scheme, however, depends upon the selection of a particle model (mass—dimension—reflectivity
relationships) well matched to scene meteorological conditions (Cooper et al. 2017, S19).

For HiLaMS, we considered snow particle models (Wood et al. 2015) that were designed
for the CloudSat algorithm based on observations from the Canadian CloudSat—-CALIPSO
Validation Project (C3VP; Hudak et al. 2006) and discrete dipole approximation simula-
tions of scattering properties (Draine and Flatau 1994). This collection of physically based
particle models allowed for the selection of an appropriate particle model for the retrieval
scheme based upon observed snowflakes for a given snow event. These particle models were
intended to simulate the coarse features of snow particles and consisted of solid-ice dipoles
intermixed with empty dipole locations to meet observed mass and horizontally projected
area constraints. For simplicity, we focus the discussion on two particles, B6pf and B8pr-30
(Wood et al. 2015), that have markedly different maximum dimension—backscatter relation-
ships. The B6pf will hereafter be referred to as the “reflective aggregate” (RA) particle as it
produced high reflectivities per unit mass relative to the B8pr-30, hereafter designated as the
“less reflective aggregate” (LRA) particle. Use of the CloudSat particle models for the Scan-
dinavian sites had the additional benefit of identifying potential scene-dependent biases in
the 2C-SNOW PROFILE product.

Combined radar, in situ snowfall retrieval scheme. The core MRR-PIP-MASC instrumen-
tation suite provided an ideal opportunity to explore our ability to characterize the vertical
profile of snow properties as a function of snowfall regime. Such efforts are critical as accu-
rate descriptions of these properties provide the scientific foundation for snowfall process
studies. Radar reflectivities are commonly used to estimate SWC aloft or surface snowfall
rates, although this translation from reflectivity space to physical space is challenging and
nonunique (Kulie and Bennartz 2009; Cooper et al. 2017). Essentially, the use of different
but reasonable assumptions of snowfall microphysical properties, such as particle model or
PSD, in the inversion can lead to large differences in estimated snow water for given radar
reflectivities.

S19 modified a combined radar and in situ snowflake microphysical property retrieval
scheme originally developed for instrumentation at ARM Barrow (Cooper et al. 2017) to
HiLaMS instrumentation. Specifically, PSD observations derived from the PIP and a particle
model consistent with MASC images of snowflakes were used as input in an MRR reflectivity
retrieval scheme. At the Haukeliseter test site, MASC images suggested primarily rimed
aggregates across snow events as shown in Fig. 5h. As such, we selected the compact RA particle
model for the retrieval scheme that could produce the large backscatters expected from snow
particles entrained in a high liquid water content environment aloft. Fall speed estimates
necessary to convert SWC to snowfall rate were available from each the PIP, MASC, and MRR.
Retrieved surface snowfall accumulations were evaluated against MET-Norway DFAR obser-
vations to quantify retrieval performance for the snowfall regimes observed at Haukeliseter.

Analyses of MRR reflectivities and basic meteorological observations suggested two pre-
dominant snowfall regimes at the Haukeliseter test site during HiLaMS. One snowfall regime
exhibited continuous but moderate snowfall and formed with light winds from the southeast.
From the topographical map in Fig. 2b, these winds suggest gently lifting “upslope” motion
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Fig. 6. Wind roses for the (a) upslope and (b) pulsed snowfall regimes observed during HiLaMS. Figure from S19.

as they flow up the eastern flank of the mountain range. The other snowfall regime exhib-
ited bands of very heavy snowfall formed in the presence of strong westerly winds. Such
winds indicate airflow coming over the mountains to the west of Haukeliseter and would be
consistent with the presence of wave breaking on the lee side of the ridge. Accordingly, S19
labeled the easterly snow regime “upslope” and the westerly snow regime “pulsed,” where
wind roses for the regime events are shown in Fig. 6.

Retrieved snowfall values from the combined MRR-PIP-MASC retrieval scheme agreed
well with MET-Norway DFAR observations for both snowfall regimes. For the low-wind,
easterly upslope regimes, use of PIP PSD and fall speed observations with the RA particle
model resulted in a difference of —0.4% for cumulative accumulation totals over the season at
Haukeliseter. Typical discrepancies were +35% for individual snow events. For the high-wind
westerly pulsed regime, the scheme performed poorly when using surface, in situ observations
due to the presence of heavy blowing snow. However, use of the CloudSat PSD—-temperature
parameterization, fall speed from MRR Doppler measurements, and the RA model generated
a difference of +16% relative to the DFAR for snowfall accumulations for the season.

Although the optimal combination of measurements for the retrieval varied with snow-
fall regime, retrieval success depended to the first order upon the selection of a snowflake
particle model well matched to scene meteorological conditions. For example, the use of
the LRA particle model assumed in the CloudSat 2C-SNOW-PROFILE product resulted in
seasonal accumulations of +139% relative to the DFAR for the pulsed regime, as compared
to just +16% with use of the RA model. Opposite conclusions, however, were found for the
snow events observed at Kiruna. Figure 7 suggests that use of the LRA better matches SMHI
snow gauge observations for the colder and drier conditions observed near Kiruna than
the RA model that worked well for Haukeliseter. These findings can be explained by D-ICI
images that suggest more-pristine type snowflakes at the Kiruna site as shown in Fig. SB2.
In general, HiLaMS retrieval results agreed well in spirit with recent studies that demon-
strated the benefits of exploiting in situ microphysical observations to improve estimates
of snowfall rate derived from radar reflectivities (Souverijns et al. 2017; von Lerber et al.
2017; Schoger et al. 2021).
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Fig. 7. Observed SMHI snowfall accumulations in liquid water equivalent (LWE) plotted vs
retrieved values assuming the LRA and RA particle models. It is assumed the single-fence snow
gauge at Jukkasjarvi undercatches snowfall as discussed in the “Haukeliseter snow gauge studies”
sidebar.

Snowfall regimes at Haukeliseter and Kiruna. Building on the preliminary regime
classification in S19, Shates et al. (2021) identified and characterized the dominant
snowfall regimes observed at both Haukeliseter and Kiruna during HiLaMS. Events were
classified based upon snow event macrophysical properties, macrophysical structure,
and local weather conditions placed in context of coincident synoptic-scale environment
and atmospheric thermodynamic profiles. Their analysis suggested that each shallow,
deep, and intermittent snowfall regimes are observed at both locations. Figure 8 shows
2D histograms of MRR reflectivity versus height for these snowfall regimes at Haukeliseter
and Kiruna.

Shates et al. (2021) discussed how these regimes varied both for a given site and across
location. For example, shallow regimes produce light, long-lasting snowfall, and occur under
regions of high pressure and large-scale subsidence. They are more common at Kiruna than
at the mountainous Haukeliseter site. Conversely, deep snowfall regime produces moderate
snowfall rates under relatively weak synoptic disturbances. The intermittent snowfall regime
is associated with high impact snowfall and occurs during extremely warm and moist condi-
tions associated with strong extratropical cyclogenesis. While qualitative similarities exist
between regimes at both sites, there are notable differences between their characteristics at
each site. For example, the intermittent regime at Haukeliseter produced more high reflec-
tivity and deeper events than those at Kiruna, likely a result of intense storms off the warm
Gulf Stream. Snowfall profiles for all three regimes in Haukeliseter were complicated by the
impact of the mountainous terrain.

Shates et al. (2021) also determined the synoptic-scale conditions, thermodynamic struc-
ture, and microphysics associated with each of these snow regimes, providing constraints for
assessing their representation in NWP or climate model simulations. Figure 9 shows mean sea
level pressure and 500-hPa heights for snowfall regimes for both Haukeliseter and Kiruna. If
model simulations are to faithfully represent snow regimes at each site, they should be able to
replicate these patterns as well as the 2D histograms shown in Fig. 8. Simulations also should
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Fig. 8. Two-dimensional histograms of MRR reflectivity vs height above ground level for the
snowfall regimes observed at (left) Haukeliseter and (right) Kiruna. Figure modified from Shates
et al. (2021).

generate snowfall regimes with similar snowfall production and relative frequency for sites
across the high latitudes as those observed from campaigns such as HiLaMS.

Evaluation of snowfall production in HARMONIE-AROME. Retrieved profiles of snow water
generated from HiLaMS observations were used to evaluate the ability of HARMONIE-AROME,
a mesoscale nonhydrostatic, convection-permitting NWP model, to forecast surface snowfall
accumulations and vertical profiles of SWC for the Haukeliseter site. It uses the single-moment
ICE3 bulk microphysics scheme to represent cloud microphysics which simulates mass mixing
ratios of cloud water and ice, rain, snow, and graupel (Caniaux et al. 1994; Pinty and Jabouille
1998). It is used for operational short range forecasts in the Scandinavian countries through
implementation in the Meteorological Cooperation on Operational Numeric Weather Prediction
ensemble prediction system (MEPS) employed at MET-Norway and SMHI.

Snow production in NWP models exhibit well-known sensitivity to microphysical schemes.
In HARMONIE-AROME, early versions produced too much cloud ice with its default ICE3 cloud
microphysics scheme, prompting refinements to modify low-level and cirrus cloud ice repre-
sentation (Miiller et al. 2017). Engdahl et al. (2020a) showed that despite these improvements,
the ICE3 microphysics scheme depleted supercooled liquid water too quickly and produced
a surplus of snow and graupel. For this reason, Engdahl et al. (2020a) introduced a series
of changes to the ICE3 scheme based on the parameterization that included ice nucleation,
riming, and accretion parameterizations. Idealized 1D experiments showed that the modified
scheme prolonged the existence and produced higher amounts of supercooled liquid water.

Hellmuth et al. (2021) compared HARMONIE-AROME simulated surface snowfall accumula-
tions using both the base microphysical parameterization scheme with corrections (CTRL) as
noted in Engdahl et al. (2020b) and the refined scheme with updated nucleation and riming
(ICE-T) with MET-Norway DFAR observations for winter season 2016/17 at Haukeliseter. They found
that the CTRL and ICE-T schemes overestimated seasonal surface snowfall accumulations by
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both Haukeliseter and Kiruna sites based upon ERAS5 reanalysis. Figure modified from Shates et al. (2021).

+43.8% and +59.2%, respectively, relative to DFAR observations. Both schemes performed
better relative to DFAR for the low-wind, easterly upslope regime (CTRL +1.8%, ICE-T +5.0%)
than for the high-wind, westerly pulsed regime (CTRL +59.3%, ICE-T +79.2%); see Table 1.

However, Fig. 10 shows that, in contrast to surface forecasts where the model parameteriza-
tions over predicted snowfall amount, both CTRL and ICE-T simulations underestimate the
SWC aloft relative to the MRR retrievals. This basic trend holds across snowfall regime and
wind speed categories with minor exceptions for the Haukeliseter site. These results highlight
the ability of HiLaMS instrumentation to identify potential biases in NWP simulations of the
processes that link surface snow accumulation to snow water aloft. The consideration of sur-
face accumulation or vertical SWC profile values alone would lead to misleading conclusions
regarding model snowfall production.

A path forward for understanding snowfall impacts

HiLaMS activities demonstrated the usefulness of the core MRR-PIP-MASC instrumentation
suite for snowfall process studies. Given the highly portable nature of the instrumentation
package, the studies presented in this work could be replicated for other underrepresented

Table 1. HiLaMS snowfall accumulation values from DFAR observations, MRR-based retrieval
algorithm (OESR), and HARMONIE-AROME CTRL and ICE-T parameterization scheme runs. Values
are presented for easterly and westerly snowfall regimes and total snowfall (modified from Hellmuth

et al. 2021).
DFAR 146.5 - 54.0 - 200.5 -
OESR 157.2 +7.3 65.1 +20.5 2223 +10.9
CTRL 233.3 +59.3 55.0 +1.8 288.3 +43.8
ICE-T 262.4 +79.2 56.7 +5.0 319.2 +59.2
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HiLaMS enabled the develop-
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to estimate surface snowfall accu-
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retrieval scheme performs well
at both Haukeliseter and Kiruna
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synergy between the MRR reflec-
tivities and MASC particle habits
for addressing the fundamental 500 1
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tering relationships) matched to SWE (om™)
environmental snow conditions.
The particle model that worked
well for Haukeliseter was a poor
match for Kiruna, and vice versa,
due to contrasting meteorological conditions at each site. These results articulate the need for
augmenting the range of snow regimes for which such particle models are available to constrain
global snowfall algorithms such as those used by the CloudSat mission. A logical next step would
be to refine the CloudSat particle models using real-world observations of snowflake shape,
PSD, and degree of riming available from HiLaMS instrumentation when placed in context of
snow regime dynamic and thermodynamic environments. For example, Leinonen et al. (2021)
developed a technique to estimate snowflake mass and geometry from MASC images. Ideally,
these refined models would be compared with existing community particle models to determine
which best fits the snowfall regimes at each site (e.g., see Petty and Huang 2010; Kulie et al.
2014; Leinonen and Szyrmer 2015).

HiLaMS analyses also illustrates how the MRR-PIP-MASC can be used to characterize the
predominant snowfall regimes in challenging high-latitude locations. For example, Shates
et al. (2021) documented three snowfall regimes with distinct macrophysical structures
(shallow, deep, and intermittent) at each site but identified key differences in their frequency,
microphysical properties, snowfall production, synoptic-scale dynamics, and thermodynamic
structure. Hellmuth et al. (2021) demonstrated how such measurements can be used to
evaluate snowfall forecasts in the HARMONIE-AROME model used for operational forecasts
in Scandinavia. They found the model overestimated surface snowfall while simultaneously
underestimating SWC values aloft. Both studies provide valuable constraints on the
representation of snowfall in NWP and climate models.

Future deployments of HiLaMS instrumentation to novel sites would provide a more com-
plete sampling of global dominant snowfall regimes and their meteorological environments.
Lower-latitude deployments would complement similar, existing efforts at the Falling Snowfall
Observatory in Japan (Ishizaka et al. 2013; Steenburgh and Nakai 2020) and the Marquette,
Michigan, enhanced snow observation suite (Pettersen et al. 2020b; Kulie et al. 2021). Deeper

height ( m)
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1000

Fig. 10. Seasonal means of SWC plotted vs height for
the retrieval (OESR) and CTRL and ICE-T parameterization
schemes. Figure modified from Hellmuth et al. (2021).
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analysis of the spatial and temporal evolution of MRR reflectivities, Doppler velocity, and
spectral width fields will offer insights into processes by identifying areas of riming, aggre-
gation, evaporation, etc. within the storms (e.g., Matrosov et al. 2007). Such assessments of
bulk processes are enhanced by verifying their consistency with snowflake microphysical
properties such as PSD, habit, and degree of riming derived from the PIP and MASC on the
ground (Garrett and Yutter 2014; Praz et al. 2017; Leinonen et al. 2021). Inclusion of portable
multifrequency radar would provide additional information on both snowfall microphysical
properties and processes (e.g., Moisseev et al. 2015; Leinonen et al. 2018; Mason et al. 2018;
Ori et al. 2020; Planat et al. 2021).

Augmenting the core HiLaMS suite with sensors, such as upward and downward view-
ing broadband radiometers, offers the potential for addressing several broader climate and
weather problems linking the hydrologic and energy cycles. Radiometer measurements
would quantify the downwelling shortwave and longwave radiation for each of the identified
snowfall regimes at each site. Downwelling radiation measurements would be particularly
illuminating for understanding the impact of lightly precipitating, mixed-phase snowfall
regimes, whose radiative characteristics are dominated by the amount of liquid water aloft,
on surface energy balance. The partitioning between ice and water phases in these cloud
systems is notoriously difficult to model in climate simulations (McCoy et al. 2016; Tan
and Storelvmo 2019), resulting in potential model biases in both snowfall production and
surface radiation budgets. Coincident measurements from lidar and/or passive microwave
measurements available at partner sites could further constrain cloud phase in such
studies. Likewise, coincident measurements of surface albedo may help to determine how
the snowfall modifies the environment and feedbacks on snow regime evolution.

Overall, HiLaMS provided new insights into snowfall regimes, observational techniques,
and NWP forecasting for two meteorologically distinct sites in Scandinavia. As such, we
endorse the continued deployment of the highly portable MRR-PIP-MASC instrumentation.
We note, however, that each of these instruments could be replaced with similar equipment,
e.g., D-ICI substitution for the MASC at Kiruna. The core objective is to generate high-quality,
coincident observations of key snowfall properties for unique locations and snowfall regimes.
Such observations, applied in combination with complementary instrumentation and analysis
techniques provided by the wider atmospheric community, should help unravel the complex
relationships between snowfall processes and a changing climate.
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