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Abstract. Atmospheric circulation exerts an important con-
trol on a region’s snow avalanche activity by broadly de-
termining the mountain weather patterns that influence
snowpack development and avalanche release. In central
Spitsbergen, the largest island in the High Arctic Sval-
bard archipelago, avalanches are a common natural hazard
throughout the winter months. Previous work has identified
a unique snow climate reflecting the region’s climatically
dynamic environmental setting but has not specifically ad-
dressed the synoptic-scale control of atmospheric circula-
tion on avalanche activity here. In this work, we investi-
gate atmospheric circulation’s control on snow avalanching
in the Nordenskiold Land region of central Spitsbergen by
first constructing a four-season (2016/2017-2019/2020) re-
gional avalanche activity record using observations available
on a database used by the Norwegian Water Resources and
Energy Directorate (NVE). We then analyze the synoptic at-
mospheric conditions on days with differing avalanche activ-
ity situations. Our results show atmospheric circulation con-
ducive to elevated precipitation, wind speeds, and air temper-
atures near Svalbard are associated with increased avalanche
activity in Nordenskiold Land, but different synoptic signals
exist for days characterized by dry, mixed, and wet avalanche
activity. Differing upwind conditions help further explain dif-
ferences in the frequency and nature of avalanche activity re-
sulting from these various atmospheric circulation patterns.
We further employ a daily atmospheric circulation calen-
dar to help contextualize our results in the growing body
of literature related to climate change in this location. This

work helps expand our understanding of snow avalanches
in Svalbard to a broader spatial scale and provides a basis
for future work investigating the impacts of climate change
on avalanche activity in Svalbard and other locations where
avalanche regimes are impacted by changing climatic and
synoptic conditions.

1 Introduction

Snow avalanches are natural hazards occurring in mountain-
ous environments where complex interactions between the
terrain, weather, and snowpack allow for masses of snow to
rapidly descend steep slopes (e.g., Schweizer et al., 2003a).
Avalanche forecasts thus seek to reduce risks associated
with snow avalanche hazards by predicting avalanche con-
ditions by integrating information related to an area’s terrain,
past and current meteorological conditions, and snowpack
(LaChapelle, 1980; McClung, 2002b). Of the three factors
— terrain, weather, and snowpack — contributing to avalanche
release and considered in avalanche forecasts, terrain is gen-
erally considered static (e.g., Schweizer et al., 2003a), while
the snowpack exhibits spatial heterogeneity that is difficult
to resolve at broader spatial scales (Schweizer et al., 2008;
Clark et al., 2011). Previous work investigating the controls
on avalanching at broader, regional to sub-continental spatial
scales has therefore focused on understanding the linkages
between synoptic-scale atmospheric circulation patterns and
periods of increased avalanche activity (e.g., Birkeland et al.,
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2001; Fitzharris, 1987; Fitzharris and Bakkehgi, 1986; Key-
lock, 2003; Martin and Germain, 2017; Schauer et al., 2020).

The synoptic scale in meteorology refers to weather phe-
nomena — such as extratropical cyclones — with horizontal
extents on the order of 1000 km (e.g., Yarnal, 1993). Atmo-
spheric processes at this scale are roughly analogous to a
mountain range when considering avalanche processes and
related operational hazard forecasts (McClung, 2002b). As
atmospheric circulation is the primary expression of meteo-
rological conditions at this spatial scale, studying the inter-
actions between atmospheric circulation and the surface en-
vironment is known as synoptic climatology (Yarnal, 1993).
A synoptic avalanche climatology therefore relates a region’s
avalanche activity to synoptic-scale atmospheric circulation
patterns and can serve as a basis for understanding — and
thus forecasting for — avalanche activity at the regional scale.
The foundation established by a synoptic avalanche clima-
tology represents the mean atmospheric conditions associ-
ated with avalanche activity in a particular location and pro-
vides a basis for considering the discrete meteorological con-
ditions resulting from a specific synoptic event which lead to
avalanche release.

Numerous studies have addressed avalanche activity at the
synoptic scale through analyses of atmospheric circulation
patterns. Synoptic avalanches climatologies have been devel-
oped for Iceland (Bjornsson, 1980), the Norwegian mainland
(Fitzharris and Bakkehgi, 1986), western Canada (Fitzhar-
ris, 1987), the western United States (Birkeland et al., 2001;
Schauer et al., 2020), the Spanish Pyrenees (Garcia et al.,
2009), Mt. Shasta in northern California (Hansen and Un-
derwood, 2012), and portions of the northeastern United
States (Martin and Germain, 2017). Other works investi-
gating synoptic-scale meteorological controls on regional
avalanche activity include analyses of the North Atlantic
Oscillation’s influence on the avalanche regimes in Iceland
(Keylock, 2003) and the Eastern Pyrenees (Garcia-Sellés et
al., 2010), as well as the effects of the El Nifio—Southern Os-
cillation on avalanche patterns in western Canada and Chile
(McClung, 2013).

In the High Arctic archipelago of Svalbard, atmospheric
circulation classifications have been established through sub-
jective (NiedZwiedZ, 2013) and objective (Kdsmacher and
Schneider, 2011) classification methods. Previous work from
this region has employed the subjective classification from
NiedZzwiedz (2013) to relate atmospheric circulation patterns
to recent climatic warming across the archipelago (Isak-
sen et al., 2016), to analyze meteorological conditions and
snow distribution on selected glacial systems (Laska et al.,
2017; Matecki, 2015), and to characterize wintertime rain-
on-snow events (Wickstrom et al., 2020). Additional re-
search on synoptic-scale meteorological processes in Sval-
bard includes works examining the effects of atmospheric
circulation on air temperatures (e.g., Bednorz and Fortuniak,
2011; Bednorz and Kolendowicz, 2013), precipitation pat-
terns (e.g., Serreze et al., 2015), cloudiness (Bednorz et al.,
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2016), and extratropical cyclone activity (Rinke et al., 2017;
Rogers et al., 2005; Wickstrom et al., 2019).

This study investigates the relation between atmospheric
circulation patterns and avalanche activity in the Norden-
skiold Land region of central Spitsbergen, the largest is-
land in the Svalbard archipelago (Fig. 1). Spitsbergen is situ-
ated at the climatically dynamic interface between the Arctic
and North Atlantic regions, where its proximity to poleward
oceanic and atmospheric heat transport pathways results in a
warmer, wetter climate than expected at these latitudes. The
West Spitsbergen Current off the island’s western coast — the
northernmost extension of the warm Atlantic Gulf Stream
— has a moderating effect on regional temperatures and re-
sults in perennial ice-free conditions in the eastern Fram
Strait (Walczowski and Piechura, 2011). Atmospheric heat
and moisture reach Svalbard during winter via extratropical
cyclones traveling northeastwards along the North Atlantic
storm track, and temperatures can rise far above freezing,
even in winter (e.g., Serreze et al., 2015; Vikhamar-Schuler
et al., 2016). Spatiotemporal fluctuations in sea ice concen-
tration and extent (e.g., Muckenhuber et al., 2016; Onarheim
et al., 2014), atmospheric and oceanic circulation (e.g., Cot-
tier et al., 2007), and storm track location (e.g., Rogers et al.,
2005; Wickstrom et al., 2019) dramatically affect climatic
and meteorological conditions in Spitsbergen, making the re-
gion one of the most climatically sensitive in the world.

Nordenskiold Land’s High Arctic maritime snow cli-
mate reflects central Svalbard’s unique environmental set-
ting (Eckerstorfer and Christiansen, 2011a). Winter weather
is characterized by prolonged periods of relatively cold, sta-
ble high pressure interrupted by warmer, wetter low-pressure
systems traveling northwards along the North Atlantic storm
track (Hanssen-Bauer et al., 1990; Rogers et al., 2005).
Wind slabs and ice layers form in the snowpack during
these warm, wet winter storms and are often separated by
persistent weak layers of faceted grains developing during
colder, stable periods (Eckerstorfer and Christiansen, 2011a).
Snow is readily transported by the wind across the region’s
broad plateau summits and expansive glaciofluvial valleys
in the absence of woody vegetation, and large cornices de-
velop annually along the edges of the plateaus (Vogel et al.,
2012; Hancock et al., 2020). Avalanche activity in this en-
vironment clusters temporally around winter storms, where
precipitation and strong winds result in modest snow fall
amounts rapidly accumulating in leeward areas (Eckerstor-
fer and Christiansen, 2011b). Although Nordenskiold Land’s
winter climate and thin snowpack promote persistent weak
layer development throughout the season (Eckerstorfer and
Christiansen, 2011a), the avalanche regime here is neverthe-
less primarily direct action, with avalanches — even those re-
leasing on deeper instabilities — typically occurring in direct
response to snow loading during winter storms (Eckerstorfer
and Christiansen, 2011b, ¢; Hancock et al., 2018).

Dramatic recent changes have been superimposed onto the
region’s baseline climatic variability (e.g., Hanssen-Bauer
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Figure 1. Panel (a) displays Svalbard’s location (extent of panel (b) is shown by the red box) in the North Atlantic. Panel (b) presents an
overview of Svalbard with the Nordenskiold Land region, detailed in panel (c), highlighted in green. © OpenStreetMap contributors 2020.
Distributed under the Open Data Commons Open Database License (ODbL) v1.0.

et al., 2019), however, and likely portend similarly shift-
ing norms in the snow avalanche climate. Air temperatures
over Svalbard have increased on the order of 3-5 °C between
1971 and 2017, with warming particularly pronounced dur-
ing the winter months (Hanssen-Bauer et al., 2019). Trends
in precipitation are generally increasing but do so less clearly
(e.g., Forland et al., 2020; Hanssen-Bauer et al., 2019), and
increased extreme precipitation event frequency has been
observed in recent decades (Hanssen-Bauer et al., 2019;
Serreze et al., 2015). These changes have implications for
Nordenskiold Land’s snow climate, with observed and pro-
jected increases in winter temperatures (Hanssen-Bauer et
al., 2019) and rain-on-snow (ROS) event frequency (Peeters
et al., 2019; Vikhamar-Schuler et al., 2016; Wickstrom et
al., 2020), combined with shorter snow seasons (e.g., Lopez-
Moreno et al., 2016), affecting winter storm characteristics,
snowpack duration and composition, and — inferentially, at
least — avalanche activity.

The present study builds on this growing body of cli-
matological research to investigate the influence exerted by
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synoptic-scale atmospheric circulation on avalanche activity
in Nordenskiold Land. Our specific aims are as follows:

— construct a record of recent avalanche activity using
crowd-sourced avalanche observation data from the
Norwegian Water Resources and Energy Directorate’s
(NVE) online snow and avalanche observation registra-
tion portal (https://www.regobs.no, last access: 7 Febru-
ary 2021);

— investigate the synoptic controls on avalanche activity in
Nordenskiold Land with reference to a well-established
subjective atmospheric circulation classification for the
Svalbard region;

— place the observed synoptic controls on regional
avalanche activity within the larger context of environ-
mental change in the High Arctic.

The Cryosphere, 15, 3813-3837, 2021
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2 Data and methods

2.1 Avalanche observations and avalanche activity
index calculations

A record of avalanche activity spanning four winter sea-
sons (2016/2017-2019/2020) for the Nordenskiold Land re-
gion of central Spitsbergen comprises the primary dataset
unique to this work. We used snow and avalanche obser-
vations stored in the regObs (an abbreviation for registra-
tion of observations) registry and made publicly — and freely
— available by the Norwegian Water Resources and Energy
Directorate (NVE) at https://www.regobs.no/ (last access:
7 February 2021). RegObs is NVE’s system for acquiring
both crowd-sourced and professional observations for natu-
ral hazard forecasting in Norway and consists of a mobile
app, a website, and a database accessed via an application
programming interface (API) (Engeset et al., 2018). Users
upload an observation via an interface on either the mobile
app or the website that is then immediately displayed and
stored for others to view and/or access later via the API. We
focus on the snow and avalanche observations registered in
regObs for the Nordenskiold Land region of central Svalbard.
These observations form the basis for public avalanche advi-
sories issued by the Norwegian Avalanche Warning Service
(NAWS) for Nordenskiold Land, the only portion of Svalbard
for which public avalanche bulletins are regularly issued due
to the concentration of human activity near Longyearbyen
(Fig. 1). Observation quantity and quality became reliable in
Nordenskiold Land for the 2016/2017 winter season coinci-
dent with the initiation of public avalanche forecasts issued
by the NAWS and the hiring of trained observers to provide
regular snow and avalanche observations via regObs. We ac-
cordingly chose this winter season to begin our avalanche
activity analyses, with the winter season in this work defined
as 1 December—31 May and corresponding to the period for
which daily avalanche advisories are issued.

We considered regObs observations classified as
avalanche activity, avalanche incidents, avalanche acci-
dents, and danger signs and located within the Nordenskiold
Land forecasting area when constructing our avalanche
records (Fig. 2). Avalanche activity observations can report
multiple avalanches of similar avalanche types and size for
a specified timeframe, single avalanches, or no observed
avalanches (“no avalanche activity observed”). These
observations typically include a specification of avalanche
type and destructive size, a categorical estimate of the
number of observed avalanches (0, 1, 2-5, 6-10, > 10),
and (ideally) a photo. Avalanche incident observations
report single avalanche occurrences and are often used for
detailed descriptions of single avalanche events. Avalanche
accidents are reported similarly to avalanche incidents but
typically involve human activity either through triggering
or impact of the avalanche (i.e., danger to infrastructure).
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Recent avalanches can also be recorded as a danger sign
observation.

We used the API implemented in Python made avail-
able by NVE (Ekker, 2019) to retrieve all avalanche activ-
ity, avalanche incident, and avalanche accident observations
in addition to records where recent avalanches were listed
as a danger sign from the regObs database for the Norden-
skiold Land forecasting region to create our avalanche ac-
tivity record. From the API’s output including the registra-
tion ID, we manually checked all 678 observations on the
https://regobs.no (last access: 7 February 2021) website to
identify individual avalanches. Of these 678 observations,
385 reported avalanches, while 293 were avalanche activity
observations with “no avalanches observed.” Manual checks
allowed us to discard avalanches registered on multiple occa-
sions or resulting from unreliable observations, correct egre-
gious errors in observed avalanche sizes via visual checks of
avalanche photos, and precisely identify the number of in-
dividual avalanches included in avalanche activity observa-
tions. For the latter, we identified individual avalanches ei-
ther through visual inspection of photos included with the
observation or via the text description of the avalanche activ-
ity where individual avalanches may have been mentioned.
In situations where neither photos nor the text sufficed to
identify individual avalanches, we conservatively estimated
the number of avalanches based on the lower limits of the
number category such that an observation recording “sev-
eral” (i.e., 6-10) size 1 avalanches would be recorded as six
individual size 1 avalanches. We discarded 110 of the 385
(31 %) records of all observation types reporting avalanches
in which the observed avalanches were duplicated in other
observations or where we could not determine an avalanche
date, size, type, or number either via the avalanche parame-
ters listed by the user or via our own inspection of the ob-
servation online. Our final database included 632 individual
avalanches recorded in 275 separate avalanche observations
(Fig. 2). Avalanches are primarily observed on the date they
occur, but in some cases the observer has changed the date
based on their knowledge of the avalanche situation or we
have changed the date based on our records or the informa-
tion included in the observation.

We calculated a daily avalanche activity index (AAI) fol-
lowing Schweizer et al. (2003b) using this daily avalanche
activity record. The daily AAI represents the total number
of all observed avalanches, with each individual avalanche’s
contribution to the daily sum weighted based on the
avalanche’s destructive size and trigger type. We assigned
typical weights (e.g., Schweizer et al., 2003b) of 0.01, 0.1,
and 1 for avalanches of destructive sizes 1, 2, and 3, respec-
tively (we had no destructive 4 or 5 avalanches in our record).
We further assigned naturally triggered avalanches a weight
of 1 and human-triggered avalanches a weight of 0.5, and we
assumed avalanches with an unknown or unspecified trigger
to be natural and thus assigned a weight of 1. An example
day on which two naturally triggered size 1 avalanches (2
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Figure 2. Overview of the regObs observations employed in this work. Panel (a) shows a schematic displaying the regObs observation types
retrieved in this work, the parameters we analyzed from each observation type, and the values for each parameter available for user selection.
Note that avalanche accidents are not displayed in this figure as they have the same parameters as avalanche incidents and, as of June 2020,
are only available for input on the website and not the mobile application. Panel (b) shows the distribution of observations reporting avalanche
activity used in this work, while panel (c) highlights observation density near Longyearbyen in the region indicated in panel (b).

avalanches x 0.01 size weight x 1 trigger weight = 0.02)
and one human-triggered size 3 avalanche (1 avalanches x 1
size weight x 0.5 trigger weight = 0.5) occurred would result
in a daily AAI of 0.52 (0.02+0.5). We further sub-classified
wet and dry AAI components such that dry avalanches con-
tributed to the daily dry AAI and wet avalanches contributed
to the daily wet AAI, which were then summed to produce
the daily AAI. We considered days with only a dry AAI as
a “dry” avalanche type day, days with only a wet AAI as
“wet”, and days with both dry and wet AAI contributions as
“mixed.”

We divided the 166d in our database with ob-
served avalanche activity into low-activity and high-activity
avalanche days based on an AAI threshold value of 0.4
(Fig. 3). We classified the 34 d with an AAI greater than or
equal to 0.4 (0.4 < AAI) as high-activity days, and we clas-
sified the 132 d with an AAI greater than O but less than 0.4
(0 < AAI < 0.4) as low-activity days. Knowledge of Sval-
bard’s avalanche regime (where avalanche activity is gener-
ally more limited relative to other locations) and an anal-
ysis of the daily AAI distribution (Fig. 3) formed the ba-
sis for our use of an AAI value of 0.4 as the threshold to
differentiate between low- and high-activity days. Previous
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work in Svalbard used a threshold of two size 2 avalanches
(equivalent to an AAI of 0.2) to differentiate between a “non-
avalanche day” and an “avalanche day” (Eckerstorfer and
Christiansen, 2011b). Using a value double the 0.2 thresh-
old used in this previous work, we explored AAI values of
both 0.4 and 0.5 as potential thresholds for the differentia-
tion between low-activity days and high-activity days. The
0.5 threshold represents roughly the 86th percentile on our
daily AAI distribution, and results in 26 d classified as high-
activity days. The 0.4 threshold corresponds to the 83rd per-
centile of days with avalanche activity, resulting in 34 d clas-
sified as high-activity days. We ultimately selected 0.4 as
the threshold after detailed analyses indicated the differing
threshold values had relatively little impact on the final re-
sults, but lowering the threshold to 0.4 increased the num-
ber of high-activity days in our analyses, which aided in, for
example, more robust composite analyses and significance
calculations as described in Sect. 2.2.1. High-activity days
above the 0.4 threshold (0.4 < AAI) represent 20 % of all
days with observed avalanche activity and 5% of all 729
winter days included in these analyses. The 132 low-activity
days (0 < AAI < 0.4) below the 0.4 threshold represent 80 %
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Figure 3. Distribution of the calculated daily AAI for days where
AAI > 0. The dashed black vertical line illustrates the 0.4 AAI
threshold above which days were classified as high-activity days
(n = 34) and below which days were classified as low-activity days
(n =132).

of all 166 d with observed avalanche activity and 18 % of all
729 winter days included in these analyses.

2.2 Atmospheric circulation

We employ a calendar of synoptic types known as the
Niedzwiedz classification (NiedZzwiedz, 2013) to character-
ize atmospheric circulations patterns in the Svalbard region.
The NiedzwiedZ classification applies a methodology sim-
ilar to Lamb’s (1972) classification for the British Isles to
manually define common synoptic situations over Svalbard.
The NiedZwiedZ classification assesses the mean sea level
pressure (MSLP) field to define common synoptic situa-
tions based on the geostrophic wind direction over Svalbard
(Niedzwiedz, 2013; Isaksen et al., 2016). We use a version
of the NiedZwiedZ classification synoptic types denoted by
the approximate geostrophic wind direction (N+NE, E+SE,
S+SW, W+NW) and whether the situation is dominantly cy-
clonic (c) or anti-cyclonic (a). A situation with northeast-
erly geostrophic airflow driven by low-pressure, cyclonic ac-
tivity would be thus be denoted as N+NEc. Additional cy-
clonic situations denoted as Cc+Bc indicate a closed low-
pressure center (Cc) near Svalbard or a low-pressure trough
in the vicinity (Bc), while anti-cyclonic situations with a
high-pressure center (Ca) or a ridge (Ka) near Svalbard are
denoted as Ca+Ka. Finally, situations where the synoptic sit-
uation cannot be explicitly determined are assigned an unde-
fined type (x) such that every day since 1950 is assigned to
one of these 11 synoptic types.

We use interpolated MSLP, air temperature (2m), pre-
cipitation, and wind speed data from the ERAS Reanalysis
dataset available at 31 km horizontal resolution (Hersbach
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et al., 2020) to analyze meteorological conditions associated
with these atmospheric circulation patterns. In combination
with the NiedZwiedZ classification types, the 1h ERAS re-
analysis data aggregated to daily mean values (MSLP, tem-
perature, wind speed) and accumulated daily values (precip-
itation) form the basis for our atmospheric circulation pat-
tern analyses. We apply composite analysis on the MSLP,
air temperature, precipitation, and wind speed fields to study
the atmospheric conditions associated with each synoptic
type based on the ERAS data (Appendix A). Finally, we use
data from two automated weather stations (AWSs), the Sval-
bard Airport AWS (28 m elevation, 4 km west of Longyear-
byen) and the Gruvefjellet AWS (464 m, 2 km southeast of
Longyearbyen) to characterize the same parameters in terms
of locally observed meteorological conditions (Fig. 1).

2.2.1 Statistical significance

We employed Monte Carlo simulations to evaluate the statis-
tical significance of the anomalies between the mean winter
conditions and various composites presented in our results.
We considered mean winter conditions to be the overall mean
for each parameter taken across all 729 winter (December—
May) days between 1 December 2016 and 31 May 2020 (Ap-
pendix B). The Monte Carlo simulation process involved se-
lecting a random sample of days the same length as the com-
posite of interest from all 729 winter days and repeating this
process 1000 times to generate a synthetic probability dis-
tribution following Wickstrom et al. (2019). In an approach
similar to Hendrikx et al. (2009), we determined anomalies
to be statistically significant if they fell either below the Sth
percentile for negative anomalies or above the 95th percentile
for positive anomalies.

We tested significance in the differing distributions of the
locally measured meteorological parameters using pairwise
a Wilcoxon rank sum test with a Holm p-value adjustment
method. We considered distributions to be significantly dif-
ferent for p values less than 0.05.

3 Results
3.1 Avalanche activity

We identified 632 individual avalanches from the regObs
observations. Observed avalanches are primarily destructive
size 1 and 2 and naturally released (Fig. 4), with no size 4
or 5 avalanches included in our database. Avalanches were
observed on 166 of the 729d included in our four-season
record (2016/2017-2019/2020), with 34 of these 166d fur-
ther classified as high-activity days (with an AAI > 0.4) (Ta-
ble 1). Just under half (48 %) of all observed avalanches and
63 % of observed size D2 and D3 avalanches occurred on
high-activity days. Dry avalanches comprise a majority of
observed avalanche activity (75 % of all avalanches), with
wet activity dominating only the loose and slush — wet by

https://doi.org/10.5194/tc-15-3813-2021
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definition — avalanche types. Dry slab avalanches are the
most observed avalanche type, while only one slushflow (size
3) was observed. High-activity days are primarily dry (27),
with mixed (4) and wet (3) high-activity days comprising just
20 % of all high-activity days.

Days without observed avalanches in Nordenskiold Land
are typified at the synoptic scale by low pressure lim-
ited to the study domain’s southern portions (over north-
ern Fennoscandia), with MSLP conditions near Svalbard dif-
fering insignificantly from mean winter conditions (Fig. 5).
This indicates the region is situated in the colder, Arctic
air mass with the storm track to the south. Weakly nega-
tive temperature anomalies over Svalbard extend southwards
to Fennoscandia, with negative precipitation and wind speed
anomalies focused more directly over Svalbard and the sur-
rounding ocean. While Svalbard is still under mean win-
ter MSLP conditions on low-activity days, high-pressure
anomalies dominate the southern study domain. Low-activity
days are further characterized by a narrow swath of positive
precipitation anomalies extending southwards from Sval-
bard to the mainland, with localized positive precipitation
and wind anomalies concentrated near Spitsbergen’s western
coast (Fig. 5). The MSLP field during high-activity days is
dominated by anomalous low pressure extending from Sval-
bard to the northeast across the Fram Strait. This circulation
pattern is associated with stronger and more widespread posi-
tive air temperature, precipitation, and wind speed anomalies
over Spitsbergen relative to low-activity days (Fig. 5).

Differences in meteorological parameters between differ-
ent type of days are broadly reflected in conditions measured
locally near Longyearbyen (Fig. 6). Daily air temperatures
at the Gruvefjellet AWS are higher on low-activity days and
high-activity days than on days without observed avalanches,
but no statistical difference exists between air temperatures
on low-activity days and high-activity days. Precipitation at
the Svalbard Airport AWS is greater on high-activity days
than on low-activity days and days without observed activity
but does not statistically differ between avalanche days and
days without observed activity. Finally, daily averaged wind
speeds at the Gruvefjellet AWS are significantly greater on
avalanche days than on no observed activity days and greater
still on high-activity days.

The MSLP fields differ markedly between low-activity
days and high-activity days characterized by dry, mixed, and
wet avalanche activity (Fig. 7). Dry low-activity days do not
significantly differ from mean MSLP conditions near Sval-
bard, while significant low-pressure anomalies are centered
over Svalbard during dry high-activity days. These circula-
tion patterns are reflected in other meteorological parame-
ters, with dry low-activity days only significantly differing
from mean conditions with a limited area of slightly posi-
tive wind speed anomalies southeast of Svalbard (Fig. C3).
Dry high-activity days show widespread significantly posi-
tive precipitation and wind speed anomalies in conjunction
with the low-pressure anomaly over the region (Figs. C2
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and C3). On wet low-activity days, by contrast, Svalbard is
encompassed by strongly positive MSLP anomalies stretch-
ing from Fennoscandia across the Barents Sea. This pattern
is more pronounced during wet high-activity days, although
the region over which the positive anomalies are signifi-
cant decreases likely due to the limited sample size (Fig. 7).
Both wet low-activity and high-activity days exhibit strongly
positive air temperature anomalies over Svalbard (Fig. C1),
wet high-activity days show a thin strip of significant posi-
tive precipitation anomalies extending southwest from cen-
tral Spitsbergen (Fig. C2), and wind speeds do not signifi-
cantly differ from mean winter conditions on either wet low-
or high-activity days (Fig. C3). MSLP patterns on low- and
high-activity days with mixed avalanche activity closely re-
semble those associated with wet avalanche activity, but the
high-pressure ridge over Fennoscandia is somewhat flattened
just south of Svalbard and does not extend as dramatically
northwards into the Barents Sea (Fig. 7). Mixed low- and
high-activity days both show significant positive temperature
anomalies (Fig. Cl1), but other significant anomalies are re-
stricted to a very limited positive precipitation anomaly re-
gion in northwestern Spitsbergen and a region of positive
wind speed anomalies southeast of the island during mixed
high-activity days.

At the AWSs near Longyearbyen, higher air temperatures
are observed on mixed and wet low- and high-activity days
than on dry low- and high-activity days (Fig. 8). Wind speeds
and daily accumulated precipitation, however, do not statis-
tically differ between dry, mixed, and wet low- and high-
activity days.

3.2 Connection with established synoptic classifications

We characterize 729 winter days by synoptic type and
avalanche activity (Table 1). The most common synoptic
types are Types 6 (N+NEc), 7 (E+SEc), and 10 (Cc+Bc).
The least frequent synoptic types are Types 4 (W+NWa), 9
(W+NWc), and 3 (S+SWa). Types 7 (E+SEc), 9 (W+NWc),
and 6 (N+NEc) result in the most avalanches (Table 1,
Fig. 9a), and Types 9 (W+NWc), 4 (W+NWa), and 8
(S+SWc) result in the most avalanches per day (Table 1).
Types 9 (W+NWc), 4 (W+NWa), and 10 (Cc+Bc) result in
the highest normalized AAI values. Synoptic types domi-
nated by cyclonic airflow — Types 6 (N+NEc), 7 (E+Sec),
8 (S+SWc¢), 9 (W+NWc), and 10 (Cc+Bc) — occur fre-
quently, result in most observed avalanches, and comprise
most high-activity days (Fig. 9, Table 1). Synoptic types
dominated by anti-cyclonic airflow — Types 1 (N+NEa), 2
(E+SEa), 3 (S+SWa), 4 (W+NWa), and 5 (Ca +Ka) — oc-
cur less frequently, result in fewer observed avalanches, and
in some cases do not contain a single high-activity day
(Types 2 (E+NEa) and 5 (Ca+Ka)). Dry avalanches domi-
nate observed avalanche activity for all synoptic types ex-
cept Types 3 (S+SWa) and 9 (W+NWc), during which wet
avalanches are more frequently observed (Fig. 9b). Similarly,
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high-activity days are dominated by dry activity, with the
exceptions of Types 3 (S+SWa), 9 (W+NWc), 10 (Cc+Bc),
and 11 (x — unclassified), which all include mixed or wet
high-activity days. Destructive size 3 avalanches — the largest
avalanches observed in this study — most frequently oc-
cur with Type 10 (Cc+Bc) conditions (seven avalanches),

The Cryosphere, 15, 3813-3837, 2021

with Type 9 (W+NWc) and Type 7 (E+SEc) each result-
ing in four size 3 avalanches. Types 9 (W+NWc) and Types
7 (E+SEc) both result in the highest total number of ob-
served avalanches, but the differing frequencies with which
these synoptic types occur contribute to markedly different
avalanches per day and normalized AAI values. The follow-
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Figure 6. Boxplots showing the distributions for locally measured
meteorological parameters by avalanche day type. Air temperature
and wind speed are observed at the Gruvefjellet AWS, while pre-
cipitation and MSLP are observed at the Svalbard Airport AWS.

ing subsections investigate these synoptic types in more de-
tail.

3.2.1 Synoptic types with a high number of avalanches
per day and high normalized AAI values

Low-pressure anomalies situated northeast of Svalbard and
high-pressure anomalies over Fennoscandia characterize
Type 9 (W+NWoc) circulation (Fig. 10). During winter, the re-
sulting west-northwesterly airflow reaches Spitsbergen from
across the ice-free Fram Strait. Relative to mean winter con-
ditions, a thin band of positive precipitation anomalies con-
centrated along Spitsbergen’s western coast, positive air tem-
perature anomalies across most of the domain, and positive
wind speed anomalies south of Spitsbergen typify Type 9
(W+NWc) days. Type 9 (W+NWc) conditions result in the
highest total number of avalanches, equalled only by the
number of avalanches occurring on Type 7 (E+SEc) days.
Type 9 (W+NWc) days occur much less frequently than
Type 7 (E+Sec) days, however, with only Type 4 (W+NWa)
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days occurring less frequently. Type 9 (W+NWc) conditions
therefore result in the highest number of avalanches per day
and the highest normalized AAI of all the synoptic types.
Avalanches occurring on Type 9 (W+NWc) days are primar-
ily size 1 (Fig. 9a) and roughly evenly split between dry and
wet avalanche types (Fig. 9b). Most of these avalanches oc-
cur on high-activity days (Fig. 9c) which can be classified
as either dry, mixed, or wet (Fig. 9d). Synoptic conditions
on Type 9 (W+NWoc) high-activity days differ insignificantly
from mean Type 9 (W+NWc) winter conditions (Fig. 10),
suggesting mean Type 9 (W+NWc) conditions are sufficient
to regularly produce avalanches. Westerly airflow in general
appears to be particularly conducive to avalanche activity, as
Type 4 (W+NWa) and Type 8 (S+SWc) conditions produce
the second and third highest number of avalanches per day,
respectively.

Type 10 (Cc+Bc) airflow is characterized by a low-
pressure center or trough over Spitsbergen and is not associ-
ated with a specific wind direction here (e.g., Appendix A).
Calmer conditions are expected with the low centered over
Spitsbergen, with northerly flow west and southerly flow east
of the island. The low pressure’s specific location and depth
ultimately determine the resulting wind field. While explic-
itly westerly airflow types (Types 9, 4, and 8) result in the
highest number of avalanches per day, Type 10 (Cc+Bc) con-
ditions result in a greater number of avalanches than either
Types 4 (W+NWa) or 8 (S+SWc) and a higher normalized
AAI than Type 8 (S+SWc). Type 10 (Cc+Bc) days also re-
sult in the highest number of size 3 avalanches of all the syn-
optic types (Fig. 9a), which contributes to the relatively high
normalized AAI value.

3.2.2 Synoptic types with a high total number of
avalanches and low normalized AAI values

Type 7 (E+SEc) days result in the same number of avalanches
as Type 9 (W+NWc) days. However, the east-southeasterly
airflow over Spitsbergen resulting from low pressure situated
southwest of Svalbard characteristic of Type 7 (E+SEc) con-
ditions occur much more commonly than Type 9 (W+NWc)
conditions. As a result, avalanches per day and the normal-
ized AAI are much lower for Type 7 (E+SEc) conditions (Ta-
ble 1). Avalanche activity on Type 7 (E+SEc) days is primar-
ily dry (Fig. 9b), and more avalanches greater than size 1 oc-
cur on Type 7 (E+SEc) days than on Type 9 (W+NWc) days.
Synoptic conditions differ significantly from mean Type 7
(E+SEc) days on high-activity Type 7 (E+SEc) days, with
the low-pressure center deepening and shifting to the north-
east (Fig. 10). This results in significantly wetter and windier
conditions over Spitsbergen than the mean Type 7 (E+SEc)
state (Fig. 10). Synoptic conditions on high-activity Type 7
(E+SEc) days thus represent infrequent but significant de-
partures from the mean Type 7 (E+SEc) state. Avalanche ac-
tivity on Type 7 (E+SEc) high-activity days is dry. Fewer
total avalanches (but more avalanches greater than size 1)
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Figure 7. Maps of composite MSLP anomalies versus mean winter MSLP conditions (December—May, 2016-2020) by dry, mixed, and wet
avalanche activity classifications. Anomalies which are not statistically significantly different from mean winter conditions are indicated with

dense hatching. Additional parameter plots are found in Appendix C.

Table 1. Distribution of total winter days and avalanche activity by synoptic type after NiedzwiedZ (2013). Maximum values for each column
are displayed in bold. Appendix A shows the composite parameter field anomalies for each synoptic type over our period of record.

Synoptic  Synoptic Total  Proportion of  No. of Proportion Total Normalized  Normalized AAI
type type number winter days high- of days  number of number of  (cumulative AAI/
(numeric  (airflow of winter classified as  activity classified avalanches  avalanches number of days
identifier)  descriptor) days  synoptic type days as high- (avalanches  of synoptic type)
activity days per day)
1 N+NEa 73 0.10 2 0.03 36 0.49 0.03
2 E+SEa 48 0.07 0 0 14 0.29 0.02
3 S+SWa 26 0.04 2 0.08 24 0.92 0.08
4 W+NWa 11 0.02 1 0.09 23 2.1 0.14
5 Ca+Ka 69 0.09 0 0 16 0.23 0.01
6 N+NEc 174 0.24 6 0.03 106 0.61 0.04
7 E+SEc 120 0.16 5 0.04 107 0.89 0.08
8 S+SWc 59 0.08 3 0.05 80 1.36 0.08
9 W+NWe 17 0.02 4 0.24 107 6.3 0.44
10 Cc+Bc 89 0.12 8 0.09 89 1.0 0.12
11 X 43 0.06 3 0.07 30 0.70 0.07
Total 729 NA 34 0.05 632 0.87 0.07

occur on Type 7 (E+SEc) high-activity days than on Type 9
(W+NWc) high-activity days. These avalanche activity pat-
terns are reflected by the other synoptic type characterized
by cyclonically driven, generally easterly airflow — Type 6
(N+NEc). By far the most commonly occurring synoptic type
in this study, Type 6 (N+NEc) circulation results in just one
fewer avalanche than Types 9 (W+NWc) and 7 (E+SEc).
Avalanches on Type 6 (N+NEc) days are almost exclusively
dry, and the largest total number of avalanches greater than

The Cryosphere, 15, 3813-3837, 2021

size 2 occur under this synoptic type. However, the number
of avalanches per day and the normalized AAI for Type 6
(N+NECc) is the lowest of all the cyclonically driven circula-
tion types. Only anti-cyclonic easterly airflow types (Types 1
(N+NEa) and 2 (E+Sea)) and Type 5 (Ca+Ka) (high pressure
over Spitsbergen) have lower normalized AAI values than
Type 6 (N+NEc).
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Figure 8. Boxplots showing the distributions for locally measured
meteorological parameters by dry, mixed, and wet avalanche activ-
ity classifications. Air temperature and wind speed are observed at
the Gruvefjellet AWS, while precipitation is observed at the Sval-
bard Airport AWS.

4 Discussion
4.1 Synoptic controls on avalanche activity

Our results indicate atmospheric circulation patterns leading
to wet, windy, and warm conditions over Nordenskiold Land
are associated with increased observed regional avalanche
activity. The conditions are commonly related to cyclonic
airflow related to low-pressure systems transported north-
wards along the North Atlantic storm track. In aggregate,
high-activity days display a clear low-pressure signal, with
cyclonic activity in the Fram Strait drawing in the warm,
wet air represented by positive air temperature and precip-
itation anomalies (Fig. 5). These controls are further demon-
strated by the inverse situation where days without observed
avalanche activity show decreased wind speeds, precipita-
tion, and air temperatures over Svalbard relative to mean
winter conditions. Cyclonic control is also broadly evident
when considering avalanche activity by synoptic type, as
synoptic types driven by cyclonic airflow dominate both in
terms of total observed avalanches (Fig. 9a) and in the num-
ber of high-activity days (Table 1, Fig. 9d). Furthermore,
the specific synoptic circulation type characterized by a low-
pressure center or trough directly over Svalbard — Type 10
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(Cc+Bc) — results in the most high-activity days and the most
size 3 avalanches of all synoptic types. The Type 5 (Ca+Ka)
synoptic type — high pressure over Svalbard characterizing
a drier, calmer synoptic environment — by contrast results in
the lowest avalanches per day and normalized AAI values
and did not result in a single high-activity day. These results
largely confirm previous characterizations of Nordenskiold
Land’s direct-action avalanche regime where snowfall, in-
creased wind speeds, and increased air temperatures related
to winter storms are precursors to widespread avalanche ac-
tivity (Eckerstorfer and Christiansen, 2011b, c; Hancock et
al., 2018).

While atmospheric circulation conducive to increased pre-
cipitation, wind speeds, and air temperatures in the vicinity
of Svalbard generally controls avalanche timing here, air-
flow direction considerably influences the nature of observed
avalanche activity. We found observed wet avalanche activ-
ity to be primarily associated with airflow from the southerly
through northwesterly airflow synoptic types (e.g., Types
3 (S+SWa), 4 (W+NWa), 8 (S+SWc), and 9 (W+NWc)),
while dry activity dominates northerly and easterly air-
flows (e.g., Types 1 (N+NEa), 6 (N+NEc), and 7 (E+SEc)).
These findings align well with previous work employing
the NiedZwiedZ (2013) classification, showing that synop-
tic types resulting in southerly and westerly airflow over
Spitsbergen result in higher temperatures. They are most fre-
quently associated with precipitation at the Svalbard Airport
AWS (Isaksen et al., 2016; Wickstrom et al., 2020). Synoptic
types with an easterly or northerly airflow component were
found to be colder and drier than their southerly and westerly
counterparts (Fgrland et al., 2020; Wickstrom et al., 2020).

The Type 7 (E+SEc) and Type 9 (W+NWc) synoptic types
further reflect these synoptic controls. The significant low-
pressure anomaly due south of Spitsbergen during Type 7
(E+SEc) high-activity days (relative to Type 7 (E+SEc) mean
conditions) promotes strong and wet enough easterly air-
flow to convey precipitation across eastern Spitsbergen’s oro-
graphic barrier to Nordenskitld Land. Sea ice limits upwind
sea to air heat exchange in this scenario, and the low pres-
sure’s positioning places Spitsbergen in the colder, Arctic air
mass with the jet stream to the south. Precipitation thus falls
as snow during Type 7 (E+SEc) high-activity days despite a
tendency towards positive temperature anomalies relative to
mean Type 7 (E+SEc) conditions, and avalanche activity is
dry.

By contrast, low pressure to the northeast of Svalbard and
high pressure to the south typifies Type 9 (W+NWc) con-
ditions and results in westerly airflow across Nordenskiold
Land. Upwind conditions in this synoptic environment differ
considerably from Type 7 (E+SEc) conditions, with warm
Atlantic water off Spitsbergen’s west coast serving as a heat
and moisture source for the westerly, onshore airflow. Nor-
denskiold Land is situated on Spitsbergen’s windward por-
tion in this scenario (and other synoptic types with west-
erly airflow), and precipitation is orographically enhanced.
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Type 9 (W+NWc) mean state conditions are therefore more
readily conducive to supplying the ingredients for avalanches
than mean Type 7 (E+SEc) conditions, as Type 9 (W+NWc)
high-activity synoptics do not appear to differ significantly
from the Type 9 (W+NWc) mean state (e.g., Fig. 10). The
prevalent wet component observed in Type 9 (W+NWc)
avalanche activity — suggesting positive air temperatures and
liquid precipitation falling in Nordenskitld Land — reflects
the heat available to the air mass from the upwind open
ocean. One Type 9 (W+NWc) high-activity day contained
only dry avalanches, however, indicating this synoptic sit-
uation is not necessarily diagnostic of wet avalanche activ-
ity. Westerly airflow is particularly conducive to avalanche
activity, as further evidenced by the high normalized AAI
and normalized number of avalanches per day from Type 4
(W+NWa) circulation, despite the overall anti-cyclonic dom-
inance of this synoptic type (Table 1).

The composite MSLP fields for dry, mixed, and wet low-
and high-activity days (Fig. 7) further reinforce the synop-
tic controls on avalanching in Nordenskitld Land. Statisti-
cally significant low-pressure anomalies in Svalbard’s vicin-
ity characterize the MSLP fields for dry high-activity days,
while high pressure over Fennoscandia and the Barents Sea
dominates during mixed and wet high-activity days. Low
pressure near Svalbard during dry high-activity days again
emphasizes the clear cyclonic control on dry avalanche ac-
tivity in Nordenskiold Land and represents the most fre-
quently observed synoptic situation leading to avalanches
here. This situation provides the snow available for transport
and wind speeds necessary to develop dry avalanche condi-
tions. Less frequently, strongly positive MSLP anomalies in
the study domain’s southern portion lead to mixed and wet
avalanche activity days. This finding suggests the Scandina-
vian blocking pattern, where high pressure over Fennoscan-
dia directs warm and wet air masses to Svalbard, leads to
wet avalanches in Nordenskiold Land. These results encour-
agingly align with other work that has linked similar syn-
optic patterns characterized by south-southwesterly airflow
over Svalbard with extreme precipitation events in western
Spitsbergen (Serreze et al., 2015) and rain-on-snow events
throughout the archipelago (Wickstrom et al., 2020). Such a
synoptic environment allows heat and moisture from lower-
latitude Atlantic source regions to be efficiently transported
to Svalbard, providing the warm air and liquid precipitation
required to develop conditions conducive to wet avalanche
release. While an association between extreme precipitation
and rain-on-snow events with wet avalanche activity is intu-
itive, it is helpful to specifically place these linked processes
within the same synoptic context.
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4.2 Implications
4.2.1 Environmental change

Documented increases in air temperature (e.g., [saksen et al.,
2016; Nordli et al., 2020), increasing precipitation and shift-
ing precipitation regimes (e.g., Fgrland et al., 2020), chang-
ing storm tracks (e.g., Wickstrom et al., 2019), and declin-
ing sea ice (e.g., Muckenhuber et al., 2016; Onarheim et al.,
2014) have broad implications for Svalbard’s physical envi-
ronment. Previous research on Spitsbergen has investigated
the influence of climatic changes on snowpack characteris-
tics in the recent past (e.g., Peeters et al., 2019; van Pelt et
al., 2016), but a lack of robust avalanche activity records
impedes avalanche-specific analyses over longer temporal
scales. Projecting future changes to avalanche regimes in this
and other locations is further hindered by the complex inter-
actions between the meteorological and snowpack parame-
ters influencing avalanche release and the difficulty resolv-
ing finer-scale snow and avalanche processes with the reso-
lution currently available in climate models (e.g., Beniston
et al., 2018). Predictions related to future avalanche activ-
ity have therefore primarily focused on broader spatial scales
and changes to the overall avalanche regime, with expecta-
tions of increasing wet avalanche activity dominating pro-
jections in other snow avalanche climates (e.g., Ballesteros-
Céanovas et al., 2018; Castebrunet et al., 2014; Dyrrdal et
al., 2020). Although we are unable to specifically investigate
changes to central Spitsbergen’s avalanche regime given our
avalanche activity record’s considerable limitations, we ar-
gue that connecting observed avalanche activity to synoptic
atmospheric circulation patterns helps frame avalanche pro-
cesses within the larger context of environmental and cli-
matic changes. As an example, we link wet avalanches in
Nordenskiold Land to specific synoptic conditions allowing
warm air advection to central Svalbard from the south and
west. Isaksen et al. (2016), however, noted a correlation be-
tween decreasing wintertime sea ice north and east of Sval-
bard with warmer airflow from these locations, and Wick-
strom et al. (2020) discuss how the ice-free ocean here pro-
motes enhanced precipitation during the early winter season
with northerly airflow. With continued background warming
superimposed on warmer, moister upwind conditions related
to decreased sea ice in the Barents Sea, one might expect to
see more frequent and prevalent wet avalanche activity with
easterly airflow — airflow that currently results in primarily
dry avalanche activity — should air temperatures rise suffi-
ciently. Future research can therefore build upon this work to
address questions related to the changing avalanche regime
in central Svalbard by, for example, disentangling the rel-
ative influence of specific atmospheric circulation patterns,
changes to their associated upwind conditions, and general
background warming on future wet avalanche activity in this
location.
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4.2.2 Hazard management

Avalanches present documented hazards to human life and
infrastructure in Svalbard, with numerous fatalities occur-
ring in both recreational accidents and infrastructure-related
events over the past decade (Engeset et al., 2020; Hancock
et al., 2018). Currently, formalized avalanche hazard assess-
ments throughout the winter months in Svalbard include
daily regional public avalanche hazard bulletins for Norden-
skiold Land issued by the NAWS and a daily local avalanche
hazard bulletin for local officials issued for the infrastructure
in Longyearbyen by Skred AS, a consulting firm (Engeset
et al., 2020). Our results can help inform avalanche fore-
casters and hazard managers in this setting by helping re-
solve avalanche processes at the synoptic-scale that, in com-
bination with more scale-appropriate data for a specific fore-
casting problem (e.g., slope-scale data for a slope-specific
avalanche forecast), form the basis for accurate and precise
hazard forecasts (LaChapelle, 1980; McClung, 2002b). For
example, we identify westerly, onshore airflow as a syn-
optic situation particularly conducive to avalanche activity
in Nordenskiold Land. Long-range synoptic-scale weather
forecasts can then be used to identify these situations well in
advance and refine the hazard assessment with finer spatial-
and temporal-scale weather and snowpack data as it becomes
available. Our results showing dry high-activity days are re-
lated to cyclonic activity (Fig. 5) can be linked to other find-
ings demonstrating more frequent low pressure near Sval-
bard in recent years. (Wickstrom et al., 2019). More frequent
low pressure may thus result in more frequent dry avalanche
activity, which can help hazard managers better prepare for
changing frequencies of avalanche events and plan hazard
management strategies accordingly.

This work benefited from the availability of the
NiedZzwiedZ classification. The NiedZwiedZ classification
provided an avenue to easily classify synoptic conditions
related to avalanche activity using an existing and well-
established classification method for the Svalbard region.
Benefits of using the NiedZwiedz classification for this work
include (1) the ability to directly link our results to previous
work using this classification to investigate regional warming
(Isaksen et al., 2016) and rain-on-snow events (Wickstrom
et al., 2020) and (2) the intuitive methodology— where syn-
optic types are based primarily on the regional wind direc-
tion and the cyclonic or anti-cyclonic dominance of the sit-
uation — that helps to communicate the results to a broader
audience including hazard managers. However, such subjec-
tive (or manual) classifications are specific to a single area
and are difficult to reproduce (Yarnal, 1993). In locations
where a subjective atmospheric circulation pattern classifica-
tion such as the NiedZwiedZ classification employed in this
work is unavailable, objective classification techniques offer
researchers and hazard managers an avenue to improve the
synoptic-scale understanding of avalanche processes. Self-
organizing maps, for example, have recently been used to
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classify atmospheric circulation patterns leading to deep slab
avalanches in the western United States (Schauer et al.,
2020). The synoptic types identified using such an objec-
tive approach can then be used, as in this study, to identify
the synoptic controls on avalanche activity and better inform
hazard management decisions.

4.3 Study limitations

This study represents a first-order attempt at understanding
the synoptic controls on snow avalanching in central Sval-
bard, but conclusions drawn from this work are limited by the
study’s restricted temporal coverage and uncertainties in our
avalanche record. Using the regObs database from 2016 on-
wards gave us access to the best available avalanche data for
Nordenskiold Land, but the resulting four-season record is
insufficient for researchers to consider it a true climatological
study. This is especially true in Svalbard, where current con-
ditions are not representative of conditions even a decade or
two prior (Hanssen-Bauer et al., 2019). Our results are thus
best interpreted as a snapshot of the contemporary avalanche
setting likely differing both from even recent past and near-
future avalanche conditions. We also chose to use mean win-
ter conditions derived from these four winter seasons rather
than from across the entire 1979-2020 timeframe for which
ERAS data are available when calculating anomalies. Us-
ing composite anomalies calculated from selected days (e.g.,
no observed activity days, low-activity days, or high-activity
days) compared to mean winter conditions from the 1979-
2020 period resulted in statistically significant positive air
temperature anomalies across the entire domain regardless of
the selected day type. We thus elected to consider mean win-
ter conditions as the four-season mean to better differentiate
between the primary day types of interest to this work, as our
research objectives focused primarily on differentiating the
synoptic controls on avalanche activity rather than specifi-
cally investigating the impacts of climatic changes across a
longer time series.

Considerable uncertainties in the avalanche activity record
also limit interpretation of our results. Our avalanche activ-
ity record relies on manual, visual avalanches observations
from users in the field. Avalanche activity observations thus
cluster near Longyearbyen, where most of the human ac-
tivity occurs (e.g., Fig. 2). The spatial distribution of ob-
servations therefore implies our results are most represen-
tative for the Longyearbyen area and may be less robust
for other, more remote areas in Nordenskiold Land. Fur-
thermore, the polar night dramatically hinders direct visual
avalanche observation during the early snow season, and in-
clement weather can preclude travel and avalanche observa-
tions outside of Longyearbyen at any point during the winter.
Following winter storms that prevent travel out of Longyear-
byen, avalanches are often reported by observers on the first
day when the weather has cleared enough to allow snowmo-
bile travel. In these situations, observers usually either in-
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dicate the avalanche occurred prior to the observation date
(e.g., the avalanche date is selected to be prior to the ob-
servation date) or comment that they believe the avalanche
occurred previously. We elected to generally accept the ob-
server’s assessment of the avalanche date but have in some
cases been forced to discard observations for which we can-
not reliably determine an avalanche date. Furthermore, there
are very likely days with relatively high avalanche activ-
ity that are not captured by this dataset — particularly dur-
ing the dark season (December—early February) when travel
throughout the region and visual observations are both very
limited. As a result, avalanche activity recorded on regObs
likely represents only a portion of the actual avalanche ac-
tivity in Nordenskiold Land during a given period, and days
lacking observed activity (“no observed activity days”) do
not necessarily indicate that avalanches did not occur in Nor-
denskiold Land. Since our analyses include relatively few
days with increased avalanche activity, missing even a small
number of high-activity days can considerably impact our re-
sults. Studies in other locations employing satellite data to
detect and quantify avalanche activity have shown manual
field observations identify far fewer avalanches than more
comprehensive satellite-based approaches (e.g., Biihler et
al., 2019; Hafner et al., 2021). More objectively detecting
avalanche activity across Nordenskiold Land through, for ex-
ample, satellite observations would help improve the robust-
ness of our results and resulting interpretations (e.g., Biih-
ler et al., 2019; Eckerstorfer et al., 2019). Such a record
would also help objectively quantify avalanche parameters
used in our analyses (e.g., avalanche size, avalanche type,
date of avalanche release) currently derived from subjec-
tive, judgment-based observations from potentially untrained
users. Until satellite products with sufficient temporal reso-
lution and spatial coverage to reliably detect avalanches are
available for Svalbard, however, we believe the regObs data
are the best alternative for investigating regional avalanche
activity in this location.

We differentiated between low and high avalanche activ-
ity days in this study based on an AAI threshold of 0.4.
This value corresponds to a day with, for example, 40 size
1 avalanches, four size 2 avalanches, or less than one size
3 avalanche (AAI 0 1). Compared to studies in other loca-
tions employing AAI values to characterize avalanche ac-
tivity (e.g., Héageli and McClung, 2003; Schweizer et al.,
2003b), the values in our AAI distribution (Fig. 3) and our
selected threshold value are very low. The low AAI values in
this work likely stem from two factors. First, manual obser-
vations recorded in regObs and used in the AAI calculations
likely encompass only a portion of the actual avalanche ac-
tivity. However, lacking a comprehensive verification dataset
(e.g., satellite data), we cannot reliably scale the manual ob-
servations to generate a more representative AAI value. Sec-
ond, our results and past work indicate relatively infrequent
avalanche activity, and small avalanches generally character-
ize central Spitsbergen’s avalanche regime (e.g., Eckerstorfer
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and Christiansen, 2011b). Thus, we selected an admittedly
low threshold to differentiate low- and high-activity days —
although we argue this low value is representative of overall
low avalanche activity in central Spitsbergen relative to other
locations. Finally, although AAI could be used as a continu-
ous variable thus avoiding a threshold selection, we see value
in distinguishing between low and high avalanche activity
periods, despite limited avalanche activity in our record. Em-
ploying a threshold to generate categorical avalanche activ-
ity data is furthermore also consistent with the categorical
approach avalanche forecasters use to assign, for example,
regional avalanche hazard ratings (i.e., a five-tier scale from
1-5).

We have attempted to reduce uncertainties related to ob-
servation quality by manually checking each observation as
described in Sect. 3.1 and discarding observations for which
the quality is too suspect, but uncertainties likely remain. Un-
certainty related to avalanche timing, however, has arguably
the greatest potential to affect our analyses when attempting
to link avalanche release to specific meteorological condi-
tions. While previous work in Svalbard and the results in this
work suggest a strong direct-action control on avalanche ac-
tivity in this location, future work could more specifically
target the seasonal progression of avalanche conditions (e.g.,
the synoptic controls on weak layer development) and should
also examine conditions in the 48 and 72 h prior to observed
avalanche activity to improve the current analyses. Despite
these limitations, this work demonstrates the important role
atmospheric circulation plays in the avalanche regime in this
unique setting and provides a framework for future analysis
on the impacts of climate change on avalanche occurrence.

5 Conclusions

We explored the relationship between atmospheric circula-
tion patterns across a broad portion of the North Atlantic
and Arctic regions and observed avalanches in Nordenskiold
Land to investigate the synoptic-scale meteorological con-
trols on avalanche activity in central Spitsbergen. We em-
ployed crowd-sourced avalanche occurrence data available
on the regObs natural hazard database from four winter
seasons (2016/2017-2019/2020) to identify 632 individual
avalanches occurring on 166 d, 34 of which we classified as
high-activity days. Analyzing the synoptic environment as-
sociated with various avalanche activity situations allowed
us to build upon previous snow avalanche work in this loca-
tion by specifically addressing controls on avalanching at a
broader spatial scale.

Our findings generally support the existing understand-
ing of snow avalanching in Nordenskiold Land by show-
ing synoptic conditions leading to increased precipitation,
stronger winds, and elevated air temperatures are associ-
ated with increased avalanche activity. We identified low
pressure near Svalbard resulting in positive precipitation
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anomalies and positive wind speed anomalies as the aggre-
gate synoptic signal for dry high-activity days. Warm air di-
verted northwards by a high-pressure ridge over Fennoscan-
dia and isolated positive precipitation anomalies near Spits-
bergen’s west coast characterize mixed and wet high-activity
days. Further linking our avalanche activity record and anal-
yses to a well-established subjective classification of syn-
optic situations over Svalbard provided an avenue to con-
sider avalanche activity in Svalbard within the growing body
cryospheric, meteorological, and climatological research for
the region. In this classification scheme, circulation patterns
characterized by westerly airflow (e.g., Types 9 (W+NWc), 4
(W+NWa)) occur infrequently during the winter, but tend to
produce avalanches when they do occur. By contrast, anoma-
lous conditions within common easterly airflow (e.g., Type 7
(E+SEc)) appear to be important to generate high avalanche
activity days during these circulation patterns. We therefore
argue upwind conditions play a key role in controlling the
presence or nature of avalanche activity resulting from a par-
ticular circulation pattern. This finding affords future oppor-
tunities to link this work to studies of past and future atmo-
spheric and cryospheric change in this location. For exam-
ple, continued sea ice loss north and east of Svalbard may
result in warmer, wetter upwind conditions during periods
with generally easterly airflow over Svalbard (e.g., Type 6
(N+NEc) or Type 7 (E+SEc)). Warm, wet conditions and
wet avalanche activity currently associated with westerly air-
flow (e.g., Type 9 (W+NWc) or Type 3 (S+SWa)) may thus
begin to occur in the future under the easterly airflow cur-
rently associated with dry avalanches. Finally, our results can
help hazard managers anticipate future periods of increased
avalanche activity based on synoptic-scale weather forecasts.
Although limited by a short analysis period and uncertainties
in the avalanche record, this work provides a foundation on
which to base future studies more specifically investigating
the role of Svalbard’s rapidly changing climate on avalanche
activity here and helps place avalanches within the broader
context of environmental change in the Arctic.
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Appendix A: Composite parameter field anomalies by
synoptic type

Composite daily air temperature anomaly (°C)
Type 1, N+NEa, n=73 Type 2, E+SEa, n=48 Type 3, S+SWa, n=26

N

1 A

Type 5, Cat+Ka, n=69
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Figure Al. Composite daily mean air temperature anomaly by synoptic type, calculated versus mean daily air temperature conditions
(Fig. B1). Composite MSLP isobars by synoptic type are included for reference.
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Composite daily accumulated precipitation anomaly (mm)
Type 1, N+NEa, n=73 Type 2, E+SEa, n=48 Type 3, S+SWa, n=26

Type 7, E+SEc, n=120
40452

-5

Figure A2. Composite daily accumulated precipitation anomaly by synoptic type, calculated versus mean daily accumulated precipitation
conditions (Fig. B2). Composite MSLP isobars by synoptic type are included for reference.
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Composite daily wind speed anomaly (ms ™)

Type 1, N+NEa, n=73 Type 2, E+SEa, n=48 Type 3, S+SWa, n=26
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Figure A3. Composite daily mean wind speed anomaly by synoptic type, calculated versus mean daily wind speed conditions (Fig. B3).
Composite MSLP isobars by synoptic type are included for reference.
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Appendix B: Composite mean winter condition fields

Air temperature (°C)

Figure B1. Mean daily air temperature composite field for all winter
days (n = 729) included in these analyses. This represents the mean
daily air temperature conditions from which anomalies are calcu-
lated. Composite MSLP isobars for all winter days are included for
reference.

Accumulated precipitation (mm)

Figure B2. Mean daily accumulated precipitation composite field
for all winter days (n = 729) included in these analyses. This rep-
resents the mean daily accumulated precipitation conditions from
which anomalies are calculated. Composite MSLP isobars for all
winter days are included for reference.
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Wind speed (ms™)

Figure B3. Mean daily wind speed field for all winter days (n =
729) included in these analyses. This represents the mean daily wind
speed conditions from which anomalies are calculated. Composite
MSLP isobars for all winter days are included for reference.
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Appendix C: Additional composite fields for dry, mixed,
and wet avalanche activity
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Figure C1. Daily mean air temperature anomalies, relative to mean winter conditions (Fig. B1), for dry, mixed, and wet avalanche low- and
high-activity days. Anomalies that are not significantly statistically different from mean winter conditions are indicated with dense hatching.

e Dry, n=111 Mixed, n=8 Wet, n=13 ' 10

(1] e o P

T PN PN PN

r  E= -\ =

3 = = == 1

=] 2 ) = 2 , =

S g = === g = 3

é i ‘ : T l = s =os 3

N S g 2

- e e S T >
10 =

[]
=]

20 3

» Mixed, n=4 Wet, n=3 o

) = = B

-g, S SEPTIITI E

:‘é = T = 3 e 2 3

5 37 E— =2 é

:‘F = = = — @:

()] ‘:L‘.;';:-: ? :;( = — V/E'

- = =

T -20

Figure C2. Daily accumulated precipitation anomalies, relative to mean winter conditions (Fig. B2), for dry, mixed, and wet low- and
high-activity days. Anomalies that are not significantly statistically different from mean winter conditions are indicated with dense hatching.
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Figure C3. Daily mean wind speed anomalies, relative to mean winter conditions (Fig. B3), for dry, mixed, and wet avalanche low- and
high-activity days. Anomalies that are not significantly statistically different from mean winter conditions are indicated with dense hatching.
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