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Abstract Recent studies of snow climatology show a mix of
trends but a preponderance of evidence suggest an overall
tendency toward decreases in several metrics of snow ex-
tremes. The analysis performed herein on maximum seasonal
snow depth points to a robust negative trend in this variable
for the period of winter 1960/1961—winter 2014/2015. This
conclusion is applicable to North America. Maximum snow
depth is also mostly decreasing for those European stations
analyzed. Research studies show generally negative trends in
snow cover extent and snow water equivalent across both
North America and Eurasia. These results are mostly, but not
fully, consistent with simple hypotheses for the effects of
global warming on snow characteristics.
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Introduction

Snowfall is a normal part of the cold season climate in middle
and high latitudes. However, unusual amounts of snowfall
have the potential to create pronounced impacts on societal
function because of the unique physical properties of snow.
Extreme single snowfall events or large seasonal accumula-
tions create widespread transportation disruptions with asso-
ciated impacts on economic and social activity. These can be
life-threatening by creating traffic accidents and stranding
travelers in harsh conditions, by roof collapses, and by
avalanches.

Snowfall also has substantial benefits. The runoff from
large accumulations can have substantial positive impacts in
recharging reservoirs, although flooding from rapid snowmelt
can pose a significant threat. Many arid areas rely on rivers
flowing through them fed by snowmelt in distant mountains
for water resources. The usual gradual snowmelt at mountain
elevations extends the life of the snowpack well into the sum-
mer and provides a natural storage mechanism, reducing the
capacity requirements for built reservoirs.

Temperature is obviously a prime determinant be-
tween the occurrence of precipitation as rain or snow
at the surface, while recognizing that the properties of
the atmosphere through which precipitation passes also
affect the phase at the surface [1]. Variations and long-
term trends in temperature can affect the nature of the
local snowfall climatology and associated trends.
Anthropogenically forced changes in temperature and
atmospheric water vapor have the potential to have ma-
jor impacts on snowfall climatology. Extreme snowfall
events tend to occur just below the freezing point [2]
while seasonal metrics may be affected in complex
ways by temperature characteristics and weather system
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features. We can formulate several hypotheses that may
accompany such warming [3]:

a. The equatorward-margins and lower elevation limits (in
mountainous terrain) of where snow is now a normal part
of the cold season climate will shift poleward and upward
as a result of warming temperatures and more precipita-
tion falling as rain.

b. Higher-latitude and higher-elevation locations in the inte-
rior of the continents where snow accumulation is limited
by moisture availability will experience increases in both
extreme and total snowfall.

It is not our intent to formally test these hypotheses, but
these will form a backdrop to our discussion of recent studies.

An evaluation of the state of knowledge regarding adequa-
cy of data for detection and attribution of causes for snow
extremes [4] indicated a medium level of knowledge for both,
relative to other types of extremes. Because of the small land
mass in mid to high latitudes and sparse data, the Southern
Hemisphere is not included in this discussion.

We first describe several major types of snow data and the
sources for those data. Then, a review of recent studies is
presented, organized by data type, in the following order:
snow cover extent, snow depth and snow water equivalent,
and snowfall. These include a few original analyses developed
for this overview. Most studies do not specifically address
occurrences of extremes in these variables, whether individual
events or seasonal or multi-seasonal anomalies. Where possi-
ble, this information is extracted from the results in the studies.

Snow Data

Several metrics are typically used to describe the occurrence
and presence of snow. From the perspective of observations at
an individual station, there are three common metrics unique to
snow that are typically used: snowfall (SNOW) since last ob-
servation, depth of snow on the ground (SNWD), and the
melted water equivalent of the snow on the ground (SWE).
These observations, typically taken at daily or sub-daily fre-
quency, are used to develop other metrics, particularly accumu-
lated snowfall over longer periods such as single storms,
weeks, months, or seasons. The measurement of snow depth,
while not trivial, is comparatively reliable although long-term
trends are affected by changes in site characteristics and obser-
vational practices [5, 6]. Another common metric of snow from
aregional or global perspective is the snow cover extent (SCE),
determined from station observations and remote sensing data.
We focus particularly on high and low extremes of snow cover
extent, snowfall, and maximum seasonal snow depth.

Data for SNOW and SNWD in the studies cited and the
original analyses included herein are in the Global Historical
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Climatology Network Daily (GHCND) data set, which incor-
porates observations from many national networks. For our
original analyses, the criterion for choice of stations was at
least 90 % available snow depth data for November 1-April
30 for 1961-2015. In addition, each year included had to have
90 % available data for November 1-April 30 of that year.
Finally, stations that recorded no snow for more than 10 % of
the years were excluded.

Analysis of SCE has relied on the compilation of satellite and
in situ data [7, 8]. The Northern Hemisphere Snow Cover Extent
Climate Data Record (NHSCE CDR) is a well-developed and
commonly used data set. It is based on weekly snow cover maps
produced by the U.S. National Oceanic and Atmospheric
Administration (NOAA) from visible satellite imagery, includ-
ing the Advanced High Resolution Radiometer (AVHRR) series
and other geostationary and polar orbiting platforms, and in situ
data. Its records extend back to 1966 and are used in the analyses
presented herein. The great advantage of satellite platform data
is that it provides global coverage and is not subject to the
observational challenges of in situ records noted above [5, 6].

Some stations in GHCND record SWE measurements. In
the USA, the Snowpack Telemetry (SNOTEL) network has
used automated stations to collect SWE data since about 1980
for the western USA. (http://www.wcc.nres.usda.gov/factpub/
sntlfct].html). Manual measurements of SWE (snow surveys)
are another important worldwide high elevation source with
data extending back to the first half of the twentieth century in
many cases (http://www.wcce.nres.usda.gov/centennial.html).

The spatial variability of snow metrics can be quite high in
certain situations, such as in mountainous regions and in areas
of geographic boundaries (e.g., land-water). Analysis of long-
term trends in SNWD and SWE necessarily requires the use of
in situ records but the representativeness of such observations
may be uncertain in such situations. In the case of mountainous
terrain, analysis of SNOTEL and snow survey data are very
useful to complement studies of data taken at standard, lower
elevation, stations. In this paper, the review of multiple studies
and examination of changes over large areas is used to provide
confidence in conclusions about climate system changes.

Recent Studies and Analysis

(a) Snow cover extent (SCE)

Regional changes in SCE have been the focus of two recent
studies. Shi et al [9] found that late spring/early summer snow
cover extent decreased over the Arctic over the period of
1972-2006 based on the NOAA weekly snow cover maps.
The highest SCE values for May and June all occurred in
the first half of the record. They also found that surface net
radiation (SNR) is the primary source of energy for the snow
cover changes while sensible heat flux makes a secondary
contribution. These surface energy changes in turn are driven
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by changes in albedo, increased air temperature and increased
water vapor pressure. Husler et al [10] developed a snow
cover data set for the European Alps from 1985-2011 using
AVHRR data. They found a trend toward shorter snow cover
duration at lower elevations in the southwest and southeast of
their region of study, with no overall trend elsewhere in
monthly mean snow cover duration.

The above two studies, limited to regions and different time
periods, may not reflect hemispheric trends. We provide a
hemispheric perspective on extreme SCE years based on sat-
ellite observations for 1967-2015 (Figs. 1 and 2). There has
been an overall negative trend in Northern Hemisphere SCE,
as illustrated in Fig. 1 which shows the difference in April
SCE between the first (1967-1991) and second (1992-2015)
halves of the period. A large majority of the grid cells have
experienced less snow cover in the second half of the period,
particularly over Eurasia and western North America.
Extreme SCE years reflect this general tendency. Figure 2
shows the year of occurrence of the five highest and five
lowest SCE values by month from October through June, a
total of 45 highest and 45 lowest values. There is a concentra-
tion of the 45 highest SCE values in the early part of the record
with 32 occurring prior to 1990 and only 13 from 1990 on-
ward. The distribution of lowest values is more even with 19

Mean SCE Departure
1992-2015 minus 1967—-1991

-40 -30 20 -10 -1 1 10 20 30 40
% Difference

Figure 1 Comparison of April snow cover extent over Northern
Hemisphere lands between the first (1967-1991) and second (1992—
2015) half of the satellite data record. Locations where snow cover is
less extensive in the second half of the period are shown in brown
shades, and where the second half had more extensive cover in blue
shades. SCE is from the NOAA satellite series and based on analyses of
the climate data record product generated at Rutgers University

occurring before, and 26 after, 1990. There is a seasonal de-
pendence to the distribution. For the “spring” period of
March—June, only one of the highest values occurred after
1990 and only three of the lowest values occurred before
1990. By contrast, for the “fall” period of October—
December, only two of the lowest values occurred after
1990 while the highest values are evenly distributed before
and after 1990. These tendencies are highlighted in the last
6 years of the observations. From 2010 onward, 7 of the 45
highest SCE values occurred, all in the early part of the
cold season, while 9 of the 10 lowest May and June values
occurred. This reflects the trend toward earlier spring
snowmelt, particularly at high latitudes, while little trend
is noted in extreme fall SCE.

The absolute extreme extent of snow cover for the peri-
od 1967-2015 is displayed in Fig. 3 for January and
March. These maps define the limits where snow cover
was present in no months or 100 % of the months in the
period of record. In January (Fig. 3, top panel), snow cover
has been present in all months in most of Canada except for
the extreme southwest and southern Ontario. In the USA,
snow cover has been present in some, but not all, months
almost everywhere except for the far southwest and along
the Gulf Coast and Florida peninsula. In Eurasia, snow
cover has been present in all months from Scandinavia
across most of Russia, the southern extent following
roughly the southern Russia border, except for extreme
southwest Russia where snow cover is variable. The south-
ern extent of snow cover includes almost all of Europe,
northern portions of the Middle East, and most of China
except for far southeast China. The area of episodic snow
cover (between 1 and 99 %) covers a large area.

In March (Fig. 3, bottom panel), the southern extent of
snow cover present in all months and the northern extent of
snow cover present in no months are shifted northward
compared to January, as expected. These shifts are most
noticeable along the USA-Canadian border, in southern
Russia, and in southeast China. But, the shifts are relative-
ly small compared to the area of episodic snow cover.

Snow cover can be an important driver of the climate system
due to the large difference in albedo between snow-covered
and bare surfaces. The large area of episodic snow cover shown
in Fig. 3, covering a sizeable percentage of Northern
Hemisphere land mass, suggests that land-surface feedback
effects are potentially large. This is particularly so in March,
where not only are the year-to-year differences in SCE among
the most pronounced of any month, but also due to the high
solar angle in the spring as compared to fall and winter.

(b) Snow on ground (snow depth-SNWD and snow water
equivalent-SWE)

There are several recent studies examining snow on the
ground, SNWD and SWE, at the local and regional scale,
mainly over the USA and Europe.
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Figure 2 The 5 years with the most and least extensive snow cover
extent over Northern Hemisphere lands are depicted for each month of
the year (except for July—September). Data coverage is from 1967-2015.

USA

Pederson et al [11] analyzed April 1 snow water
equivalent (SWE) in the western USA. They found
that since 1980 changes in the northern and southern
Rocky Mountains have been synchronous and gener-
ally declining associated with springtime warming.
Prior to 1980, snowpack generally exhibited a dipole
behavior with opposite anomalies in the north and
south. Fassnacht and Hultstrand [12] examined trends
in snow depth and SWE from three long-term snow
course stations in northern Colorado for 1936 to 2014.
They found negative trends at two of the stations. At
the third station, a positive trend was found for the
first half of the record and a decrease over the second
half.

Lute and Abatzoglou [13] examined the contri-
bution of individual extreme snowfall events in
contributing to seasonal SWE in the western
USA. They defined snowfall events as cumulative
SWE accumulation over 3-day periods. They
found that the top decile of events explained
69 % of the interannual variability in snowfall wa-
ter equivalent. Harpold et al [14] analyzed
SNOTEL SWE for the central and southern
Rocky Mts for the period 1984-2009. They found
widespread decreases in maximum SWE and dura-
tion of snow cover.

The ongoing drought in the western USA is
highlighted by the extremely dry 2014-2015 win-
ter that followed 3 previous dry winters. For exam-
ple, at Donner Summit, CA (approximate elevation
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SCE is from the NOAA satellite series, with values based on analyses of
the climate data record product generated at Rutgers University

of 2100 m) in the Sierra Nevada Mountains, end of
season SWE on April 1, 2015 was the lowest on
record, based on survey measurements back to
1910 (Fig. 4), at only 1.3 cm, or less than 2 % of
the long-term average. This followed the previous
record low in 2014. The back-to-back lowest SWE
values on record are an indicator of the severity of
the current drought, which has caused major im-
pacts on water resources in California.
Belmecheri et al. [15] estimate that the return peri-
od of this drought is at least 500 years based on
paleoclimatic reconstructions.

Gan et al [16] analyzed trends in SWE estimate
from satellite measurements of surface brightness
temperature. They detected an overall negative trend
over North America for the period of 1979-2007. The
most extreme low April SWE occurred in 2005. They
attributed the overall decrease to rising temperatures.

These studies as a whole are consistent in indi-
cating a decrease in snow on the ground with the
some of the most extreme low values occurring in
the last 10—15 years. This is consistent with our
expectation for the direct effect of warming
temperatures.

Eurasia

Pielmeier et al [17] studied the occurrence of wet
snow and full-depth glide avalanches in the Swiss
Alps over the period of 1952 to 2013. They found a
positive trend in such activity during the mid-winter
which they attributed to the positive trend in air tem-
perature. Terzago et al [18], in a study of six sites in
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Figure 3 Extreme snow extents for the satellite period of record for
January (fop panel) and March (bottom panel). Areas in dark blue had
100 % snow cover in the respective month for the full period. Those in
light blue had average cover ranging from 1-99 %, while lands depicted in
white did not have a single instance where a NOAA weekly snow map
reported snow cover (assumed as a given cell being less than 50 %
covered)

the Italian Alps for the period of 1926-2010, found
negative trends in snow depth, although with consid-
erable decadal-scale variability. The absolute lowest
values of snow depth occurred in the early 1990s with
somewhat higher values since then.

Lehtonen [19] provided a climatic perspective on
the recent occurrence of four consecutive snowy win-
ters in Helsinki. While maximum snow depths were
well above average and higher than winters of the
previous three decades, these winters were not unusu-
al when compared to winters of the early and middle
20th Century when comparable or greater snow
depths occurred on a somewhat regular basis. Yadav
and Bhutiyani [20] used tree-ring chronologies to

develop a 500+ -year time series of SWE for the
western Himalaya Mountains. These chronologies in-
dicated that recent droughts in the 2000s are of similar
magnitude to the worst droughts in this period, which
include severe droughts in the 1780s and early 1800s.

This set of studies represents a small percentage of
the land mass for Eurasia and thus general conclu-
sions should not be drawn. They do illustrate the con-
siderable spatial and temporal variability associated
with snow metrics.

Global analysis

To provide a broader perspective on this set of
regional studies, an analysis of data available in
GHCND was performed. Annual maximum snow
depth was first determined for individual GHCND
stations meeting the requirements outlined in
Section 2. Then, these values were averaged for all
available stations in the grid box to create an annual
resolution grid box time series. Grid box size was
variable, with 4° x 4° used for the coterminous USA
and Europe (where density of stations is higher) and
10° % 10° for the rest of North America.

Figure 5 shows trends in annual maximum snow
depth for 1961-2015. A key point is that there are
large areas of Eurasia that are not well represented
in GHCND. Thus, our analysis is mostly a North
America (NA) view. For NA, most grid boxes exhibit
negative trends. This is also the case for the small area
of Europe with available data in GHCND. While most
of'the trends for the coterminous United States are not
statistically significant, many of the Canadian-
centered and European grid box trends are statistically
significant. Vincent et al [21] also found decreases in
annual maximum snow depth at Canadian stations
over a slightly longer period of 1948-2012.

The grid box time series of Fig. 5 was converted
into standardized anomalies and then averaged
(with area weighting) to create a hemispheric time
series. This is displayed in Fig. 6. As might be
expected from Fig. 5, there is pronounced negative
trend, of about 0.1 standard anomalies per decade.
There is also a negative trend (not shown) in the
number of stations experiencing their largest snow
depth on record. The lowest value in Fig. 6 is the
2014/2015 cold season. While there was much
press attention to the large snowfall totals in the
northeast USA and far eastern Canada in that year,
this was the only area (represented in Fig. 5) with
large positive anomalies. Almost every other grid
box had negative anomalies. Also shown is a time
series of the day of occurrence of maximum snow
depth (expressed as anomalies); there is a negative
trend of about 1.4 days per decade.
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Figure 4 Time series of snow Donner Summit April 1 SWE
survey measurements of SWE 250
(cm) around April 1 at Donner
Summit, California, USA
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Figure 5 Grid box trends (%/decade) in annual maximum snow depth for cold season periods of 1960/1961-2014/2015. a Numbers indicate number of
stations available in that grid box. b Boxes with “x” indicate statistically significant trends at the p <0.05 level of significance
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Figure 6 Time series of the area-weighted average of the Northern
Hemisphere land grid box time series shown in Fig. 5 expressed as stan-
dardized anomalies (blue solid line) and of the day of occurrence of
maximum snow depth expressed as anomalies (black dashed line).
Maximum snow depth trend (blue; —0.11 standard anomalies per decade)
and day of occurrence trend (black; —1.37 days per decade) are statisti-
cally significant at p <0.05

A simple application of our hypotheses would
lead to an expectation for increases in maximum
snow depth for northern interior North America
(Canada and northern USA). The reasons for the
overall negative trend are not obvious. An analysis
of cold season precipitation and total snowfall (not
shown) indicate that most areas exhibit near-zero
trends. Knowles [22] found that during the snow
cover season in the USA, minimum temperatures
have warmed and the fraction of time with temper-
atures above freezing has increased. The Vincent et
al study [21] for Canada found large increases in
winter temperature, decreases (increases) in winter
precipitation in southern (northern) Canada, de-
creases in the ratio of snowfall to total precipita-
tion, and a shift to earlier dates of the maximum
snow depth. Thus, increased within-season melting
of the snowpack and more precipitation falling as
rain could be contributors to the negative trend in
maximum snow depth. The shift toward earlier oc-
currence of the maximum snow depth suggests a
shorter season for snowpack accumulation.

(c) Snowfall

Snowfall data are usually collected at the same stations as
snow depth and data availability is similar. There can be qual-
ity issues with snowfall data, as pointed out by Kunkel et al
[7]. Kunkel et al [8] developed a quality-controlled snowfall
data set by identifying stations of high temporal homogeneity.

Lawrimore et al [23] identified the top 100 severe snow-
storms in each of six regions of the eastern and central
USA over the period of 1901-2013. Severe snowstorms
were defined by the areal coverage of snowfall exceeding
region-specific threshold snowfall amounts related to sig-
nificant impacts. The largest of these storms can deposit

impactful snow amounts over areas exceeding 2 x 10 km?
and very heavy snow amounts (exceeding a threshold for
25-year recurrence interval) over areas of greater than
3% 10° km?. They found that the median date of occurrence
of late season (after Feb. 1) storms is trending toward ear-
lier dates in the southern regions where air temperature
plays a dominant role in modulating the occurrence of such
storms. This corresponds with general warming spring
temperatures in the USA. This relationship to temperature,
an obvious one, has been related to snow cover extent [24].
Kluver and Leathers [25] used the quality-controlled snow-
fall data set developed by Kunkel et al [8] to develop a
regionalization of snowfall patterns. They find a decrease
in the frequency of large snowfall years in the southern
USA and the US Pacific Northwest and an increase in the
frequency of large snowfall years in the northern USA.

Scherrer et al [26] analyzed snow data from nine stations in
the Swiss Alps, all with at least 100 years of data. They find no
long-term trend in maximum daily snowfall. However, since
2000, there has been a notable absence of very large snowfall
accumulations exceeding 60 cm. They attribute this to natural
decadal variability. Serquet et al [27] found a negative trend in
the ratio of snowfall days to total precipitation days from
1961-2008 across Switzerland in all of the cold season
months, indicating more frequent liquid precipitation. The low-
est values of this ratio occurred predominantly in the early
1990s.

Mir et al [28] studied snowfall in a small region of the
Himalaya Mts. They found negative trends for most stations
for 19762008, but these were not statistically significant. An
examination of their time series does not suggest any definitive
trend in the occurrence of extreme snowfall years. Wang et al
[29] evaluated time series of annual maximum 1-day snowfall
amounts for 18 stations in far northwest China. They found
statistically significant positive trends at several stations and no
stations with statistically significant negative trends.

These studies on snowfall are mixed, with different region-
al results for the direction of trends. The USA and northwest
China results are supportive of our hypotheses although the
results for the Swiss Alps [26] are not necessarily as one might
expect an increase in extreme daily snowfall at high mountain
locations in response to increasing water vapor concentra-
tions. But natural variability will cause regional variations.

Discussion and Conclusions

Evaluation of overall trends in snowfall extremes is a chal-
lenge because most studies are regional in nature and the ready
availability of station data is quite limited for Eurasia and at
high latitudes over North America. This means that the hy-
potheses raised in the introduction are difficult to evaluate.
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Given the data challenges, the NH SCE CDR is a particularly
valuable resource that is not dependent on the vagaries of
incorporation of station data from many nations into the
GHCND.

The results from the recent studies are somewhat mixed
but a preponderance of evidence suggests downward
trends in a number of snow characteristics. The analysis
performed herein on maximum seasonal snow depth
points to a robust trend in this variable. This conclusion
is applicable to North America. Maximum snow depth is
also decreasing for those European stations analyzed but
due to limited data coverage, this particular analysis does
not examine all of Eurasia, or even all of Europe. Other
studies by the authors and other investigators show gener-
ally negative trends in snow cover extent and snow water
equivalent across both North America and Eurasia. The
few studies available point to a positive trend in the num-
ber of extreme snowfall events, but there is regional vari-
ability in this finding.

Most of these results are consistent with the hypotheses
presented in the Introduction, recognizing that modes of
variability in the climate system are likely to lead to re-
gional variations. One exception to this is the general neg-
ative trend in maximum snow depth over most areas. A
simple application of our hypotheses would lead to an ex-
pectation for positive trends in northern interior locations,
rather than the observed negative trends, and negative
trends on the southern margins of snow areas, which are
observed.

Rupp et al [30] examined climate model simulations of
Northern Hemisphere spring snow cover extent and com-
pared with observed trends. With natural forcings alone,
the models were unable to reproduce observed trends.
With the combination of natural and anthropogenic forc-
ings, the models simulated the observed downward trend,
although the magnitude was underestimated.

Snow cover is an important driver of the climate sys-
tem due to the large difference in albedo between snow-
covered and bare surfaces. Fassnacht et al [31] found sta-
tistically significant trends in winter albedo modeled from
snow cover for 1951-2010 at a number of locations in the
northern Great Plains of the USA but large regional var-
iations in the direction of the trends and no overall trend
for the region as a whole. A full understanding of the
historical variations and its overall effect on albedo is
hampered by lack of full spatial coverage of important
data sets, such as SNWD and SWE. Continued efforts
(data archaeology) need to be undertaken to gather data
sets and analyze them in a coherent fashion for large
areas.
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