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Abstract
When rain falls on an existing cover of snow, followed by low temperatures, or falls as freezing rain,
it can leave a hard crust. These Arctic rain on snow (ROS) events can profoundly influence the
environment and in turn, human livelihoods. Impacts can be immediate (e.g. on human travel,
herding, or harvesting) or evolve or accumulate, leading to massive starvation-induced die-offs of
reindeer, caribou, and musk oxen, for example. We provide here a review and synthesis of Arctic
ROS events and their impacts, addressing human-environment relationships, meteorological
conditions associated with ROS events, and challenges in their detection. From our assessment of
the state of the science, we conclude that while (a) systematic detection of ROS events, their
intensity, and trends across the Arctic region can be approached by combining data from satellite
remote sensing, atmospheric reanalyses, and meteorological station records; (b) obtaining
knowledge and information most germane to impacts, such as the thickness of ice layers, how ice
layers form within a snowpack, and antecedent conditions that can amplify impacts, necessitates
collaboration and knowledge co-production with community members and indigenous
knowledge-holders.

1. Introduction

There is increasing recognition that Arctic rain on
snow (ROS) events, which are projected to become
more frequent as the Arctic warms (Rennert et al
2009, Bintanja and Andry 2017), can have signi-
ficant and sometimes even catastrophic impacts on
the physical and living environments of the North
(figure 1). ROS events are generally associated with
short-lived (hours to days) warm spells in autumn
and winter, linked to extratropical cyclones that gen-
erate rain, followed by a rapid drop in temperature
(Hansen et al 2014). The rainwater may freeze on
the snow surface or percolate through the snowpack
and pool at the ground surface. This depends upon
the thickness and density of the snowpack, and the

intensity of the precipitation event. After refreezing,
ice crusts can variously form on the snow surface, as
layers within the snow, or at the base of the snowpack.

ROS events can foster slush avalanches when the
rain reduces cohesiveness and destabilizes the snow
(Hansen et al 2014). Alternatively, formation of an
ice layer can weaken the snow pack through growth
of large faceted grains, providing a hard surface upon
which a slab avalanche can slide (Jamieson 2006).
ROS events influence snow structure, albedo, dens-
ity and conductivity, and hence the ground thermal
regime (e.g. Mazurkiewicz et al 2008, Romanovsky
et al 2010, Westermann et al 2011, Freudiger et al
2014, Guan et al 2016). If enough water pools at the
ground surface and freezes, latent heat release alters
seasonally frozen ground, increasing the depth of the
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Figure 1. Some impacts of Arctic rain on snow events over Arctic lands and ocean.

permafrost active layer and warming underlying per-
mafrost. Severe rain events can remove the insulating
ability of the snowpack (Putkonen and Roe 2003,
Rennert et al 2009). Impacts have been documented
on vegetation (e.g. stress due to ice encasement) and
soil organisms (e.g. through altered temperature and
drainage conditions) (Bjerke et al 2015). ROS events
can influence vegetation greenness as detectable with
satellite data (Bjerke et al 2017) as well as CO2 fluxes
(Treharne et al 2020).

On land, ROS events influence population
dynamics of lemmings (Kausrud et al 2008), voles
(Stein et al 2012), and bird species that seek shelter in

the snowpack, including owls, ptarmigan, and grouse
(Mysterud 2016). Notably, icing can foster fading of
lemming cycles, causing crashes of Arctic predators
such as snowy owls and Arctic fox, which depend on
them (Sokolov et al 2016). In marine environments,
polar bears (Ursusmaritimus) and ringed seals (Phoca
hispida) are also impacted—rains early in the breed-
ing season can melt subnivean lairs and increase cub
mortality (Stirling and Smith 2003).

Perhaps the most devastating impact of ROS
events, however, is that ice layers, in creating
barriers that prohibit foraging (figure 2), can
lead to massive die-offs of large herbivores, with
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Figure 2. Ice layers within the snowpack associated with two separate ROS events. Photo: Printed with permission from Florian
Stammler.

concomitant social-economic impacts, especially in
regions where humans depend on either wild or
semi-domesticated populations of Rangifer species
(caribou and reindeer) for food, transportation, and
other needs. Such impacts can evolve and cascade,
presenting threats to shared food systems, cultural
vitality, and other issues identified by communities
(Egeland et al 2013, Huntington et al 2019).

Based on analysis of radar backscatter data
(Ku-band QuikScat records) from 2000 to 2009
(Bartsch 2010a, 2010b) and in general agreement
with patterns determined from atmospheric reana-
lysis data (Rennert et al 2009, Liston and Hiemstra
2011) (see sections 4.4 and 4.5) as well as local obser-
vations (Bartsch et al 2010), ROS events are most
frequent over northern Europe and southern Alaska
(Bieniak et al 2018, Crawford et al 2020). They occa-
sionally occur over western Siberia, southern Green-
land, and parts of Canada but are rare in the cold
Canadian Arctic Archipelago (figure 3). Events that
do occur in theCanadianArctic Archipelago (a region
classified as a polar desert), have tended to take place
in early autumnwhen it is warmer. Given that reliable
detection via radar backscatter is limited tomidwinter
(see later discussion), taken in figure 3 as November
through February, a higher frequency of events can be
expected when considering the shoulder seasons.

We provide here a review and synthesis of our cur-
rent knowledge of Arctic ROS events, emphasizing
impacts on reindeer herding livelihoods and wild-
life harvesting. We start with an overview of observed
impacts on human-environmental relationships, fol-
lowed by case studies of the meteorology and impacts
of three notable events. Attention then turns to data
sources and approaches to detect ROS events and
their intensity across the Arctic. We then address
the growing importance of knowledge co-production
(Tondu et al 2014, Behe et al 2020, Carlo 2020)
with Indigenous researchers, hunters, harvesters, and
other Arctic residents whose knowledge, lived exper-
iences, and detailed observations of changes in cli-
mate and weather are needed for understanding and
addressing environmental impacts (e.g. ACIA 2005,
Krupnik and Jolly 2002, Gearheard et al 2010, Pearce
et al 2015) and ensuring that research on the phys-
ical aspects of ROS events and anticipated changes are
relevant and practical for community use. Our paper
represents a contribution to the Arctic Rain on Snow
Study (AROSS), a project within the National Sci-
ence Foundation’s Navigating the New Arctic (NNA)
initiative. It also contributes to CHARTER, a project
aimed at comparing the impacts of well-documented
events on contrasting social-ecological conditions
(e.g. semi-domesticated versus wild ungulates) in
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Figure 3. Potential ROS events per year for November through February of the winters 2000/1–2008/9 based on midwinter daily
average backscatter increases of more than 1.5 dB as detected with Ku-band QuikSCAT; no masking applied for lakes (Bartsch
2010a, 2010b, Bartsch et al 2010, Freund and Bartsch 2020). Also shown are the locations for three ROS case studies: 1—Yamal
Peninsula, Russia, 8–10 November 2013; 2—Svalbard, Norway, 30–31 January 2012; 3—Banks Island, Canada, 3–8 October 2003.

Arctic Eurasia and North America. While these pro-
jects are underway and full results are pending, this
review provides a summary of the state of observa-
tions and knowledge of ROS events and their impacts,
thus providing a baseline for future efforts to co-
develop collaborative observational approaches with
Arctic residents.

2. ROS impacts on human-environment
relationships

2.1. Reindeer and reindeer herding communities
Reindeer and caribou are the same species, though
reindeer have some morphological differences due
to semi-domestication. A mature male reindeer can
grow to about 100 kg. Females typically give birth
in May and June to a single calf. Reindeer herding
is practiced across the circumpolar Arctic, but most
activity is in Fennoscandia and parts of Russia. Herd-
ing is conducted by families, within herding districts,

villages, and state-owned collectives. Reindeer are
used for food, clothing, as well as transportation
(Forbes and Kumpula 2009). Finland has 54 herd-
ing districts and approximately 4500 reindeer own-
ers, of which an estimated 900 are full-time herders
(RHA 2020). Reindeer husbandry is practiced across
northern Russia, by Sámi herders on the Kola Pen-
insula to the Taimyr reindeer herd of north cent-
ral Siberia (the largest in the world of at least a half
million animals) to the Chukchi herders in north-
eastern Siberia. In North America, there are also
roughly 10 000 reindeer managed on and around
Alaska’s Seward Peninsula by approximately 20 her-
ders, who belong to the Kawerak Reindeer Her-
ders Association—a tribal organization that assists in
developing a viable reindeer industry for rural Alaska
communities (Kawerak ReindeerHerders Association
2020). There are also many thousands of reindeer
throughout Alaska’s Nunivak Island, St. Lawrence
Island, the Pribilof Islands, and parts of the Aleutian
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Islands. Reindeerwere originally introduced toAlaska
in the late 1800s and early 1900s by government
officials who worked first with Chukchi and then
Sámi herders to introduce reindeer husbandry as a
strategy to supplement the food supply of Iñupiaq
communities (Andrews 1939).

2.2. ROS impacts on reindeer herding
During spring and summer, reindeer graze on
graminoids, herbs and shrubs; in autumn, mush-
rooms are favored. Once winter sets in, the reindeer
diet is largely limited to lichens, typically accessed by
digging through the snow. However, in boreal forest
regions, arboreal lichen found in old-growth forests
becomes important.

The cold season is critical for managed reindeer
herds, which consist mainly of pregnant females with
high energy demands. Icing for a relatively short
period towards the spring melt is part of a typical
evolution of the snow cover in Northern Fennoscan-
dia and can be managed by searching for less-affected
pastures with softer snow. Herds can also disperse
to find more easily available forage, but this neces-
sitates effort and resources to control the animals. If
snow is deep or icy, foraging through it in search of
lichens consumes considerable energy (Helle 1984).
However, especially in the boreal forest zone, if old-
growth forests are available, icy snow may actually
ease reindeer grazing on arboreal lichen, which often
falls in clumps from branches and remains at the sur-
face. Reindeer can alsomove from tree to tree to reach
lichen growing on higher branches.

The situation changes if thick and extensive ice
crusts are formed. Impacts depend on many factors,
including the timing and intensity of icing events,
snowpack characteristics, topography, vegetation, cli-
mate, as well as herding culture, traditions, and prac-
tices. ROS and other icing events are historically
known to cause strong declines in reindeer popula-
tions in Fennoscandia (Riseth et al 2016, Eira et al
2018). Ice barriers, especially in early winter, can
force animals to expand their grazing range, deplet-
ing body fat and protein reserves as they travel in
search of soft snow. Starvation can occur quickly or
drag on for many months and even longer (Bartsch
et al 2010, Forbes et al 2016). Spring weight, calf
production, calf size, and adult survivability are all
lower when reindeer are unable to satisfy their energy
needs. Cumulative energy loss can lead to late winter-
/early spring abortion of calves and low calf survival
rates in late spring and early summer (Tveraa et al
2003, Helle and Kojola 2008). On the Seward Penin-
sula, weather related stressors, including ROS events,
can be one of multiple drivers leading caribou to
expand their range onto the peninsula, causing com-
petition with other reindeer for food, often resulting
in reindeer being pulled away from their herd (Project
Jukebox 2001).

Impacts can be mitigated by supplementary feed-
ing, but this is time consuming and costly (Turunen
et al 2016, Rasmus et al 2020). Population crashes
have sometimes occurred even with supplementary
feeding (for example, arboreal lichen supplied by
felling old-growth trees, cf Berg et al 2011a, 2011b)
or when reindeer were moved to alternative pastures
(Helle and Jaakkola 2008). Die-offs have also been
triggered by difficult conditions of previous seasons,
causing reindeer to be in poor condition before the
winter. If ROS events occur too frequently, herders
may not have enough time to recover the size, demo-
graphy, and health of their herds (Stammler and
Ivanova 2020), illustrating the cumulative impact of
ROS events beyond individual episodes or seasons to
across annual cycles.

Another challenge is that in a globalizing North,
reindeer husbandry shares the same operational
space with other land uses, leading to fragmentation,
deterioration, and shrinking of pastures (Landauer
et al 2021). When other land use and infrastructure
hinders the mobility and flexibility in pasture use,
supplementary winter feeding occurs either in the
pasture areas or in enclosures near the settlements,
increasingworking hours and expenses (Turunen and
Vuojala-Magga 2014, Turunen et al 2016) and ulti-
mately reducing the adaptive capacity of herders to
climate change.

2.3. Beyond reindeer
ROS impacts on human-environment relationships
extend far beyond challenges related to reindeer herd-
ing. Mass starvation of reindeer, caribou, and musk
oxen can lead to trophic cascades as predators and
scavengers (e.g. red foxes and corvids) move north
to exploit abundant carrion. These predators in turn
have a negative impact on medium-sized game spe-
cies such as ptarmigan and hare, which are also valu-
able food resources for local people (Sokolov et al
2016). Turning to the marine environment, Furgal
et al (2002), in documenting details of seal hunting at
Arctic Bay, Nunavut, note how unusual weather con-
ditions such as ROS events can affect local ringed seal
populations. A local hunter described how a February
rain created a thick ice cover over seal breathing holes,
leading to fewer seal harvests. Cree hunters in the east-
ern James Bay region observed that increased autumn
and winter precipitation had weakened inland lake
ice through changing its composition (e.g. less black
ice, more white ice, lack of columnar ice crystals)
(Royer et al 2013). The variation and instability of
the ice conditions created hazards for Cree who use
frozen rivers and lakes for hunting, fishing, trapping,
and travel. Communities in the region reported an
increase in ice travel-related accidents among both
novice and experienced hunters (Royer et al 2013).

Rain events during freeze-up and early winter can
also lead to break-up of river ice, delaying use of
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Figure 4. Daily average sea level pressure and precipitable water (top row), and anomalies of daily average 2 m air temperature
(bottom row) from ERA5 over the Yamal Peninsula between 7 November and 10 November 2013. Regions with precipitable water
less than 10 mm, considered very dry air, are shown in white. Air temperature anomalies are calculated with respect to 1979–2020
daily average fields, with a 30 days boxcar averaging filter applied.

rivers as travel routes via snow machines. While this
is caused by a sudden increase in river volume, rather
than icing from rain, such events add to the cumu-
lative effects of ROS events on Arctic communit-
ies. As one more example, climate extremes in the
winter of 2010–2011, including late winter rainfall,
decreased sea ice coverage, and high temperatures
affected the traditional food system in Iqaluit, Nun-
avut (Statham et al 2015). Caribou moving further
inland for forage after vegetation iced over, together
with the shortened sea ice hunting season, posed a
key threat to food security, exacerbated by existing
socioeconomic conditions in this coastal community
(Statham et al 2015).

3. Notable ROS events

3.1. Yamal Peninsula, Russia, 8–10 November 2013
In early November 2013, an ROS event affected most
of the southern Yamal Peninsula (Forbes et al 2016),
as well as coastal portions of neighboring regions
(Sokolov et al 2016, Staalesen 2016). Following 24 h of
rain, air temperatures rapidly dropped and remained
below freezing throughout autumn andwinter.While
analysis of radar backscatter data (see section 4.4)
suggests that this region tends to see approximately
one ROS event per year (figure 3, region 1), as noted
earlier, the satellite record is short (ends 2010) and
reliable detection is limited to midwinter. A higher
frequency can be expected considering the shoulder
seasons. Indeed, several Yamal events have been recor-
ded by local observers in recent years (see below).
The salient meteorological feature linked to the 2013
event was a low-pressure system moving from the

northern North Atlantic into the Yamal Peninsula on
November 8. Based on data from the ERA5 atmo-
spheric reanalysis (Hersbach et al 2020), anomal-
ously high near-surface air temperatures and posit-
ive anomalies in precipitable water (column integ-
rated water vapor) were found over inland Eurasia
before the event and then over the Yamal Peninsula
(figure 4). While local herders reported a severe icing
of pastures following the event, starting on Novem-
ber 10, 2 m temperature anomalies shown by ERA5
are positive even after this date, possibly reflecting
limitations of the snow parameterization (Arduini
et al 2019). Ice covered an area of approximately
27 000 km2 and completely blocked reindeer from
foraging, leading to the death of 61 000 animals
between November 2013 and June 2014 (Forbes et al
2016).

Socioeconomic impacts unfolded over a period of
several years. Nenets nomads in Arctic Russia were
particularly affected by the event (Stammler and Ivan-
ova 2020), with many herders losing most or all of
their animals. This left some families stranded on the
tundra without viable transportation (Forbes et al
2016). Additionally, the ground icing made large por-
tions of migration routes inaccessible. In response,
nomadic Nenets had to adjust their migration routes
and the timing of migration. Nenets were forced to
adapt by finding new food sources and breeding tech-
niques in an attempt to rebuild their livelihoods.

During the 5 year period following 2013, sev-
eral additional significant ROS events occurred on
the Yamal Peninsula (Laptander 2020), resulting in a
situation where tundra Nenets nomads reported not
having enough time between events to regenerate the
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size, demography and health of their herds (Stammler
and Ivanova 2020). By the spring of 2019, some herd-
ing communities were still subsisting entirely on fish
and trying to rebuild their stock of animals.

3.2. Svalbard, Norway, 30–31 January 2012
Figure 3 suggests that the Svalbard Archipelago, loc-
ated between 78◦ N and 80◦ N latitude, experiences
up to one event per year over the central and northern
parts of the largest island of Spitsbergen and coastal
regions of the more northerly Nordaustlandet. A
greater number of events are detected on the west and
east coasts of Spitsbergen. This reflects the region’s
proximity to openwater and its location along the ter-
minus of the North Atlantic cyclone track, yielding a
relatively warmwinter climate with respect to latitude
(Serreze et al 2015). During a two week period in late
January and early February 2012, a remarkable event
brought above-freezing air temperatures to the entire
archipelago and record-breaking precipitation.

Key meteorological aspects are summarized in
figure 5. A blocking pattern over northern Fenno-
scandia fostered the migration of low-pressure sys-
tems up into the Arctic and the influx of warm
and moist air towards Svalbard (Hansen et al 2014).
The stream of moist air was part of an atmospheric
river (Serreze et al 2015). Many previous studies
have documented links between atmospheric rivers
and extreme precipitation events, such as along the
coasts of California and Greenland. Positive anom-
alies in precipitable water moved into the area on
27 January and persisted throughout the course of
the warm spell. On 30 January, record breaking pre-
cipitation was recorded at the Ny Ålesund meteor-
ological station, with 98 mm of rain (Serreze et al
2015). On this day, there was strong high pressure
over northern Fennoscandia and Eurasia and low
pressure over Svalbard that originated in the North
Atlantic. The low-pressure movement was paired
with positive precipitable water anomalies directly
over the archipelago, with the largest positive air tem-
perature anomalies located just to the northeast.

Temperatures then dropped, and Spitsbergen
became covered in 10–20 cm of ice (Hansen et al
2014), covering the low growing tundra vegetation
andblocking reindeer fromgrazing.Despite favorable
feeding conditions prior to the ROS event, there was a
large starvation inducedmortality episode. The num-
ber of reindeer carcasses counted in the summer 2012
census was among the highest ever recorded (Hansen
et al 2014).

In Longyearbyen, a slush avalanche destroyed a
pedestrian bridge and forced roads to shut down
for several days. Ice formation on the Svalbard air-
port runway forced the airport to shut down on 29
and 30 January. The impacts that avalanches and
ground ice had on transportation, including trans-
portation by snowmobile, dogsled, and pedestrian

transport, resulted in massive income losses for the
local tourism industry. After the event, local perma-
frost experienced warming down to at least 5 m. At
several monitoring sites, the ground surface temper-
ature stayed at 0 ◦C for weeks after the warm spell had
passed (Hansen et al 2014).

3.3. Banks Island, Canada, 3–8 October 2003
Banks Island, in the western Canadian Arctic
Archipelago (figure 3, region 3), has a cold and
very dry environment, classified as polar desert. ROS
events from November through February appear to
be uncommon. However, in early October 2003, the
climatological flow that usually brings dry air from
Siberia briefly shifted, and warmer, moister air from
the Pacific invaded the region (Rennert et al 2009).
The weather system initially brought approximately
6 inches of new snow, but from 3 to 8 October, the
precipitation fell as drizzly, intermittent rains. This
event was the first to be documented with satellite
observations (Grenfell and Putkonen 2008).

In the days before the event, the southwesterly
flow was attended by a strong low-pressure system
centered in the Bering Strait. As the event began, the
low tracked along the Alaskan coast towards Banks
Island and was attended by positive anomalies in
both air temperature and precipitable water. Slightly
positive anomalies of both existed over Banks Island
prior to the main ROS event, most notably during
3–4 October (figure 6). On 7 October, high pressure
moved over Banks Island, bringing colder and drier
air. According to reports from hunters in the area
at the time, following intermittent rains and falling
temperatures, the former 6 inches of new snow was
turned into a thick sheet of ice on the northern two
thirds of the island (Rennert et al 2009).

The surface icing had severe impacts on Banks
Island’s ungulate populations, especially musk oxen;
approximately 20 000 animals died. In addition to the
physical barrier created by ice, water that had percol-
ated through the snowpack and pooled at the ground
surface caused vegetation to spoil. This forced musk
oxen to expand their grazing range. After the event, in
mid- to late-winter, some animals wandered onto the
sea ice in search of food and were left stranded at sea
(Rennert et al 2009).

Significant ungulate mortality events in the west-
ern Canadian Arctic date back several decades (Parker
et al 1975, Gunn et al 1989, Miller and Gunn 2003),
but as noted, the October 2003 ROS event was the
first that could be documented via satellite data. Ren-
nert et al (2009) conclude that the severe impacts of
the event can be traced to it having occurred early in
the cold season so that food sources were blocked for
the entirewinter. The directmortality from starvation
wasmost prevalentwithin the youngest and oldest age
groups. Only a fewmusk oxenwere healthy enough to
maintain pregnancy, and there were very few calves
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Figure 5. Daily average sea level pressure and precipitable water (top row), and anomalies of daily average 2 m air temperature
(bottom row) from ERA5 over the North Atlantic and Svalbard Archipelago between 30 January and 2 February 2012. Regions
with precipitable water less than 10 mm, considered very dry air, are shown in white. Air temperature anomalies are calculated
with respect to 1979–2020 daily average fields, with a 30 days boxcar averaging filter applied.

Figure 6. Daily average sea level pressure and precipitable water (top row), and anomalies of daily average 2 m air temperature
(bottom row) from ERA5 over the Banks Island between 3 October and 6 October 2003. Regions with precipitable water less than
10 mm, considered very dry air, are shown in white. Air temperature anomalies are calculated with respect to 1979–2020 daily
average fields, with a 30 days boxcar averaging filter applied.

born the following summer. Rennert et al (2009) also
argues that, as has been observed for reindeer, the lack
of new calves coupled with the decline of overall herd
health can removemultiple generations of calves from
a herd, leading to a population crash years after the
ROS event. For this particular event, there were few
calves born in summer 2004 with another population
decline expected 4–5 years later as the adults aged
without replacement (Rennert et al 2009).

4. ROS detection and characteristics

4.1. Overview
Event detection plays a key role in advancing our
understanding of ROS events, their characteristics,
changes in their frequency and severity, and their
varied impacts. As we make clear below, event
detection is imperfect, evolving and requires
combining different approaches, each with their
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merits and shortcomings. Moving forward will
require combining information from meteorolo-
gical station records, local and Indigenous know-
ledge holders, satellite remote sensing and atmo-
spheric reanalyses. Surface observations provide
ground truth for developing detection algorithms
and combining multiple information sources. It is
only from local observers that one can obtain critical
information bearing on impacts such as how ice lay-
ers form, how thick they become and whether they
form at the snow surface, within, or at the base of the
snowpack. In turn, data from satellite retrievals and
atmospheric reanalyses addresses the spatial scale of
events, which can range from local to widespread.
Given the importance of ROS detection and charac-
teristics, we give this topic special emphasis in this
paper.

4.2. Meteorological records
An ongoing challenge with station meteorological
records is that records span many individual sources.
A series of Environment and Climate Change Canada
sites are accessible across the Canadian Arctic (Mekis
et al 2018). A number of archives are available
through the National Oceanic Atmospheric Admin-
istration (NOAA) National Weather Service (NWS).
Some records from NOAA/NWS consist of auto-
mated surface observation stations and Cooperative
Observer Network records, mainly for sites located in
Alaska. An additional data source forAlaska and some
parts of Canada is snow telemetry sites maintained
by the Natural Resources Conservation Surface (e.g.
used for ROSdetection in Semmens et al 2013,Wilson
et al 2013, Pan et al 2018). Other sources include
the Norwegian Meteorological Institute, the Finland
Meteorological Institute and the Swedish Meteorolo-
gical and Hydrological Institute. Some information
over the Arctic Ocean is available from the Russian
North Pole series of drifting stations (ongoing) and
field campaigns. The World Meteorological Organ-
ization’s Observing Systems Capability Analysis and
Review Tool provides information on data sources
across the globe. While station records of air tem-
perature, precipitation and snow height serve only as
indicators of ROS, SYNOP (present weather codes)
made by observers at the station (codes 20–29 cor-
responding to precipitation and type) can be highly
valuable.

Spatially, as well as temporally, extensive snow
profile observations exist only in rare cases. A so-
far unique dataset, a collection of more than 500
snow profiles during the period 2010–2017 in Central
Spitsbergen, was used to analyze long term patterns
directly (Peeters et al 2019).

4.3. Local observers
Observations of ROS events from reindeer herders,
harvesters and others can greatly augment station

records, but more importantly, can provide detailed
information on event characteristics, key to under-
standing impacts. Reindeer herders move over wide
areas during the year, communicate across herd-
ing families on topics related to weather and herd
health, and pay close attention to conditions limit-
ing reindeer foraging in winter pastures. Such obser-
vations, however, have seldom been systematically
collected, one exception being Rasmus et al (2018),
who compiled data on annual icing events from 1948
to 2016 for the reindeer management area of Fin-
land, based on archival sources (annual management
reports of herding districts). Rasmus et al (2018)
focused on the formation of basal ice layers on the
pastures. They found that rain and subsequent freez-
ing of the liquid precipitation in the basal layer of the
snow cover (or in the whole of a thin snow cover)
was reported in 27% of cases. Icing was also found to
be regularly attended by mold formation on pastures
during early winter, which can have severe negative
effects on the condition of reindeer (Kumpula et al
2000).

Another exception is a collection of 17 interviews
with reindeer herders from Alaska’s Seward Penin-
sula, a collaborative effort between the Reindeer Her-
ders Association in Nome, Alaska and the University
of Alaska Fairbanks Oral History Department. These
interviews, accessible online, discuss herding prac-
tices, the generational passing-down of herder know-
ledge, and how climate and environmental change
impact herder livelihoods and the reindeer them-
selves. As gleaned from these interviews, herders
nowadays observe more thawing events interlaced
between snowfalls during freeze-up, resulting in a
snow pack that is icy and consolidated from top to
bottom once the winter cold season sets in, making
it more difficult for reindeer to access feed (Project
Jukebox 2001).

A potentially rich information source is organ-
ized observer networks. Generally, observer net-
works focus on qualitative information such as
photos and videos that may be posted on spe-
cific observer web-platforms or social media, and
first-hand narratives from ‘on the ground’ experi-
ence. Some networks are broad in their focus, and
the observers that participate are necessarily gen-
eralists. However, other observer networks may be
highly knowledgeable in specific aspects of their
local places and community activities. Observers with
the Alaska Arctic Observatory and Knowledge Hub
(AAOKH) specialize in observing seasonality, focus-
ing on the snow, ice, weather, coastal processes,
and related community travel and hunting activit-
ies. The AAOKH observers’ database (https://eloka-
arctic.org/sizonet/), maintained by the Exchange for
Local Observations and Knowledge of the Arctic,
contains some detailed observations of winter rain
events, often in the context of local travel or hunting
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Figure 7. Schematic information sources and information flow in the LEO network.

activities. For example, an observation from Point
Hope in November 2019 described how a rain event
led to the break-up of a foot of ice on the Kuk-
puk River, leaving a wall of ice along the riverbank
(Adams 2013a). An observer fromToksook Bay noted
in late December 2009 that glare ice, resulting from
a freezing rain event, prevented planes from reach-
ing the village (Adams 2013b). An event that resul-
ted in a change of migration patterns in 2006–07 on
Yamal was documented by an anthropologist travel-
ing with reindeer herders (Bartsch et al 2010). Amore
extensive event during winter 2013–14 on Yamal sim-
ilarly triggered substantial reorganization of migra-
tion patterns, which were mapped using a particip-
atory approach with reindeer herders, administrators
and scientists (Forbes et al 2016).

Also notable is the Local Environmental Observer
(LEO) Network, with observers concentrated in
North America and growing membership around the
circumpolar North. The LEO Network provides an
online platform for sharing information about signi-
ficant environmental events. Local knowledge experts
share observations and engage with topic experts as
co-authors on LEONetwork posts. Members can also
post news articles as another local source for these
events. The LEO Network has roots in the Indigen-
ous communities of Alaska, but has grown greatly.
As of June 2020, the LEO Network has over 3500
members from over 50 countries (including all Arctic
nations). The LEO editorial process involves validat-
ing observations, geocoding, time stamping, sharing
them with subject matter experts, organizing them
by topic and geography, and publishing them to the
online platform (figure 7). Two of the most common
event categories areWeather, and Ice and Snow. Much

less common, but still numerous, are events further
categorized as Rain on Snow, with 47 events in the
LEO database as of November 2020. While many of
these ROS entries discuss impacts on animals, other
impacts are also noted, such as diminished recre-
ational opportunities, public safety issues from icing
and infrastructure issues involving power and tele-
phone lines, and flooding.

4.4. Satellite retrievals
ROS detection from satellite microwave retrievals
(both passive and active) shows considerable prom-
ise for providing a pan-Arctic view (e.g. Bartsch et al
2010, Dolant et al 2016, 2017, Langlois et al 2017)
(table 1). This is because microwave emission or
backscatter from the surface is strongly affected by
liquid water and snow cover structure, as well as
the strength of impact depending on microwave fre-
quency and polarization.

In passive microwave radiometry, the energy
detected by the satellite is the measured emission
intensity, converted to a brightness temperature that
is a function of the physical temperature of the tar-
get and the emissivity. The emissivity of the snow
cover is determined by its dielectric properties and
its surface roughness. When there is liquid water
in the snow, emissivity sharply increases because of
the much higher dielectric constant of water, lead-
ing to a sudden increase in passive microwave bright-
ness temperature. In this case, absorption processes
dominate over scattering, and consequently only the
topmost snow layers contribute to the measured
brightness temperature. The response is larger at
higher frequencies because of the change in emis-
sion depth associated with melt. The response is
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Table 1. Overview of remote sensing and reanalyses studies of ROS events.

Source/Method
Sensor(s) or
parameter Study

Analyses
period Season Region

Passive microwave:
Gradient ratio/
polarization ratio
Method: wet snow
detection

SSMI Grenfell and
Putkonen (2008)

2003/4 Single event Banks island,
Canada

AMSR-E/2 Semmens et al
(2013)

2003–2009 All Yukon basin

AMSR-E/2 Dolant et al (2016) 2010/11 All Nunavik
SSMI+ AMSR-
E/2

Langlois et al
(2017)

1979–2011 October–May Canadian
Arctic
Archipelago

AMSR-E/2
+Modis

Pan et al (2018) 2003–2016 November–March Alaska

Active microwave:
Single band backscatter
Method: snow
structure change
detection

Quikscat Bartsch et al
(2010)

2000–2009 November–
February

Russia

Bartsch (2010a) 2000–2009 November–
February

Circumpolar

Wilson et al (2013) 2000–2009 April–May Alaska
Semmens et al
(2013)

2003–2009 All Yukon basin

ASCAT Forbes et al (2016) 2013 Single event South Yamal
Reanalyses—MERRA Rain and

temperature
Liston and
Hiemstra et al
(2011)

1979–2009 All Circumpolar

Reanalyses—ERA-40 Rain Rennert et al
(2009)

1957–2002 — Circumpolar

Reanalyses—seNorge Rain and snow
water equivalent

Pall et al (2019) 1957–2016 At least 3 mm
of snow water
equivalent

Norway

also polarization dependent (Anderson 1997). The
response of emissivity to liquid water is the basis for
snowmelt onset detection frommicrowave brightness
temperatures on land (Frei et al 2012, Alimasi et al
2018) as well as on sea ice (e.g. Markus et al 2009,
Wang et al 2013) and ice sheets (Abdalati and Steffen
1995).

As for active microwave, microwave energy trans-
mitted by a radar is reflected and scattered by the
snowpack. The unit of measure is called the backs-
catter, and depends on the surface area illuminated,
and the distance from the receiver to the target. Dur-
ing the transition from dry to wet snow, absorption is
the main mechanism, driven by increased dielectric
loss from the snowpack, causing the radar backscat-
ter to decrease (Ulaby et al 1982). Volume scattering
occurs under dry snow conditions in the case of short
wavelengths.

The strategy of wet snow detection is applicable
whenmeasurement intervals are shorter than theROS
events themselves. Given that event duration can be
limited to a few hours (Bartsch et al 2010) It is thus
very likely that events are missed. Satellite observa-
tions from polar orbits (as is the case for relevant
active and passive microwave missions) are usually
limited to certain time windows, in the morning and
afternoon. An alternative is to focus on ROS impacts

on snow structure. The resulting ice layers change
the interaction of the microwave radiation with the
snowpack. In case of (for example) active microwave
techniques, the backscatter response increases when
the snow grain size increases and specifically when
crusts are present. Such changes can occur as part
of seasonal snowmetamorphosis (grain size increases
with snow age). These are, however, gradual changes,
compared to ROS impacts. The determination of
sudden changes can, therefore, reveal potential ROS
events. This has been so far mostly applied to Ku-
band radar for monitoring larger areas as in figure 3
(Bartsch et al 2010, Bartsch 2010a, 2010b, Wilson
et al 2013, Semmens et al 2013) although passive
microwave data are suitable as well to identify changes
(Grenfell and Putkonen 2008, Langlois et al 2017).
C-band radar is also promising (Forbes et al 2016)
and offers potentially high resolution (down to 10m).
This is based on the synthetic aperture radar tech-
nique. Such detail cannot be achieved with passive
microwave to date. What also needs to be considered
for this technique is that multiple events lead to step-
wise increase of backscatter and the magnitude of
change decreases throughout the season. In extreme
cases, a maximum level (similar to backscatter levels
of ice sheets) is reached, and detection of further
events is impeded. The presence of vegetation also
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leads to volume scattering and increases the backscat-
ter minimum at the beginning of the snow-covered
season, reducing sensitivity to snow structure change
(Bartsch et al 2020).

A challenge with longer wavelengths such as
C-band is the sensitivity to the soil beneath the
snowpack. Changes in midwinter, which are related
to the evolution of frozen state dielectric properties
(driven by ground temperature), can also lead to high
backscatter response similar to snow crusts, and sat-
urate the signal (Bergstedt et al 2018). Recent fire
events can also alter soil wetness and temperature,
which impacts the snowpack structure for several
decades (Bartsch et al 2020).

In general, retrieval algorithms use threshold
values that require tuning with respect to obser-
vations and are unlikely to hold everywhere as
weather effects and snowpack properties influence
the retrievals. Furthermore, the detection of liquid
water does not necessarily mean that a ROS event
occurred. It can also not be directly inferred if
snow is present on the ground. A combination with
snow cover datasets based on multi-spectral obser-
vations is, therefore, useful (Pan et al 2018). A fur-
ther strategy is limiting analysis to mid-winter when
warm spells are less likely. The definition of this
period does, however, strongly differ between dif-
ferent studies (table 1), which complicates compar-
ing results. An alternative is the combination with
reanalysis data, such as applied by Semmens et al
(2013) and described in section 4.5. To date, the
only study for the entire Arctic land area which is
based on satellite records is Bartsch (2010a), derived
from Ku-band QuikScat records from 2000 to 2009
(figure 3). The algorithm has been initially based on
local observations by reindeer herders (Bartsch et al
2010).

The use of satellite data allows for the determin-
ation of spatial patterns. The extent of events is cru-
cial, such as with respect to themigration possibilities
of ungulates. Wilson et al (2013) analyzed event sizes
for the first time and found differences with respect
to distance from coast for Alaska. Events in proxim-
ity to the coast tend to be comparably small and fre-
quent compared to further inland where they are lar-
ger and less frequent. Such types of investigations,
characterizing events apart from theirmere detection,
are, however, still lacking across the Arctic.

4.5. Atmospheric reanalyses
Atmospheric reanalyses, the most recent example
being the European Center for Medium Range Fore-
casts ERA5 effort, represent retrospective forms of
numerical weather prediction (NWP) models. A
great advantage of reanalyses (and operational NWP
systems) is the provision of forecasts of precipitation

amount and phase along with information on the
vertical temperature and humidity structure. In an
operational setting, forecasts of precipitation type
and amount are made in a post-processing step
using information from NWP systems about the
vertical structure of temperature and humidity, as
well as other variables (Elmore et al 2015). All of
the modern generation of atmospheric reanalyses
provide data from 1979 or 1980 onwards (1979 rep-
resents the start of the modern satellite era). ERA5
provides data from 1950, and the Japan Meteor-
ological Agency JRA55 provides data from 1958.
A national specific dataset used in this context is
seNorge, a high-resolution gridded hydrometeorolo-
gical dataset covering mainland Norway (Pall et al
2019).

The quality of NWP precipitation forecasts (for
both operational systems and reanalysis) depends on
both the physics in the model and the amount and
quality of observations that can be assimilated to pro-
duce the analysis from which forecasts are generated.
It is commonly thought that NWP forecasts in the
Arctic are limited by sparse observational data. This
is true, only to an extent—while the radiosonde net-
work is suboptimal, polar orbiting satellites provide
a wealth of data. Uncertainties and biases in reana-
lysis outputs in the Arctic region have been widely
addressed. All reanalyses have biases in Arctic precip-
itation relative to observations (e.g. Wang et al 2019,
Barrett et al 2020).

Output from the North American Regional
Reanalysis has been employed in a number of ROS
studies, serving as a basis for evaluation of satellite-
based retrievals (Semmens et al 2013, Wilson et al
2013). Precipitable water (total column water vapor)
from reanalysis data also serves as input for correc-
tion of passivemicrowave observations (Langlois et al
2017). Reanalysis records are also useful for assessing
the reasons behind snow structure changes detected
within satellite records. Near-surface air temperature
and dew point temperature, visibility, and relative
humidity were used to determine the occurrence of
fog by Semmens et al (2013). The relatively moist and
warm conditions forming fog are considered to affect
snow and melting. In some years, more than 60% of
snow structure change events over the Yukon basin
could be attributed to fog and only a maximum of
35% to ROS events.

5. Paths forward

A key challenge in gaining a greater understand-
ing of ROS events is providing a pan-Arctic view of
their frequency, seasonality, and intensity. This will
require combining information from multiple data
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Figure 8. Tropospheric air temperature and precipitation amount and phase for the closest MERRA2 (Gelaro et al 2017) grid
point to 67.75◦ N and 68◦ E on the Yamal Peninsula for 4–11 November 2013 corresponding to the events studied by Forbes et al
(2016). Also shown is precipitation from the ERA5 and MERRA2 reanalyses at the same location, and the ratio of vertical and
horizontal polarization gradient ratios between the 18 GHz and 36 GHz bands from AMSR2, with values <1 indicated liquid
water at the surface.

sources that provide regular coverage across the Arc-
tic, notably remote sensing and atmospheric reana-
lyses. Figure 8 provides an example of using these
two data sources in tandem. As part of the devel-
oping AROSS effort, passive microwave reanalyses
satellite retrievals, output from atmospheric and sur-
face observations are being used together to develop
a machine learning algorithm to detect and map
ROS events across the Arctic from 1979 present;
the surface observations from meteorological sta-
tions across the Arctic, are used as the training data
(figure 9). Active microwave (radar) observations
provide the possibility to significantly improve spa-
tial detail and gradients through combination of
with synthetic aperture radar, an approach followed
in CHARTER. The step from mere event detec-
tion to actual characterization of ROS needs to be
made.

However, as is clear from previous discus-
sion, partnering with local observers can convey
key information regarding ROS impacts, provid-
ing a focus for developing better technologies.
For example, while ROS impacts are known to
be tied to the formation of ice layers, ice layer

formation processes are poorly understood and dif-
ficult to model, and ground observations are sparse
(Kohler and Aanes 2004, Liston and Hiemstra 2011,
Vikhamar-Schuler et al 2013, Rasmus et al 2014, 2016,
Pirazzini et al 2018). Having detailed surface obser-
vations offers a path for developing better process
models and for understanding how the development
of ice layers ties into the larger-scale meteorological
aspects of ROS events. In addition, there remains
much to be gained in furthering our understanding
for how ROS events intersect with the livelihoods
of Arctic communities. Surface observations made
locally by community members may assist in better
describing ice layer formation and morphology, yet
where, when, and how such observations are made
also relate to the context of community activities
and movement across the land or ocean where the
impacts of ROS are felt. For example, future research
is needed to answer key questions, such as how
may more frequent ROS events affect food secur-
ity, infrastructure, and hazards, and what options
may exist to mitigate such effects? Existing programs
like LEO and AAOKH are laying groundwork in this
direction.
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Figure 9. Flow diagram showing potential inputs, and procedure for creating training data and developing the ROS detection
algorithm.

6. Conclusions

Despite advances in our understanding of ROS events
and their impacts, many gaps in knowledge still exist.
These include uncertainties in detecting liquid water
on the snowpack from satellite data, detection of ROS
events and precipitation amount from atmospheric
reanalyses, and the general sparseness of direct sur-
face observations. Another is a lack of understanding
of ice layer formation processes.

As the Arctic warms, ROS and winter thaw events
are likely to become more frequent and there is
growing evidence that changes are already happen-
ing (Hansen et al 2011, Liston and Hiemstra 2011,
Ruosteenoja et al 2016, Vikhamer-Schuler et al 2016,
Luomaranta et al 2019). Climate models project a
shift toward more Arctic rain events (Bintanja and
Andry 2017), with total Arctic precipitation expec-
ted to increase by 30%–60% (Bintanja and Sel-
ten 2014, Bintanja and Andry 2017). Uncertainties
abound, however—projected changes in precipita-
tion amount and type range widely between different
models using the same emissions scenario, and future
emission rates are unknown. In turn, it is possible

that a decrease in the duration of the snow cover sea-
son could at least in part counterbalance the effects
on more rainfall and the frequency of ROS events
(Mudryk et al 2020).

It is clear that to understand Arctic ROS events
and their impacts, there needs to be a co-production
of knowledge approach (Tondu et al 2014, Behe
et al 2020, Carlo 2020), one that bridges scientific
disciplines, Indigenous knowledge, local observa-
tions and especially ensures equitable Indigenous and
local collaboration in the research from the outset.
This requires multi-disciplinary and multi-cultural
research teams, including atmospheric scientists, har-
vesters, herders, social scientists, modelers, Indigen-
ous scholars, and others. Advancing new understand-
ings of ROS events and their impacts will support a
more adaptive Arctic.
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The data that support the findings of this study
are openly available. Data from the ERA reana-
lysis, the MERRA-2 reanalysis and satellite data
from AMSR2 can be found, respectfully, at
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https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels?tab=overview,
https://disc.gsfc.nasa.gov/datasets?project=MERRA-
2 and https://nsidc.org/data/AU-SI12/versions/1.

The data that support the findings of this study
are openly available at the following URL/DOI:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-pressure-levels?tab=overview.

Acknowledgments

This study was supported by NSF Grant NNA
1928230. The project has received funding under
the European Union’s Horizon 2020 Research and
Innovation Programme under Grant Agreement No.
869471.

ORCID iDs

Mark C Serreze https://orcid.org/0000-0002-
3699-302X
Bruce C Forbes https://orcid.org/0000-0002-
4593-5083
Sirpa Rasmus https://orcid.org/0000-0001-8106-
0299
Annett Bartsch https://orcid.org/0000-0002-3737-
7931

References

Abdalati W and Steffen K 1995 Passive microwave-defined snow
melt regions on the Greenland ice sheet Geophys. Res. Lett.
22 787–90

ACIA 2005 Arctic Climate Impact Assessment (Cambridge:
Cambridge University Press)

Adams B et al 2013a Local Observations from the Seasonal Ice Zone
Observing Network (Sizonet) Observation from Guy Omnik
ed H Eicken and M Kaufman (Boulder, CO: National Snow
and Ice Data Center) (1 November 2019) (https://doi.org/
10.7265/N5TB14VT)

Adams B et al 2013b Local Observations from the Seasonal Ice Zone
Observing Network (Sizonet) Observation from Diloola
Erickson ed H Eicken and M Kaufman (Boulder, CO:
National Snow and Ice Data Center) (https://doi.org/
10.7265/N5TB14VT)

Alimasi N 2018 A review of passive microwave observations of
snow-covered areas over complex Arctic terrain Bull.
Glaciol. Res. 36 1–13

Anderson M 1997 Determination of a melt onset date for Arctic
sea ice regions using passive microwave data Ann. Glaciol.
25 382–7

Andrews C L 1939 The Eskimo and His Reindeer in Alaska
(Caldwell Idaho: The Caxon Printers Ltd) p 253

Arduini G, Balsamo G, Dutra E, Day J J, Sandu I, Boussetta S and
Haiden T 2019 Impact of a multi-layer snow scheme on
near-surface weather forecasts J. Adv. Model. Earth Syst.
11 4687–710

Barrett A P, Stroeve J and Serreze M C 2020 Arctic Ocean
precipitation from atmospheric reanalyses and comparisons
with North Pole drifting station records J. Geophys. Res.
Oceans 125 1–17

Bartsch A 2010a Spring snowmelt and midwinter thaw and
refreeze north of 60◦N based on Seawinds QuikScat
2000–2009 PANGAEA (https://doi.org/10.1594/PANGAEA.
834198)

Bartsch A 2010b Ten years of SeaWinds on QuikSCAT for snow
applications Remote Sens. 2 1142–56

Bartsch A et al 2020 Feasibility of tundra vegetation height
retrieval from Sentinel-1 and Sentinel-2 data Remote Sens.
Environ. 237 111515

Bartsch A, Kumpula T, Forbes B C and Stammler F 2010
Detection of snow surface thawing and refreezing in the
Eurasian Arctic with QuikSCAT: implications for reindeer
herding Ecol. Appl. 20 2346–58

Behe C, Daniel R and Raymond-Yakoubian J 2020 Understanding
the Arctic through a co-production of knowledge Inuit
Circumpolar Council Alaska, Pew Charitable Trusts, and
Kawerak, Inc. (available at: https://kawerak.org/co-
production-of-knowledge-in-research-valuing-traditional-
knowledge/)

Berg A, Gunnarsson B and Ostlund L 2011a At this point, the
lichens in the trees are their only means of survival:
a history of tree cutting for winter reindeer fodder by
Sami people in northern Sweden Environ. Hist.
17 265–89

Berg A, Josefsson T and Östlund L 2011b Cutting of lichen trees: a
survival strategy used before the 20th century in northern
Sweden Veg. Hist. Archaeobot. 20 125–33

Bergstedt H, Zwieback S, Bartsch A and Leibman M 2018
Dependence of C-band backscatter on ground temperature,
air temperature and snow depth in Arctic permafrost
regions Remote Sens. 10 142

Bieniek P A, Bhatt U S, Walsh J E, Lader R, Griffith B, Roach J K
and Thoman R L 2018 Assessment of Alaska rain-on-snow
events using dynamical downscaling J. Appl. Meteorol.
Climatol. 57 1847–63

Bintanja R and Andry O 2017 Towards a rain-dominated Arctic
Nat. Clim. Change 7 263–7

Bintanja R and Selten F M 2014 Future increases in Arctic
precipitation linked to local evaporation and sea-ice retreat
Nature 509 479–82

Bjerke J W, Tømmervik H, Zielke M and Jørgensen M 2015
Impacts of snow season on ground-ice accumulation, soil
frost and primary productivity in a grassland of sub-Arctic
Norway Env. Res. Lett. 10 095007

Bjerke J, Treharne R, Vikhamar-schuler D, Karlsen S R,
Ravolainen V, Bokhorst S, Phoenix G K, Bochenek Z and
Tømmervik H 2017 Understanding the drivers of extensive
plant damage in boreal and Arctic ecosystems: insights from
field surveys in the aftermath of damage Sci. Total Environ.
590–600 1965–1776

Carlo N 2020 Achieving equity and representation for
indigenous peoples in Arctic research. Policy call (University
of Alaska Fairbanks, Center for Arctic Policy Studies)
p 2

Crawford A D, Alley K E, Cooke A M and Serreze M C 2020
Synoptic climatology of rain-on-snow events in AlaskaMon.
Weather Rev. 148 1275–95

Dolant C, Langlois A, Brucker L, Royer A, Roy A and Montpetit B
2017 Meteorological inventory of rain-on-snow events in
the Canadian Arctic Archipelago and satellite detection
assessment using passive microwave data Phys. Geogr.
35 428–44

Dolant C, Langlois A, Montpetit A, Brucker L, Roy A and Royer A
2016 Development of a rain-on-snow detection algorithm
using passive microwave radiometry Hydrol. Process.
30 3184–96

Egeland G M et al 2013 Back to the future: using traditional food
and knowledge to promote a healthy future among Inuit
Indigenous Peoples’ Food Systems and Well-being:
Interventions and Policies for Healthy Communities (Rome:
FAO of the UN) p 371

Eira I M G, Oskal A, Hanssen-Bauer I and Mathiesen S D 2018
Snow cover and the loss of traditional indigenous knowledge
Nat. Clim. Change 8 928–31

Elmore K L, Grams H M, Apps D and Reeves H D 2015 Verifying
forecast precipitation type with mPINGWeather Forecast.
30 656–67

15

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://nsidc.org/data/AU-SI12/versions/1
https://!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://orcid.org/0000-0002-3699-302X
https://orcid.org/0000-0002-3699-302X
https://orcid.org/0000-0002-3699-302X
https://orcid.org/0000-0002-4593-5083
https://orcid.org/0000-0002-4593-5083
https://orcid.org/0000-0002-4593-5083
https://orcid.org/0000-0001-8106-0299
https://orcid.org/0000-0001-8106-0299
https://orcid.org/0000-0001-8106-0299
https://orcid.org/0000-0002-3737-7931
https://orcid.org/0000-0002-3737-7931
https://orcid.org/0000-0002-3737-7931
https://doi.org/10.1029/95GL00433
https://doi.org/10.1029/95GL00433
https://doi.org/10.7265/N5TB14VT
https://doi.org/10.7265/N5TB14VT
https://doi.org/10.7265/N5TB14VT
https://doi.org/10.7265/N5TB14VT
https://doi.org/10.5331/bgr.18W01
https://doi.org/10.5331/bgr.18W01
https://doi.org/10.3189/S0260305500014324
https://doi.org/10.3189/S0260305500014324
https://doi.org/10.1029/2019MS001725
https://doi.org/10.1029/2019MS001725
https://doi.org/10.1029/2019JC015415
https://doi.org/10.1029/2019JC015415
https://doi.org/10.1594/PANGAEA.834198
https://doi.org/10.1594/PANGAEA.834198
https://doi.org/10.3390/rs2041142
https://doi.org/10.3390/rs2041142
https://doi.org/10.1016/j.rse.2019.111515
https://doi.org/10.1016/j.rse.2019.111515
https://doi.org/10.1890/09-1927.1
https://doi.org/10.1890/09-1927.1
https://kawerak.org/co-production-of-knowledge-in-research-valuing-traditional-knowledge/
https://kawerak.org/co-production-of-knowledge-in-research-valuing-traditional-knowledge/
https://kawerak.org/co-production-of-knowledge-in-research-valuing-traditional-knowledge/
https://doi.org/10.3197/096734011X12997574043044
https://doi.org/10.3197/096734011X12997574043044
https://doi.org/10.1007/s00334-010-0275-x
https://doi.org/10.1007/s00334-010-0275-x
https://doi.org/10.3390/rs10010142
https://doi.org/10.3390/rs10010142
https://doi.org/10.1175/JAMC-D-17-0276.1
https://doi.org/10.1175/JAMC-D-17-0276.1
https://doi.org/10.1038/NCLIMATE3420
https://doi.org/10.1038/NCLIMATE3420
https://doi.org/10.1038/nature13259
https://doi.org/10.1038/nature13259
https://doi.org/10.1088/1748-9326/10/9/095007
https://doi.org/10.1088/1748-9326/10/9/095007
https://doi.org/10.1016/j.scitotenv.2017.05.050
https://doi.org/10.1016/j.scitotenv.2017.05.050
https://doi.org/10.1175/MWR-D-19-0311.1
https://doi.org/10.1175/MWR-D-19-0311.1
https://doi.org/10.1081/02723646.2017.1400339
https://doi.org/10.1081/02723646.2017.1400339
https://doi.org/10.1002/hyp.10828
https://doi.org/10.1002/hyp.10828
https://doi.org/10.1038/s41558-018-0319-2
https://doi.org/10.1038/s41558-018-0319-2
https://doi.org/10.1175/WAF-D-14-00068.1
https://doi.org/10.1175/WAF-D-14-00068.1


Environ. Res. Lett. 16 (2021) 105009 M C Serreze et al

Forbes B C et al 2016 Sea ice, rain-on-snow and tundra reindeer
nomadism in Arctic Russia Biol. Lett. 12 20160466

Forbes B C and Kumpula T 2009 The ecological role of reindeer
(Rangifer tarandus) in northern Eurasia Geogr. Compass
3 1356–80

Frei A, Tedesco M, Lee S, Foster J, Hall D K, Kelly R and
Robinson D A 2012 A review of global satellite-derived
products Adv. Space Res. 8 1007–29

Freudiger D, Kohn I, Stahl K and Weiler M 2014 Large scale
analysis of changing frequencies of rain-on-snow events
with flood generation potential Hydrol. Earth Syst. Sci.
18 2695–709

Freund K and Bartsch A 2020 Midwinter thaw events over
Greenland derived from Seawinds QuikScat 2000–2008
PANGAEA (https://doi.org/10.1594/PANGAEA.911298)

Furgal C M, Innes S and Kovacs K M 2002 Inuit spring hunting
techniques and local knowledge of the ringed seal in Arctic
Bay (Ikpiarjuk), Nunavut Polar Res. 21 1–16

Gearheard S, Pocernich M, Stewart R, Sanguya J and
Huntington H P 2010 Linking Inuit knowledge and
meteorological station observations to understand changing
wind patterns at Clyde River, Nunavut Clim. Change
100 267–94

Gelaro R et al 2017 The modern-era retrospective analysis for
research and applications, version 2 (MERERA-2) J. Clim.
30 5419–54

Grenfell T C and Putkonen J 2008 A method for the detection of
the severe rain-on-snow event on Banks Island, October
2003, using passive microwave remote sensingWater Resour.
Res. 44W03425

Guan B, Waliser D E, Ralph F M, Fetzer E J and Neiman P J 2016
Hydrometeorological characteristics of rain-on-snow events
associated with atmospheric rivers Geophys. Res. Lett.
43 2964–73

Gunn A, Miller F L and McLean B 1989 Evidence for and possible
causes of increased mortality of bull muskoxen during
severe winters Can. J. Zool. 67 1106–11

Hansen B B, Aanes R, Herfindal I, Kohler J and Sæther B-E 2011
Climate, icing, and wild arctic reindeer: past relationships
and future prospects Ecology 92 1917–23

Hansen B B, Isaksen K, Benestad R E, Kohler J, Pedersen Å Ø,
Loe L E, Coulson S J, Larsen J O and Varpe Ø 2014 Warmer
and wetter winters: characteristics and implications of an
extreme weather event in the High Arctic Environ. Res. Lett.
9 114021

Helle T 1984 Foraging behaviour of semi-domesticated reindeer
(Rangifer tarandus tarandus) in relation to snow in finnish
Lapland Rep. Kevo Subarctic Res. Stat. 19 35–47

Helle T and Jaakkola L M 2008 Transition in herd management of
semi-domesticated reindeer in northern Finland Ann. Zool.
Fenn. 45 81–101

Helle T and Kojola I 2008 Demographics in an alpine reindeer
herd: effects of density and winter weather Ecography
31 221–30

Hersbach H et al 2020 The ERA5 global reanalysis Q. J. R.
Meteorol. Soc. 146 1999–2049

Huntington H P, Carey M, Apok C, Forbes B C, Fox S, Holm L K,
Ivanova A, Jaypoody J, Noongwook G and Stammler F 2019
Climate change in context: putting people first in the Arctic
Reg. Environ. Change 19 1217–23

Jamieson B 2006 Formation of refrozen snowpack layers and their
role in slab avalanche release Rev. Geophys. 44 RG2001

Kausrud K L et al 2008 Linking climate change to lemming cycles
Nature 456 93–97

Kawerak Reindeer Herders Association 2020 Reindeer herders
association (available at: https://kawerak.org/natural-
resources/reindeer-herders-association/) (Accessed 3
December 2020)

Kohler J and Aanes R 2004 Effect of winter snow on ground-icing
on a Svalbard reindeer population: results of s simple
snowpack model Arctic Alpine Res. 36 333–41

Krupnik I and Jolly D (eds) 2002 The Earth is Faster Now:
Indigenous Observations of Arctic Environmental Change

(Fairbanks, AL: Arctic Research Consortium of the United
States) pp xxvii+ 356

Kumpula J, Parikka P and Nieminen M 2000 Occurrence of
certain microfungi on reindeer pastures in northern Finland
during winter 1996–97 Rangifer 20 3–8

Landauer M, Rasmus S and Forbes B C 2021 What drives reindeer
management in Finland towards social and ecological
tipping points? Reg. Environ. Change 21 1–16

Langlois A et al 2017 Detection of rain-on-snow (ROS) events and
ice layer formation using passive microwave radiometery: a
context of Peary Caribou habitat in the Canadian Arctic
Remote Sens. Environ. 189 84–95

Laptander R 2020When We Got Reindeer, We Moved to Live to the
Tundra: The Spoken and Silenced History of the Yamal Nenet
(Rovaniemi: Lapin yliopisto) p 169

Liston G E and Hiemstra C A 2011 The changing cryosphere:
pan-Arctic snow trends (1979–2009) J. Clim. 24 5691–712

Luomaranta A, Aalto J and Jylhä K 2019 Snow cover trends in
Finland over 1961–2014 based on gridded snow depth
observations Int. J. Climatol. 39 3147–59

Markus T, Stroeve J C and Miller J 2009 Recent changes in Arctic
sea ice melt onset, freezeup, and melt season length
J. Geophys. Res. 114 C12024

Mazurkiewicz A B, Callery D G and McDonnell J J 2008 Assessing
the controls of the snow energy balance and water available
for runoff in a rain-on-snow environment J. Hydrol.
354 1–14

Mekis E, Donaldson N, Reid J, Zucconi A, Hoover J, Li Q, Nitu R
and Melo S 2018 An overview of surface-based precipitation
observations at environment and climate change Canada
Atmos.-Ocean 56 71–95

Miller F L and Gunn A 2003 Catastrophic die-off of Peary caribou
on the western Queen Elizabeth Islands, Canadian High
Arctic Arctic 56 381–90

Mudryk L, Santolaria-Otin Krinner M, Krinner G, Ménégoz M,
Derksen C, Brutel-Vuilmet C, Brady M and Essery R 2020
Historical northern hemisphere snow cover trends and
projected changes in the CMIP6 multi-model ensemble
Cryosphere 14 2495–514

Mysterud I 2016 Range extensions of some boreal owl species:
comments on snow cover, ice crusts, and climate change
Arct. Antarct. Alp. Res. 48 213–9

Pall P, Tallaksen L and Stordal F 2019 A climatology of
rain-on-snow events for Norway J. Clim. 32 6995–7016

Pan C G, Kirchner P B, Kimball J S, Kim Y and Du J 2018
Rain-on-snow events in Alaska, their frequency and
distribution from satellite observations Env. Res. Lett.
13 075004

Parker G R, Thomas D C, Broughton E and Gray D R 1975
Crashes of muskox and Peary caribou populations in
1973–74 in the Parry Islands, Arctic Canada Canadian
Wildlife Service Progress Notes vol 56 (Ottawa: Canadian
Wildlife Service, Government of Canada) p 10 (https://
pubications.gc.ca/site/eng/9.849295/publications.html)

Pearce T, Ford J, Willox A C and Smit B 2015 Inuit traditional
ecological knowledge (TEK), subsistence hunting and
adaptation to climate change in the Canadian Arctic Arctic
68 233–45

Peeters B, Pedersen Å Ø, Loe L E, Isaksen K, Veiberg V, Stien A,
Kohler J, Gallet J-C, Aanes R and Hansen B B 2019
Spatiotemporal patters of rain-on-snow and basal ice in
high Arctic Svalbard: setection of a climate-cryosphere
regime shift Env. Res. Lett. 14 015002

Pirazzini R et al 2018 European in-situ snow measurements:
practices and purposes Sensors 18 2016

Project Jukebox 2001 Reindeer Herding: The Past & The Present
(Fairbanks, AK: University of Alaska Fairbanks Oral History
Program)

Putkonen J and Roe G 2003 Rain-on-snow events impact soil
temperatures and affect ungulate survival Geophys. Res. Lett.
30 1188

Rasmus S et al 2020 Climate change and reindeer management in
Finland: co-analysis of practitioner knowledge and

16

https://doi.org/10.1098/rsbl.2016.0466
https://doi.org/10.1098/rsbl.2016.0466
https://doi.org/10.1111/j.1749-8198.2009.00250.x
https://doi.org/10.1111/j.1749-8198.2009.00250.x
https://doi.org/10.1016/j.asr.2011.12.021
https://doi.org/10.1016/j.asr.2011.12.021
https://doi.org/10.5194/hess-18-2695-2014
https://doi.org/10.5194/hess-18-2695-2014
https://doi.org/10.1594/PANGAEA.911298
https://doi.org/10.1111/j.1751-8369.2002.tb00063.x
https://doi.org/10.1111/j.1751-8369.2002.tb00063.x
https://doi.org/10.1007/s10584-009-9587-1
https://doi.org/10.1007/s10584-009-9587-1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1029/2007WR005929
https://doi.org/10.1029/2007WR005929
https://doi.org/10.1002/2016GL067978
https://doi.org/10.1002/2016GL067978
https://doi.org/10.1139/z89-157
https://doi.org/10.1139/z89-157
https://doi.org/10.1890/11-0095.1
https://doi.org/10.1890/11-0095.1
https://doi.org/10.1088/1748-9326/9/11/114021
https://doi.org/10.1088/1748-9326/9/11/114021
https://doi.org/10.5735/086.045.0201
https://doi.org/10.5735/086.045.0201
https://doi.org/10.1111/j.2008.0906-7590.04912
https://doi.org/10.1111/j.2008.0906-7590.04912
https://doi.org/10.1002/qj.3803
https://doi.org/10.1002/qj.3803
https://doi.org/10.1007/s10113019014788
https://doi.org/10.1007/s10113019014788
https://doi.org/10.1029/2005RG000176
https://doi.org/10.1029/2005RG000176
https://doi.org/10.1038/nature07442
https://doi.org/10.1038/nature07442
https://kawerak.org/natural-resources/reindeer-herders-association/
https://kawerak.org/natural-resources/reindeer-herders-association/
https://doi.org/10.1657/1523-0430(2004)035[0333:EOWSAG]2.0.CO:2
https://doi.org/10.1657/1523-0430(2004)035[0333:EOWSAG]2.0.CO:2
https://doi.org/10.7557/2.20.1.1477
https://doi.org/10.7557/2.20.1.1477
https://doi.org/10.1007/s10113-021-01757-3
https://doi.org/10.1007/s10113-021-01757-3
https://doi.org/10.1016/j.rse.2016.11.006
https://doi.org/10.1016/j.rse.2016.11.006
https://doi.org/10.1175/JCLI-D-11-00081.1
https://doi.org/10.1175/JCLI-D-11-00081.1
https://doi.org/10.1002/joc.6007
https://doi.org/10.1002/joc.6007
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1029/2009JC005436
https://doi.org/10.1016/j.jhydrol.2007.12.027
https://doi.org/10.1016/j.jhydrol.2007.12.027
https://doi.org/10.1080/07055900.2018.1433627
https://doi.org/10.1080/07055900.2018.1433627
https://doi.org/10.14430/arctic635
https://doi.org/10.14430/arctic635
https://doi.org/10.5194/tc1424952020
https://doi.org/10.5194/tc1424952020
https://doi.org/10.1657/AAAR0015-041
https://doi.org/10.1657/AAAR0015-041
https://doi.org/10.1175/JCLI-D-18-0529.1
https://doi.org/10.1175/JCLI-D-18-0529.1
https://doi.org/10.1088/1748-9326/aac9d3
https://doi.org/10.1088/1748-9326/aac9d3
https://pubications.gc.ca/site/eng/9.849295/publications.html
https://pubications.gc.ca/site/eng/9.849295/publications.html
https://doi.org/10.14430/arctic4475
https://doi.org/10.14430/arctic4475
https://doi.org/10.1088/1748-9326/aaefb3
https://doi.org/10.1088/1748-9326/aaefb3
https://doi.org/10.3390/s18072016
https://doi.org/10.3390/s18072016
https://doi.org/10.1029/2002GL01632
https://doi.org/10.1029/2002GL01632


Environ. Res. Lett. 16 (2021) 105009 M C Serreze et al

meteorological data for better adaptation Sci. Total Environ.
710 136229

Rasmus S, Kivinen S, Bavay M and Heiskanen J 2016 Local and
regional variability in snow conditions in northern Finland:
a reindeer herding perspective Ambio 45 398–414

Rasmus S, Kivinen S and Irannezhad M 2018 Basal ice formation
in Northern Finland snow covers during 1948–2016 Env.
Res. Lett. 13 114009

Rasmus S, Kumpula J and Siitari J 2014 Can a snow structure
model estimate snow characteristics relevant for reindeer
husbandry? Rangifer 34 37–56

Rennert K J, Roe G R, Putkonen J and Bitz C M 2009 Soil thermal
and ecological impacts of rain on snow events in the
circumpolar Arctic J. Clim. 22 2302–15

RHA 2020 Reindeer herders association Rovaniemi, Finland
Riseth J Å, Tømmervik H and Bjerke J W 2016 175 years of

adaptation: north Scandinavian Sámi reindeer herding
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