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In October 2003, a severe rain- on- snow 
(ROS) event killed approximately 20,000 
musk- oxen (Figure 1) on Banks Island, 
which is the westernmost of the Canadian 
Arctic islands (approximately 380 kilome-
ters by 290 kilo meters in size). The event 
reduced the isolated herd by 25% and sig-
nificantly affected the people dependent 
on the herd’s well- being. Because of the 
sparsity of weather stations in the Arctic 
and the lack of routinely deployed weather 
equipment that was capable of accurately 
sensing the ROS event, its detection largely 
was based on reports from hunters who 
were in the affected areas at the time.

Such events can significantly alter a fro-
zen ecosystem—with changes that often 
persist for the remainder of a winter—by 
creating ice layers at the surface of, within, 
or below the snowpack. The water and ice 
layers are known to facilitate the growth 
of toxic fungi, significantly warm the soil 
surface under thick snowpack, and deter 
large grazing mammals. Although ROS 
events of the magnitude that was experi-
enced in Banks Island in 2003 likely have 
reverberations throughout the entire Arctic 
and subarctic ecosystem, little is presently 
known about them and their impacts. As 

understanding of ROS events expands, many 
ROS- related aspects of the Arctic ecology 
and hydrology are likely to be discovered. 
They may include topics such as the fate of 
small mammals under the snowpack at the 
iced soil surface, the difficulty of ptarmigans 
to burrow into the iced snow, the limited 
infiltration of spring snowmelt into the iced 
over soil, and the changing drifting patterns 
of ice- crusted snowpack.

The lack of accurate detection tools 
combined with model predictions of more 

frequent ROS events in the future promises 
uncertain times for the northern native pop-
ulations whose commercial meat export, 
subsistence hunting, and cultural iden-
tity are closely tied to the fate of northern 
ungulates (e.g., caribou, reindeer, musk- ox).

ROS is a natural hazard that is well-
 known to the inhabitants of the northern 
snow- covered land areas. Despite its sig-
nificance, however, ROS events north of 
approximately 60º latitude have received lit-
tle attention in scientific and policy- making 
circles. The primary reason for this over-
sight may be that ROS is inherently chal-
lenging to study. ROS events occur with 
relative rarity at any particular location, 
and the freezing water and melting snow 
pose mechanical challenges to the proper 

Starting immediately, Eos is eliminating 
the requirement to submit a proposal for 
a feature article before submitting the full 
manuscript. Rather, we welcome the submis-
sion of full feature articles. This change will 
improve the timeliness of the manuscript 
review process. 

In April 2007, Eos began asking authors to 
submit proposals before the editors invited 
submission of a feature article to help 
ensure that Eos balanced its coverage of all 
of AGU’s disciplines (Eos, 88(11), 13 March 
2007). Assessments show that the balance 
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Requiring proposals for feature articles pro-
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Fig. 1. Musk- oxen in the Arctic tundra on Prince Patrick Island, Northwest Territories, Canada. 
Prince Patrick Island is located north of Banks Island on the western edge of the Canadian Arctic 
Archipelago. Photograph by Tom Grenfell.
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functioning of conventional rain and snow 
detection equipment. In lower latitudes, 
such as the conterminous United States, ROS 
events are known to induce winter flood-
ing, trigger snow avalanches, and adversely 
affect infrastructure. This article focuses on 
the much less understood ROS events north 
of approximately 60º latitude.

ROS and Ungulates

The impact of ROS events on northern 
ungulates depends on the magnitude of the 
rain event and the subsequent surface air 
temperatures. For the sake of clarity, in this 
article, ROS events are informally distin-
guished and named as either minor or major 
ROS events. No simple universal divide exists 
between these two categories, though a total 
of approximately 10 milli meters of water per 
event could be considered as an informal 
divide. A minor ROS event may only wet the 
snow surface and create a thin, icy layer on 
the surface of the snowpack, which is rela-
tively easy for ungulates to penetrate. In the 
case of a major ROS event, the rain wets the 
snow surface and also percolates well into 
the snowpack, making the snowpack denser 
and thus harder for animals to penetrate.

If the event is large enough, rainwater can 
pool at the soil surface and subsequently 
freeze. The resultant ice layer covers the 
soil surface, restricting access of grazing ani-
mals to lichens and of musk- ox to grasses, 
the foods on which they feed in winter. The 
resulting ice layer forces the grazers to spend 
more energy on feeding, therefore forc-
ing them into a negative energy balance. In 
extreme cases, the ice layers can make feed-
ing impossible and lead to starvation and 
death or, as is more common, result in the 
animals’ widespread movement away from 
affected areas, thus limiting the availability 
of animals to hunters. Even during a minor 
ROS event, the additional stress can reduce 
the productivity (number and survival of off-
spring) of animals, leading to long- lasting, 
herd- wide effects [Russell et al., 2005].

Satellite Detection of ROS Events

The most pressing questions related 
to ROS events are when and where they 
occur. A major ROS event covering an area 
of 50 kilometers by 50 kilometers easily can 
be missed by the sparse weather obser-
vation network in the Arctic. Even when 
manual weather observations are made, 
the resulting weather records only contain 
information on the total amount of pre-
cipitation and on a single dominant type 
for the precipitation, though in the case of 
ROS, there is often mixed rain and snow. 
The archived observational precipitation 
record does not specify the actual amounts 
of either fraction of rain and snow. For 
these reasons, it is likely that severe ROS 
episodes currently are underreported.

Satellite observations offer the potential for 
spatially and temporally continuous obser-
vation of ROS events, but until recently, no 

satellite products were available to meet 
the task. A recent study by Grenfell and Put-
konen [2008] reprocessed the archived 
multi frequency passive microwave data from 
the U.S. Defense Meteorological Satellite Pro-
gram’s Special Sensor Microwave/ Imager 
(SSM/I) to detect the major ROS event of 
2003 on Banks Island. The study identified 
the physical modifications of the snowpack 
due to the rainfall and determined the sub-
sequent stages of freezeup of the water in 
and at the base of the snowpack.

Although the detection of a ROS event was 
successful in this particular case, consider-
able additional investigation is needed to 
produce a robust working ROS algorithm to 
assess the true frequency and spatial distribu-
tion of severe ROS events in northern snow-
 covered land areas. The existing and planned 
microwave satellite sensors, such as SSM/I 
and Advanced Microwave Scanning Radiom-
eter (AMSR/ AMSR- E), offer the potential to 
refine ROS detection and provide analysis of 
ROS events in near real time, with a delay of 
only a few days. This capability would pro-
vide ample time, for example, to distribute 

emergency animal feed or to move managed 
ungulate herds to areas that are unaffected by 
a particular ROS event.

ROS and Permafrost

If large enough quantities of rain percolate 
to the base of a snowpack, the soil will be 
substantially warmed by the latent heat that 
is released slowly as the water freezes over 
a period of days, weeks, or months. The ice-
 water bath at the soil surface effectively main-
tains the soil temperature at 0ºC when it oth-
erwise would be many degrees colder. It is 
conceivable that an increase in the frequency 
of ROS events could surpass the effects of 
simple air temperature warming on soil tem-
peratures, potentially accelerating the effects 
of global warming on the sub surface temper-
atures [Putkonen and Roe, 2003]. 

In much of the Arctic, for which there 
are minimal historical air temperature 
records, deep soil temperatures are often 
used as proxies. ROS- related soil warming 
would make it more difficult to correlate 
deep soil temperatures to air temperature. 

Fig. 2. Number of ROS events per winter (a) in the European Centre for Medium- Range Weather 
Forecasts’ (ECMWF) Forty- Year European Re- Analysis (ERA40) of the Global Atmosphere for the 
period 1980–1999 and (b) for the same period using version three of the Community Climate 
System Model (CCSM3) general circulation model. ROS events are defined as a minimum of 
3 millimeters of rain falling on a minimum of 5 millimeters of snow water equivalent. (c) The 
difference between current and projected ROS frequencies per winter for the same thresholds 
for the period 2040–2059 in the CCSM3 under the IPCC Special Report on Emissions Scenarios’ 
A1B climate scenario [IPCC, 2000] and for the 1980–1999 period under ERA40. If a given area 
is forecasted to receive exactly the same amount of ROS in the future as it receives today, the 
map shows white in that area; an area forecasted to receive more ROS in the future than today 
is shown in darker shades of gray, dependent on the magnitude of the increase; and areas fore-
casted to receive less ROS in the future than today are shown in lighter shades of gray. The future 
scenario indicates increased frequency of ROS events in much of northwestern North America, 
which is the habitat for several types of caribou. Decreases in ROS events shown are broadly due 
to projected decreases in snowpack in the model, not to a decrease in rain events. Reprinted with 
permission from Rennert et al. [2009].
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As environmental change accelerates 
in the Arctic, the international scientific 
community is struggling to keep up with 
research efforts. To help with this, an inno-
vative project aims to create a new cohort 
of Arctic researchers by uniting U.S. and 
Russian undergraduate students and early-
 career scientists through the Polaris Project, 
a focused effort to investigate the impacts of 
climate change in the Siberian Arctic. 

Funded by the U.S. National Science 
Foundation as part of the International 
Polar Year (IPY), the Polaris Project (http:// 
www . thepolarisproject .org) began in 

January 2008 with Arctic- focused under-
graduate courses at seven participating 
institutions across the United States (Carle-
ton College; Clark University; College of 
the Holy Cross; St. Olaf College; University 
of Nevada, Reno; and Western Washington 
University) and Russia (Yakutsk State Uni-
versity in Siberia). The students enrolled 

In currently ongoing Arctic- wide research, 
there are hints at counterintuitive connec-
tions between ROS, snow depth, and result-
ing changes in soil temperatures.

Future Changes in the Frequency  
and Magnitude of ROS Events

Much of the Arctic has seen rapid recent 
environmental changes related to global  
climate change. Even though our under-
standing of the frequency, magnitude, and 
spatial distribution of ROS events is still quite 
limited, it is possible to estimate how the 
characteristic climatic conditions that lead 
to currently detected ROS events will change 
in the future. Results from a fully coupled 
global climate model under the Intergovern-
mental Panel on Climate Change (IPCC) A1B 
climate scenario [IPCC, 2000] suggest a sig-
nificant increase in the area and frequency 
of ROS events in the next 40 years [Rennert 
et al., 2009] (Figure 2).

ROS Research Challenges

The current maps and statistical analyses 
of ROS events are based on limited detec-
tion by a surface weather network that is 
especially sparse in the north. The existing 
data lack direct evidence of some of the larg-
est known ROS events [e.g., Putkonen, 1998; 
Rennert et al., 2009], which suggests that 
many more events may have escaped detec-
tion. Currently, the greatest need is to create 

a database for the frequency and distribution 
of past and present ROS events. This could 
be produced by reprocessing the archived 
satellite microwave data with the aid of the 
recently developed detection method by 
Grenfell and Putkonen [2008] for ROS events.

One of the most immediate challenges is to 
develop automated equipment that can reli-
ably detect ROS events in the field without 
becoming incapacitated or confounded by 
melting snow or freezing water. Such mea-
surement capability would provide much 
needed surface observations against which 
the satellite record could be compared.

Major ROS events strongly affect the lives 
and fates of wildlife, ecosystem, and people 
in northern snow- covered regions. Without 
a clear understanding of the processes that 
lead to ROS events, and without knowledge 
of past spatial distributions and frequen-
cies of ROS events, it is impossible to chart 
the impending changes in ROS characteris-
tics and gauge the implications for the Arc-
tic environment in general. The use of the 
techniques described in this article, in con-
junction with modern global climate mod-
eling, offers the potential to anticipate and 
alleviate the impact of ROS events on north-
ern ungulates and ecosystems and the peo-
ple who live there.
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Fig. 1. Sampling locations during the inaugu-
ral 2008 Polaris Project field course, which 
stretched about 250 kilometers along the 
length of the Kolyma River in northeastern 
Siberia (the largest Arctic river completely 
underlain by permafrost). Although dissolved 
organic carbon (DOC) concentrations, mea-
sured in milligrams of DOC per liter of water, 
are relatively low for the Kolyma River main 
stem, the high variability of DOC concentra-
tions in nearby smaller streams and rivers 
stresses the importance of measuring a variety 
of watersheds to further the under standing 
of carbon cycling throughout the region. 
The hetero geneity of the Kolyma River basin 
enables these types of valuable investigations. 


