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a b s t r a c t
Changes in the extent and amount of snow cover in Eurasia are of great interest because of their vital
impacts on the global climate system and regional water resource management. This study investigated
the spatial and temporal variability of the snow cover extent (SCE) and snow water equivalent (SWE) of
the continental Eurasia using the Northern Hemisphere Equal-Area Scalable Earth Grid (EASE-Grid)
Weekly SCE data for 1972–2006 and the Global Monthly EASE-Grid SWE data for 1979–2004. The results
indicated that, in general, the spatial extent of snow cover significantly decreased during spring and summer, but varied little during autumn and winter over Eurasia in the study period. The date at which snow
cover began to disappear in spring has significantly advanced, whereas the timing of snow cover onset in
autumn did not vary significantly during 1972–2006. The snow cover persistence period declined significantly in the western Tibetan Plateau as well as partial area of Central Asia and northwestern Russia, but
varied little in other parts of Eurasia. ‘‘Snow-free breaks” (SFBs) with intermittent snow cover in the cold
season were principally observed in the Tibetan Plateau and Central Asia, causing a low sensitivity of
snow cover persistence period to the timings of snow cover onset and disappearance over the areas with
shallow snow. The averaged SFBs were 1–14 weeks during the study period and the maximum intermittence could even reach 25 weeks in certain years. At a seasonal scale, SWE usually peaked in February or
March, but fell gradually since April across Eurasia. Both annual mean and annual maximum SWE
decreased significantly during 1979–2004 in most parts of Eurasia except for eastern Siberia as well as
northwestern and northeastern China. The possible cross-platform inconsistencies between two passive
microwave radiometers may cause uncertainties in the detected trends of SWE here, suggesting an
urgent need of producing a long-term, more homogeneous SWE product in future.
Ó 2018 Elsevier B.V. All rights reserved.

1. Introduction
Changes in the extent and amount of Eurasian snow cover are of
great interest in the context of anthropogenic climate change
because of their impact on both human societies and natural
ecosystems (Cohen et al., 2014a; Grippa et al., 2005; Najafi et al.,
2016; Yeo et al., 2017). Both observation- and simulation-based
studies have illustrated the importance of Eurasian snow cover to
regional and global climate systems (Barnett et al., 1989; Cohen
et al., 2014b; Gong et al., 2003; Liu and Yanai, 2001; Saito and
Cohen, 2003; Wu et al., 2014). For example, the variability in October Eurasian snow cover extent (SCE) affects boreal wintertime
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conditions over the Northern Hemisphere via a dynamical pathway
involving the stratosphere and changes in the surface-based Arctic
Oscillation (Allen and Zender, 2011; Cohen et al., 2014a; Yeo et al.,
2017). Cohen et al. (2014b) suggested that high SCE in October
across Eurasia favors the building of high sea level pressure across
the northern Eurasia from early November through mid-December,
enhancing the poleward heat flux in the lower stratosphere. Peings
et al. (2013) demonstrated that the positive (negative) snow
anomalies during 1976–2010 over Siberia played a key role in
the eastward (westward) phase of the Quasi-Biennial Oscillation
in the equatorial stratosphere.
The SCE over Eurasia has gradually declined in last few decades
(Brown and Robinson, 2011; Déry and Brown, 2007; Najafi et al.,
2016) in accordance with the Arctic amplification (Cohen et al.,
2014a; Serreze et al., 2009), which represents the strongest and
the most rapid warming in Northern Hemisphere high-latitudes
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relative to the globe as a whole. However, the response of snow
cover persistence period, onset and disappearing timings to the
warming remains controversial. On the one hand, using the meteorological stations-measured snow information, Peng et al. (2013)
identified that 70% of the Eurasian sites showed a trend towards an
earlier end date of snow cover during 1980–2006, while the onset
timing of snow cover appeared to become later, leading to an overall decrease of snow cover duration. This is supported by Yu et al.
(2017), who reported that the number of snow cover days has
decreased by 4.72% from 1970 to 2013 over Siberia. Rikiishi
and Nakasato (2006) also suggested that the snow cover persistence period has declined at all elevations of Tibetan Plateau during 1966–2011. On the other hand, Groisman et al. (2006)
identified an increase in the duration of the period with snow on
the ground in Russia during 1936–2004. Qin et al. (2006) also
noted a significant increasing trend of annual number of snowcovered days over the Tibetan Plateau from 1957 to 1998. Ye and
Ellison (2003) found that, during 1937–1994, the length of continuous snow cover increased to some extent in the northern Eurasia,
but decrease of duration of continuous snow cover was indeed true
in the southern Siberia. While the different snow datasets used in
previous studies as well as the spatial heterogeneity of snow cover
may partially explain above different findings, one should realize
that the definition of the snow cover duration based on the first
and last dates of seasonal snow cover that does not account for
‘‘snow-free breaks” (SFBs), i.e. the intermittent snow-free conditions that may occur before the last-observed snow cover week
in spring or after the first-observed snow cover week in autumn
(Dye, 2002; Rikiishi and Nakasato, 2006), may also plays a key role
in accurately detecting the trend of snow cover persistence period
during past few decades.
Numerous studies have linked the snow cover variability to the
changes of air temperature (Brown and Robinson, 2011; Foster
et al., 1983; McCabe and Wolock, 2009; Peng et al., 2013; Yeo
et al., 2017). Peng et al. (2013) demonstrated that the trends of
snow cover phenology are primarily associated with the local temperature trends. They also quantified that the sensitivity of spring
(autumn) temperature to the end (onset) date of snow is 0.077
(0.068) °C/d in the Northern Hemisphere. Brown and Robinson
(2011) indicated that the decrease of spring SCE in Eurasia was
mainly driven by warming of air temperature, which have significantly increased with rates of 0.6 and 0.36 °C/10 yr in March and
April during 1970–2010, respectively. However, based on climate
model simulations using future climate scenarios, Musselman
et al. (2017) argued that the fraction of meltwater volume produced at high snowmelt rates would be dramatically reduced in
a warmer climate over western North America due to a contraction
of the snowmelt season to a period of relatively lower available
energy. It is therefore important to investigate the effect of climate
warming on snow cover by examining not only the changes in SCE
but also snow cover persistence period. Previous studies have indicated that the air temperature in 20th century is marked by two
distinct warming periods: 1910–1940 and 1970–2000
(Euskirchen et al., 2007; Wang et al., 2017a). In particular, air temperature during the latter period significantly increased with a rate
of more than 0.035 °C/yr between 50° N and 75° N (Euskirchen
et al., 2007). It should be noted that, however, the global land surface temperature has remained relatively flat since early 2000s,
referred to as ‘‘warming hiatus” (Guan et al., 2015; Kosaka and
Xie, 2013). In this regard, an accurate investigation on the spatiotemporal variability of not only SCE but also its persistence period, onset and disappearing times during such an obvious warming
period (i.e. 1970s–2000s) over Eurasia is highly needed.
Traditionally, snow properties have been deduced by data measured at ground points. In general, point measurements of snow
are high-quality data representative of a small fetch (e.g. <20
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m2). See Kinar and Pomeroy (2015) for an exhaustive review on
the ground measurements of snow properties. To monitor the
snow cover in a temporally and spatially comprehensive manner,
however, optimum interpolation of the point measurements must
be undertaken. In this way, the possible discrepancy of spatial representativeness of local measurements for a relatively larger grid
may cause considerable uncertainties (Atkinson and Kelly, 1997;
Clark et al., 2011). In particular, the spatial density of snow properties measurements in most parts of the world is rather low.
Molotch and Bales (2005) demonstrated that, for example, the
Snow Telemetry network snow water equivalent (SWE) data are
usually unrepresentative of the mean grid element SWE in the
western United States. While a wide range of land surface models
have been extensively employed to simulate snow processes
including SCE, snow depth and SWE across multiple spatial and
temporal scales (Chen et al., 2014; Ma et al., 2017), the skill of such
models depends primarily on the accuracy of the input parameter
values and atmospheric forcings, a challenge for high-elevation
and high-latitude regions because of their inclement environment
(Zhang et al., 2015). Additionally, the real physics of the snow processes are yet far more complicated than we can currently represent numerically. For example, Noah (Ek et al., 2003), one of land
surface models used to produce the near-real-time snow information in the Global Land Data Assimilation System (Rodell et al.,
2004), often overestimates snow mass and the length of snow season in most boreal regions because of the greater thermal inertia of
the combined snow, vegetation and soil layer (Niu et al., 2011;
Yang et al., 2011). Satellite earth observation is the only way to collect globally consistent data regularly, especially as many snowaffected regions are sparsely populated. Advances in satellite
observation, which cover wide swaths and can provide rapidrepeat global coverage, are ideally suited for augmenting global
snow measurements and are spatially integrated for complete coverage across snow-covered areas of the Northern Hemisphere
(Dietz et al., 2012; Dozier and Painter, 2004). Reliable estimates
of snow cover extent from satellite data have been extensively
used to not only investigate the long-term variations of snow cover
at continental and/or hemispheric scales (Brown and Robinson,
2011; Déry and Brown, 2007; Najafi et al., 2016; Robinson and
Frei, 2000) but also evaluate land surface models (Ma et al.,
2017; Toure et al., 2016) to improve the climate and weather
predictions.
In terms of hydrological modeling applications, it is essential to
characterize not only where snow cover exists but also how much
water is stored in the snowpack. A great amount of attention has
also focused on the variability of hydrologically significant snow
variables such as snow depth and SWE (Clark et al., 2011;
Clifford, 2010; Liu et al., 2018; Sturm et al., 2010). Roesch (2006)
has noted that it is necessary to validate snow mass and SCE data
separately because the relationship between SWE and the snow
cover fraction (SCF) on the ground surface is highly nonlinear.
Composite SWE patterns at different temporal resolutions and
time periods capture different characteristics of the seasonal snow
conditions. Changes in the snow mass can substantially alter soil
water status because of its effects on both hydrological and energy
cycles (Barnett et al., 1989; Blankinship et al., 2014; Sugimoto et al.
2003). Furthermore, positive SWE anomalies enhance freshwater
discharge, especially in high-latitude and high-elevation river
basins, where snowmelt contributes as much as 80% of the annual
streamflow (Barnett et al., 2005; Kinar and Pomeroy, 2015;
McNamara et al., 1998). Jenicek et al. (2016) found that, for example, even the summer low flow was significantly sensitive to any
winter and spring SWE changes in the alpine catchments of
Switzerland. Precise SWE information can also improve the skill
of streamflow models, thereby facilitating an accurate water yield
forecast throughout the year (Koster et al., 2010). In this regard, an
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accurate documentation of how SWE varies in a warming climate
is not only vital to understanding how regional hydrological cycle
responses to climate change, but also critical for sustainable water
resource management.
Using the National Snow and Ice Data Center (NSIDC) EqualArea Scalable Earth Grid (EASE-Grid) weekly SCE product during
September 1979–June 2007 and monthly SWE product during January 1979–May 2005, the objectives of the present study are (1)
elucidating the spatiotemporal variability of snow cover persistence period, onset and disappearing timings, and SWE over Eurasia and its four suregions; (2) quantifying the interannual
variations of annual and seasonal snow cover fraction (SCF); and
(3) examining the spatial pattern of snow-free breaks in the cold
season and its effects on the snow cover persistence period. Note
that any snow data after mid-2000s was deliberately excluded in
the present analysis since we only focused on the aforementioned
period with a significant warming in the past few decades.

2. Materials and methods
2.1. NSIDC EASE-grid weekly SCE and monthly SWE data
We used the Northern Hemisphere 25-km EASE-Grid Weekly
Snow Cover and Sea Ice Extent product (version 3.1) which contains the snow cover extent at weekly intervals for 3 October
1966 to 24 June 2007 (Armstrong and Brodzik, 2005). In the period
of October 1966 to June 1999, the snow cover extent was estimated by visually assessing the satellite shortwave imagery
(Robinson and Frei, 2000); From June 1999 to the present, the
manual approach was replaced by the National Ice Center daily
Interactive Multisensor Snow and Ice Mapping System (Helfrich
et al., 2007), which combines the visible satellite imagery, station
observations and passive microwave data to improve snow monitoring during cloudy days. The snow cover extent is regridded to an
equal-area grid of 25 km for the EASE-Grid product. Each grid cell
was flagged as snow covered if more than 50% of its area had visible snow cover; otherwise it was categorized as snow free. In this
regard, the scattered snowpacks or patches of snow cover may be
overlooked. More information about the data processing and quality control procedures is available online at http://nsidc.org/data/
nsidc-0046.html. Some gaps occur in the Northern Hemisphere
EASE-Grid weekly snow cover data, i.e. 4 weeks from 1 to 28 July
1968, 21 weeks from 2 June–26 October 1969, and 12 weeks from
5 July–26 September 1971. We therefore only used snow cover
data for the period from September 1972 to June 2007.
We also used the Global Monthly EASE-Grid Snow Water Equivalent product (version 1) (Armstrong et al., 2005), which is the only
available long-term global SWE product based entirely on satellite
observations (Clifford, 2010). Monthly average SWE is calculated
from interpolated daily SWE, which is derived from horizontally
polarized difference algorithm of Chang et al. (1987) with the
inputs of daily brightness temperatures measured by passive
microwave (PMW) radiometers including Scanning Multichannel
Microwave Radiometer (SMMR) (before July 1987) and selected
Special Sensor Microwave/Imagers (SSM/I) (after August 1987). In
particular, the possible bias in producing such SWE data due to forest cover was corrected using a method proposed by Chang et al.
(1996). The SWE data are also gridded onto Northern and Southern
Hemisphere 25-km EASE Grids. Note that the Northern Hemisphere SWE data are enhanced with snow cover frequencies
derived from above mentioned Northern Hemisphere EASE-Grid
Weekly SCE data. More information about this dataset is available
online at http://nsidc.org/data/nsidc-0271.html. The monthly SWE
data used in the present study is from January 1979 to May 2005.

It should be noted that NSIDC EASE-grid weekly SCE product is
not the only satellite-derived product that can be used to investigate large-scale variability in snow cover. In addition, the SMMRand SSM/I-derived SWE data used in this study are not the only
global SWE product. A variety of sensors, such as Moderate Resolution Imaging Spectroradiometer (MODIS), Advanced Spaceborne
Thermal Emission and Reflection Radiometer and Système Probatoire d’Observation de la Terre, have been well developed to produce snow information with relatively higher spatial resolution
(Dozier and Painter, 2004; Brown et al., 2007). For example, MODIS
is able to provide SCE information with a spatial resolution of 500
m at multiple temporal scales (e.g. 1 d, 8 d, and monthly) (Riggers
and Hall, 2016). In addition to frequent cloud obstruction and snow
misclassification (Dong and Menzel, 2016), the temporal coverage
of MODIS snow products only starts in 2000, which is insufficient
for examining the long-term snow cover variability. Such a concern
is also true for the SWE product derived from another PMWradiometer, the Advanced Microwave Scanning Radiometer-Earth
Observing System (Kelly et al., 2003), which is only available from
2002 to 2011. Although the NSIDC EASE-grid weekly SCE product
may be less accurate in highly vegetated and/or mountainous
areas, they are the longest available consistent record of
continental-scale variations in snow cover extent (Najafi et al.,
2016), and are considered to be sufficiently accurate for investigating the continental scale for monitoring snow cover variability
(Brown, 2000; Déry and Brown, 2007; Dye, 2002), the impact of
snow cover changes on streamflow (Yang et al., 2007), and validation of climate model performance (Frei et al., 2003). Besides, the
NSIDC monthly EASE-Grid SWE product used in the present study
is the only available long-term global SWE product based entirely
on satellite observations (Clifford, 2010), which is appropriate for
scrutinizing the multidecadal variability of SWE.
2.2. Reliability and potential uncertainties in weekly SCE and monthly
SWE data
Wu and Kirtman (2007) investigated the reliability of EASE-grid
weekly SCE data by examining the local correlation between the
number of days of snow cover and snow depth observed at the stations in Siberia, demonstrating the correlations between the snow
cover and snow depth may depend on the season, as evidenced by
the similar seasonal and spatial dependence of the correlation
coefficients. The correlation for the Tibetan Plateau reached 0.5
in February and 0.7 in April, indicating that EASE-grid weekly
SCE data are reliable even in this irregular snow cover region
(Wu and Kirtman, 2007). With the help of the Historical Soviet
Daily Snow Depth dataset, Peings et al. (2013) also assessed the
accuracy of NSIDC EASE-grid weekly SCE data as well as the reconstructed 20th Century Reanalysis SCE data during 1972–1994,
reporting that both snow products show well agreement with
the ground-based observations. Derksen et al. (2003) compared
SSM/I-derived 25-km EASE-grid SWE data with the surface SWE
estimates from stations in central North America, suggesting that
the former agrees well with the latter since the differences
between these two are usually less than 15 mm. Hancock et al.
(2013) assessed three global SWE products including SSM/I,
AMSR-E and GlobSnow using the weather station-observed snow
depth data in Finland and they found that these three products
overall agree with each other as long as the peak SWE was below
100 mm. Koenig and Forster (2004) also demonstrated, using the
ground-measured SWE results as a reference, that the Changalgorithm-based SWE derived from the SSM/I brightness temperature was within 30 mm of the spatially averaged SWE for the
Kuparuk River Watershed in Alaska.
While satellite-observed SCE is usually considered reliable
(Brown, 2000; Déry and Brown, 2007; Frei et al., 2003; Hancock
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et al., 2013), the SWE may be problematic in some cases. The Chang
algorithm (Chang et al., 1987), the basis for deriving SWE data with
the PMW radiometer-observed brightness temperature, has also
been shown to saturate in areas of relatively deep snow cover
because the higher frequency microwaves no longer decrease with
increasing SWE (Derksen et al., 2010). In this way, the accuracy
may be reduced to some extent in areas covered by very deep snow
(Hancock et al., 2013). Another issue stems from the snowpack
properties (e.g. snow bulk density and grain size), which play a
vital role in the passive microwave estimates of SWE (Dietz
et al., 2012; Dozier and Painter, 2004). For example, SSM/Iderived SWE assumes a fixed value of 0.35 mm for the grain size.
However, the snow grain size may increase with a relatively high
temperature gradient across the snow pack (Hancock et al.,
2013), leading to potential errors in the estimated SWE in different
seasons. In brief, although a comprehensive evaluation of the
monthly EASE-grid SWE data using ground-measured snow information is beyond the scope of the present study, the possible
uncertainties in such a PMW radiometer-derived SWE product
caused by biases of either algorithms that relate satelliteobserved raw signals to physical properties of the snow pack or
by the parameters employed cannot be neglected.
2.3. Snow cover persistence period and snow-free breaks
We examined the onset and disappearance timings of snow
cover as well as the snow cover persistence period for each EASE
grid. Weekly totals of the snow-covered grid cells were counted
for the study region. Annual/seasonal mean numbers of snowcovered grids were also calculated for the five categories (i.e. the
region as a whole and the four subregions, see Section 3.1).
Similar to the water year approach, we defined the snow year as
starting on 1 September and ending on 31 August of the ensuing
year in the present study, so for example, the snow year of 1972
represents the period from September 1, 1972 to August 31,
1973. For each snow year, the timing of the onset of snow cover
was defined as the first week when snow cover was initially
observed to exist for two continuous weeks, and the timing of
the disappearance of snow cover was defined as the last week
when snow cover was lastly observed to exist for two continuous
weeks. The interval between snow cover onset and disappearance
timings was defined as the cold season when snowfall likely
occurs. The snow cover persistence period was defined as the total
number of weeks with snow cover during the cold season. Such a
definition of the snow cover persistence period considers the intermittent snow-free conditions, i.e. snow-free episodes that may
occur before the last-observed snow-cover week in spring or after
the first-observed snow-cover week in autumn. Note that the
length of snow cover persistence period can differ from that of
the cold season. Obviously, the difference between the two lengths
represents the number of days without snow cover during a cold
season, or a measure of the intermittency of seasonal snow cover;
for simplicity, this was defined as the snow-free breaks during a
cold season in the present study.
To investigate the variations of seasonal snow cover, we applied
a linear fitting method to the 35-year time series of the annual
mean number of snow-covered grid cells, the length of snow cover
persistence period, and the onset and disappearance timings of
snow cover, assuming that the linear trends were independent of
variations on smaller time scales. Linear fitting was applied not
only to the time series of snow cover for the five categories but also
to those for individual EASE-Grid cells. In the latter case, we only
included the cells showing snow cover for more than 27 of 35 seasons to ensure statistical reliability. The statistical method for SWE
was similar to that for snow cover except that the study period of
the former was only from January 1979 to May 2005.
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3. Results
3.1. Spatial pattern of snow cover persistence period and SWE
Fig. 1 presents the mean snow cover persistence period (in
weeks) over Eurasia, with the average values calculated for the
snow year of 1972–2006. Spatially, the snow cover persistence period clearly exhibited a latitudinal zonal pattern. In the region north
of 60° N, its length was longer than 31 weeks, with the exception of
a belt in the western area where it ranged from 26 to 30 weeks. The
most intensive spatial variability was found in the region of 40°–
60° N for which snow persistence period obviously declined with
the decrease of latitude from ca. 30 weeks in the north to less than
5 weeks in the south. For example, the snow cover persistence period was often less than <5 weeks over the Taklimakan and Badain
Jaran deserts of China. It appears that, however, the elevational
variation of the snow cover persistence period was surprisingly
pronounced between 20° and 40° N, which was characterized by
an uneven geographical distribution due to the varying snow cover
in Asia’s high mountains. This is especially true in the High Mountain Asia where, for example, the snow cover persistence period in
the Karakoram ranges and the western Himalayas (>40 weeks) was
much longer than that in the central Himalayas (20–25 weeks).
The snow cover persistence period was roughly 5–10 weeks over
the most parts of inner Tibetan Plateau.
Fig. 2 illustrates the spatial pattern of multiyear (1979–2005)
mean January, February, March and April SWE across Eurasia.
The SWE was also unevenly distributed geographically. For a given
month, in general, the SWE of higher latitude areas always seemed
greater than that of lower latitudes. Unlike the snow cover persistence period (Fig. 1), however, obvious differences of SWE were
observed between the western and the eastern Siberia. The latter
often shows a maximum SWE when compared with other parts
of Eurasia. At a monthly scale, one can see that SWE values of
February and March tended to be higher than those of January in
most parts of northern Eurasia, followed by April when snow gradually melts.
While a few previous studies have analyzed average snow cover
over all of Eurasia as an index to address the relationship between
Eurasian snow cover and other hydrological processes (e.g. Yang
and Xu, 1994), the snow anomalies often exhibit opposite results
when the western and the eastern Eurasia are compared
(Clifford, 2010; Dash et al., 2005; Fasullo, 2004). We therefore
argue that it is not appropriate to use snow cover of the entire Eurasian region as a single index. Based on the above analyses of the
spatial patterns of snow cover, we recognized an overall latitudinal
zonal pattern between 40°–80° N as well as a general elevational
rule between 20°–40° N for the snow cover persistence period. In
addition, the eastern and the western Siberia should be treated
separately because of their remarkable differences in SWE
(Fig. 2). In this study, therefore, we divided the target region into
the following four subregions to reflect the spatial difference of
snow characteristics, i.e., subregion IW: 60°–80° N, 30–120° E; subregion IE: 60°–80° N, 120°–180° E; subregion II: 40°–60° N, 30°–
180° E; and subregion III: 20°–40° N, 30°–180° E (see Fig. 1). In this
way, the first two subregions represent the general conditions of
western and eastern Siberia, respectively. The last subregion, as
mentioned above, has different factors that were used in determining snow cover persistence period when compared with others.

3.2. Seasonality of snow cover fraction and SWE
Having a regular annual cycle of SCE is preferred for agricultural
practices and ecological balance. Dramatic changes in the timing of
SCE, such as late or early spring snowmelt and ill-timed peak cov-

242

Y. Zhang, N. Ma / Journal of Hydrology 559 (2018) 238–251

Fig. 1. Spatial pattern of multiyear (1972–2006) mean snow cover persistence period across Eurasia. Dashed lines represent the boundaries between four subregions:
Subregion IW (60°–80° N, 30°–120° E), Subregion IE (60°–80° N, 120°–180° E), Subregion II (40°–60° N, 30°–180° E), and Subregion III (20°–40° N, 30°–180° E).

Fig. 2. Spatial patterns multiyear (1979–2005) mean snow water equivalent (SWE) across Eurasia in: (a) January, (b) February, (c) March, and (d) April.

erage, may lead to extreme hydrological events and adverse effects
to water resource management in downstream areas. Since the
area of each subregion and the entire region of Eurasia are different, it is not proper to compare the SCE for different subregions
directly. Therefore, we used a standardized proxy, SCF, in the
remaining text to show the variability in SCE. Simply, SCF is the
ratio of snow-covered area to the total area of a subregion (or all
of Eurasia). Fig. 3a plots the multiyear mean (September 1972 to
June 2007) annual cycle of SCF averaged over four subregions as
well as for all of Eurasia. Evident seasonal variations in SCF were
observed across the entire Eurasian continent, with higher values
in winter and lower values in summer. Overall, Eurasian SCF peaks
in January with maximum values of ca. 60%. From early October to
late April, snow covered more than 25% of total area of Eurasia.
With regard to the four subregions, the seasonal variations of SCF
depended on the corresponding locations and varied by subregion.
In eastern (subregion IE) and western (subregion IW) Siberia, averaged SCFs remain larger than 60% in all seasons except summer,
with a value of 100% lasting approximately 6–7 months in a year.

The maximum SCF over subregion II was roughly 88% in February,
followed by a steady decline until July. While the extent of snow
cover in the Tibetan Plateau is expected to be very widespread during cold seasons, snow seldom falls in southeastern China and
southern Asia, leading to a lowest SCF in subregion III of which
weekly values were even less than 20% in winter.
The multiyear mean (January 1979 to May 2005) seasonal variation of SWE in Fig. 3b demonstrates that snow usually begins
accumulating in November, growing in depth until peaking in
February or March, after which SWE falls rapidly in April across
Eurasia. The late peak and short ablation duration lead to spring
droughts and are beneficial to people living in the region. In some
winters, the peak was delayed by about 1 month, whereas in other
winters the peak appeared earlier by two weeks. Broad peaks last
for 10 weeks, whereas sharp peaks last for only 4 weeks. The peak
snow amount also varied markedly. The peak amounts of snow
storage between heavy- and light-snow winters differed by 68,
41, 51, and 24 mm in subregions IW, IE, II, and III, respectively.
The highly variable nature of annual cycles was principally respon-
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(Table 1), it decreased significantly over subregions IW and III with
rates of 0.8%/10 yr and 0.5%/10 yr, respectively. In the maximum snow season (DJF), the extent of snow cover in all subregions
changed little during the entire period of 1972–2006. In particular,
SCF during DJF in the subregions I and II were almost 100% in all
years because of their high latitudes. The SCF in the summer
(June–August, JJA) shrunk significantly in all subregions except in
eastern Siberia. In particular, the SCF in JJA fell significantly at rates
of 1.8%/10 yr and 0.9%/10 yr in subregions IW and III, respectively, leading to a significant decline ( 0.8%/10 yr) of summer
SCF over all of Eurasia during the study period. Similarly, the SCF
in the snow ablation season (MAM) also declined in every subregion, although such decreasing trends were not significant except
in subregion III. During the snow accumulation season (SON), the
SCF showed slight decreasing trends in all subregions except in
eastern Siberia.

3.4. Interannual variations of the onset/disappearance timing and
persistence period of snow cover
Fig. 3. Multiyear mean annual phase of (a) snow cover fraction (SCF) and (b) snow
water equivalent (SWE) for four subregions and the entire region of Eurasia. The
error bars represent the standard derivations of the SCF/SWE during the respective
study periods to indicate the interannual variability for each week/month of a year.
Note that while the time resolution of abscissa of SCF is different with that of SWE,
the former is intended to roughly show a snow year evolution from September to
August of the ensuing year.

sible for the anomalies in spring runoff as well as for the seasonality of river flow in the region.
Note that the annual pattern of SWE for subregion III differed
from those for the other subregions (Fig. 3b). A good example of
this is in the Tibetan Plateau, where the snow season normally
begins in mid-September. The SWE grew rapidly in the first half
of winter, with the maximum coverage occurring in February. A
very slow decline in SWE followed until June because of the generally low temperature. A long snow season, early snow peak, rapid
increase in snow depth, and slow snowmelt were evident in this
area. Of all snow seasons, winter (December–February, DJF) had
the largest snow storage, accounting for 45.2% of the annual snow
storage. Spring (March–May, MAM) and autumn (September–
November, SON) occupied 28.0% and 21.2% of the annual snow
storage, respectively.

3.3. Interannual variations of snow cover fraction
Normalized year-to-year variations of SCF were rather low in
winter, whereas the normalized variability increased toward
spring and peaked in autumn when only remnants of snow are left
in Siberia (Figs. 3a and 4). This finding is reasonable because the
winter snowpack was quite stable in most parts of the northern
Eurasia, where temperatures remained below the freezing point.
For all subregions, the SCF with the greatest interannual variability
occurred in autumn (SON) (Fig. 4c). This was especially true for
subregions IW and IE, of which the largest anomaly reached 15%
in both positive and negative directions (Fig. 4c). During the snow
ablation season (MAM), SCF has relatively lower interannual variability compared with SON (Figs. 3a and 4b). Note that in summer
and autumn when the subregional mean SCFs are normally low,
the normalized standard deviations may be less reliable because
moderate variations in total SCF may drastically change the normalized variations.
While the annual mean SCF for the present study period did not
show a significant declining trend over the whole of Eurasia

Fig. 5 provides details related to the spatial heterogeneity of the
trends of snow cover onset and time of disappearance as well as
the snow cover persistence period across Eurasia during 1972–
2006 derived from weekly EASE-grid SCE data. Note again that
the trends are given in the unit of week/10 yr. Basically, a positive
trend of the onset timings dominated in the southern Tibetan Plateau, but it varied little over Siberia. Negative disappearance timing trend was common across the continent and particularly
concentrated in western Siberia, Central Asia, Tibetan Plateau,
Mongolia, and the northern border of the Eurasian continent. The
snow cover persistence period decreased significantly in the western Tibetan Plateau and southern part of Central Asia with a rates
of approximately 2 week/10 yr, and in parts of northwestern Russia with a rates of about 1.2 week/10 yr. However, snow cover
persistence period increased slightly in a belt between 110° and
140° E. In terms of the entire region of Eurasia, more than 60% of
all grids showed a declining trend in the snow cover persistence
period, which is consistent with the overall negative trend of entire
regional-mean snow cover persistence period (see Table 2).
The anomaly time series of the snow cover onset timing, disappearance timing, and persistence period from 1972 to 2006 across
each subregion and the entire Eurasian continent are depicted in
the Fig. 6, along with corresponding trends illustrated in Table 2.
With regard to the whole Eurasia, where snow cover has started
to appear a little later and terminated significantly earlier, the
snow cover persistence period showed a slight decreasing trend
during 1972–2006. The timing of the occurrence of snow cover
in autumn in both subregions IW and IE became slightly earlier
during 1972–2006, as can be seen their negative trends. The timing
of the disappearance of snow cover, however, also became earlier
in these two regions, with trends of 0.49 and 0.28 week/10 yr,
respectively. As a result, the snow cover persistence period only
showed slight decreasing trends with rates of 0.33 and 0.08 w
eek/10 yr for subregions IW and IE, respectively. Subregions II
and III varied by similar phases: the snow cover started later (i.e.
slight and significant positive trends for onset timing of subregions
II and III, respectively), but disappeared significantly earlier (i.e.
significant negative trends for the time of disappearance). This
resulted in slightly shortened length for the snow cover persistence
period from 1972 to 2006, with trends of 0.18 and 0.16 wee
k/10 yr, respectively. To summarize, the timing of the onset of
snow cover varied little except for a significant delay in subregion
III, while the timing of the disappearance of snow cover significantly decreased in the majority of subregions except for in subregion IE (Table 2).
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Fig. 4. Time series of the anomaly of snow cover fraction (SCF) during (a) winter (DJF), (b) spring (MAM), (c) autumn (SON), and (d) an entire year (Annual, without 2006 data)
from 1972 to 2006 over four subregions and the entire region of Eurasia.

Table 1
The trends of seasonal and annual snow cover fraction of four subregions as well as the entire span of Eurasia during 1972–2006 (%/10 yr). * denotes P < 0.05 and ** denotes P <
0.01.
Seasons

Subregion IW

Subregion IE

Subregion II

Winter (DJF)
Spring (MAM)
Summer (JJA)
Autumn (SON)
Annual

0

0

0.3
0.9
0.4**
0.3
0.3

0.8
1.8**
0.4
0.8*

0.3
1.1
0.5
0.2

3.5. Interannual variations of SWE
To investigate the interannual variability in mean SWE over the
study domain, a snow cover area-weighted monthly mean SWE
was computed over the grid domain. Normalized time series of
mean SWE for winter, spring, and autumn, and the annual series,
which was averaged over all subregions and the whole of Eurasia,
are shown in Fig. 7. At a regional scale, both annual mean and seasonal mean SWE across Eurasia showed significant decreasing
trends during 1979–2004 (Table 3). Regarding to the four subregions, the annual mean SWE declined significantly in all subregions
except in eastern Siberia (subregion IE). Similarly, winter, spring,
and autumn mean SWE also fell significantly in these three subregions. The SWE in subregion IE varied little in all seasons except
spring, where it significantly declined at a rate of 5.7 mm/10 yr
during the study period (Table 3). Generally stable accumulations
are suggested by the SWE time series in autumn with a low interannual variability. However, dramatic heterogeneity of snowmelt,
both temporally and spatially, is suggested by the time series in
spring of four subregions (Fig. 7). In general, the winter and spring
SWE have similar trends to the annual SWE because of large contribution of the former to the annual values.
One of the most useful variables for assessing water availability
is annual maximum SWE, or the amount of water that would be
obtained by melting of the accumulated snow (Jenicek et al.,
2016). Water resource managers can estimate the water available
for use in spring by the SWE of a given season. Such information
is also vital for emergency managers involved in assessing the
potential for snow melt-induced floods. Furthermore, long-term
records of SWE are also useful to architects and civil engineers

Subregion III
0.1
0.7*
0.9**
0.3
0.5*

Entire region
0.1
0.7*
0.8**
0.2
0.4

trying to determine snow-load standards for structures. Fig. 8
shows the spatial pattern of the trends of annual maximum SWE
during 1979–2004. Specifically, positive trends extended widely
over eastern Siberia as well as northwestern and northeastern
China and also in part of Central Asia, whereas negative trends
dominated in western Siberia. The trends of maximum SWE were
generally spatially heterogeneous in the mid-latitude region (subregion II), ranging from 2 to 2 mm/10 yr. These trends must be
considered in the context of their representativeness of interannual changes. Fig. 9 shows that the anomalies of annual maximum
SWE averaged in every subregion and the whole of Eurasia. One
can see that subregion IW had a most obvious interannual variability of annual maximum SWE, leading to possibly remarkable interannual variations of water resources in spring over the western
Siberia.
4. Discussions
4.1. Comparisons with previous studies
This study examined the temporal and spatial variability in the
snow cover extent (SCE) and snow water equivalent (SWE) in the
continental Eurasia as a whole and as divided into four subregions.
The investigation was based on quantitative analyses of satelliteobserved EASE-Grid weekly SCE data and monthly SWE data. We
found a significantly decreasing trend in snow-covered areas during spring and summer, while snow-covered areas varied little or
even increased slightly during winter and autumn from 1972 to
2006 over the entire scale of Eurasia, which agreed with the findings of Déry and Brown (2007) and Robinson and Frei (2000).
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Fig. 5. Spatial pattern of the trends of snow cover (a) onset timing, (b) disappearance timing, and (c) persistence period during 1972–2006 over Eurasia.

Brown (2000) found that significant SCE shrinking in April over the
western Eurasia represents a decrease in mean snow cover in
excess of 20% during 1922–1997. Brown and Robinson (2011)
further suggested that the declines in March and April SCE over

Northern Hemisphere during the period of 1970–2010 equaled to
a 7% and 11% decrease in those of pre-1970s values, respectively. McCabe and Wolock (2009) attributed the significant
decrease of March SCE since 1970 to the substantial increase of
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Table 2
The trends of the snow cover onset timing, disappearance timing, and persistence
period over four subregions and the entire region of Eurasia during the snow years of
1972–2006. * denotes P < 0.05 and ** denotes P < 0.01.
Trend of onset
timing
(Week/10 yr)
Subregion IW
Subregion IE
Subregion II
Subregion III
Entire region

0.11
0.18
0.08
0.69*
0.12

Trend of
disappearance timing
(Week/10 yr)
0.49**
0.28
0.47**
0.88**
0.53**

Trend of
persistence period
(Week/10 yr)
0.33
0.08
0.18
0.16
0.19

winter temperatures over Northern Hemisphere. Yeo et al. (2017)
suggested that the decreased SCE over the Eurasia during spring
is predominantly attributed to the warm air temperature anomalies, while the increased SCE in October was due to the loss of Arctic sea ice and the ensuing moisture transport to the atmosphere.
In general, the date when spring snow cover began to disappear
in Eurasia advanced significantly from 1972 to 2006. While only
slightly negative trends were observed for the onset of snow cover
in the two highest-latitude subregions (i.e., subregions IW and IE,
mostly above 60°N), the snow cover in other two subregions with
relatively low latitudes was starting later during the study period.
In particular, subregion III showed a significantly positive trend of
the onset snow cover with a rate of 0.69 week/10 yr. These results
were generally consistent with an analysis employing the records
of meteorological stations by Peng et al. (2013), who suggested
that the termination (onset) date of snow cover has advanced
(delayed) by 2.6 ± 5.6 d/decade (1.3 ± 4.9 d/decade) during 1980–
2006 across Eurasia.
Consistent with previous studies that indicated an increase in
the snow-free period caused by climatic warming (Maxwell,
1992; Dye, 2002), we found overall shortening trends for the snow
cover persistence period in Eurasia during 1972–2006 (Table 2).

However, such trends were only significant in the southern part
of Central Asia, the western Tibetan Plateau and parts of northwestern Russia. The results of the present study were generally
consistent with Han et al. (2014), who also identified a significant
decrease in the duration of the snow cover over the Tibetan Plateau
using the PMW radiometer-derived snow cover data. Similarly,
Rikiishi and Nakasato (2006) quantified that the length of a
snow-cover season was generally decreasing at rates of 0.2–0.4
week/yr in the Karakoram ranges, and 0–0.2 week/yr in the Tibetan
Plateau during 1966–2011. Dye (2002) also demonstrated that the
duration of the snow-free days in Northern Hemisphere has
increased by ca. 3–6 d/decade during 1972–2000, principally as a
result of earlier snow cover disappearance in spring. Because the
SCE data used in the present study has only weekly values, it
may be not able to capture the fast snow accumulation/ablation
processes under abrupt weather conditions. That is, the relatively
low temporal resolution of SCE product may impact the accuracy
of the snow cover persistence period shown here, though such a
concern may be only true occasionally in certain areas. We believe
that future data with improved temporal and/or spatial resolutions
would be of help for comprehensive monitoring the variability of
snow cover persistence period in a changing climate.
Overall, SWE showed highest values in the eastern Siberia, but it
decreased both southward and westward. Because SWE data is
essentially derived from the estimated snow depth using the
satellite-observed brightness temperature (Chang et al., 1987),
the variations in snow depth based on station observations show
features similar to those of the SWE (Qin et al., 2006; Wu and
Kirtman, 2007). Note that the decreasing trends of SWE during
1979–2004 found in the present study may bear some uncertainties since this SWE product is derived from SMMR and SSM/I for
the periods of 1979–1987 and 1987–2005, respectively. Inevitably,
the different spatial, temporal, and radiometric resolutions
between these two PMW radiometers may cause potential inconsistencies, which are critical for characterizing the long-term variability in SWE (Clifford, 2010). A previous consistency assessment

Fig. 6. Time series of the anomaly of (a) onset timing, (b) disappearance timing, and (c) persistence period of the snow cover during 1972–2006 in four subregions and the
entire region of Eurasia.

247

Y. Zhang, N. Ma / Journal of Hydrology 559 (2018) 238–251

Fig. 7. Time series of the anomaly of snow water equivalent (SWE) during (a) winter (DJF), (b) spring (MAM, including data of 2005), (c) autumn (SON), and (d) an entire year
from 1979 to 2004 over four subregions and the entire region of Eurasia.

Table 3
The trends of seasonal and annual snow water equivalent (SWE) of four subregions as well as the entire region of Eurasia during 1979–2004 (mm/10 yr). * denotes P < 0.05 and **
denotes P < 0.01.
Seasons
Winter (DJF)
Spring (MAM)#
Summer (JJA)
Autumn (SON)
Annual
#

Subregion IW
7.6**
15.7**
0.8
2.4*
5.8**

Subregion IE
2.2
5.7*
2.0
1.5
2.0

Subregion II
5.9**
6.5**
3.5**
3.8**
3.8**

Subregion III
5.1**
3.0**
2.6*
4.0**
3.6**

Entire region
5.5**
6.1**
3.0**
3.4**
4.6**

Data of 1979–2005.

Fig. 8. Spatial pattern of the trends of annual maximum snow water equivalent (SWE) during 1979–2004 over Eurasia.

using observations during summer suggested that SSM/I
brightness temperatures might systematically exceed SMMR measurements over North America (Derksen et al., 2003). However, the
lack of a direct overlap in winter between the two sensors makes it
difficult to determine whether such differences are caused by the

internal variations of SWE in a changing climate or by crossplatform inconsistencies. We believe that if more adjustments that
are more sophisticated were used to produce a more consistent
brightness temperature time series this could remedy such a possible deficiency, so this topic deserves further study in future.

248

Y. Zhang, N. Ma / Journal of Hydrology 559 (2018) 238–251

Fig. 9. Time series of the anomaly of annual maximum snow water equivalent (SWE) during 1979–2004 over four subregions and the entire region of Eurasia.

4.2. Effects of cold season snow-free breaks on the snow cover
persistence period
We found significantly negative correlations between the
length of snow cover persistence period and the timing of the onset
of snow cover in a majority of subregions except for subregion III.
At the same time, the length of snow cover persistence period was
significantly and positively correlated with the timing of the disappearance of snow cover in most subregions except for subregion II
(Fig. 10). The slope in each regression equation in Fig. 10 essentially represents the overall sensitivity of the snow cover persistence period to the timings of the onset/disappearance of snow
cover. In subregions IW and IE, the slopes are slightly smaller than
1 due to the short interval between the subregional-mean onset
timing of snow cover to the timing when SCF reached 100%. That
is also true for the snowmelt process during the spring season. In
subregions II and III, however, the slopes are much smaller than
1. In particular, a 1-week advance of the time of snow disappearance and 1-week delay of the onset only leads to shortening of
0.11-week and 0.02-week of snow cover persistence period for

subregion III, respectively (Fig. 10). Although the relatively low
SCF in these two subregions also had an effect in calculating the
subregional-mean snow cover onset and disappearance timings,
the possible intermittence of snow cover during the cold season
may also play an important role in such a low sensitivity.
Furthermore, the SCE analysis in Table 2 also reveals inconsistent changes between the timings of the onset/disappearance of
snow cover and its persistence periods in the subregions II and
III, where shallow snow was widely distributed. Specifically, the
timings of snow cover onset have delayed to some extent with
trends of 0.08 and 0.69 week/10 yr in subregions II and III, respectively; meanwhile, the time of snow cover disappearance was
starting significantly earlier with trends of 0.47 and 0.88 wee
k/10 yr in the same respective subregions. However, the snow
cover persistence periods were only slightly shortened by 0.18
and 0.16 week/10 yr in subregions II and III, respectively. Such
an apparent contradiction might be explained by the temporal discontinuity of snow cover. Possible causes of the temporal discontinuity are sublimation as well as drifting and/or fast melting that
cause snow cover to be intermittent in a cold season if the snow

Fig. 10. The relationship between the length of snow cover persistence period and the timing of (a) onset and (b) disappearance in four subregions and the entire region of
Eurasia. For each panel, the regression equations (i.e. dash lines) are shown in the box with the correlation coefficients (R). * denotes P < 0.05 and ** denotes P < 0.01.
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is not thick enough. For example, Qin et al. (2006) suggested that
sublimation contributes largely to decreases in the SCF during winter and may consume all the snow mass over areas covered by thin
snow in western China. Ye and Ellison (2003) attributed this type
of a temporal discontinuity to the transitional snowfall season
(i.e. the difference between the first (last) snowfall date and the
first (last) date of continuous ground snow cover) and considered
it to be present even in northern Siberia.
Here, we referred to this type of a discontinuity as a snow-free
break (SFB) because it may be witnessed in mid-cold season.
Fig. 11 illustrates the multiyear mean and maximum SFBs across
Eurasia during 1972–2006. It can be seen that the SFBs mainly
occurred south of 50° N and was concentrated in the Tibetan Plateau and Central Asia. In particular, the averaged intermittence of
snow cover was 1–14 weeks and could even reach 25 weeks in certain extreme years in the Tibetan Plateau. We believe that such
obvious discontinuities of snow cover over the Tibetan Plateau
were a result of the very low amount of precipitation received during winter. The winter precipitation, with an amount of less than
75 mm (averaged for the entire Tibetan Plateau), generally occupies less than 10% of annual total precipitation (Wang et al.,
2017b; Sui et al., 2013). The largest SFB (e.g. mean value of 14
weeks) appeared in the northwestern part of Tibetan Plateau in
which the lowest precipitation typically occurs. The presently
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observed SFBs are also consistent with Basist et al. (1996) and
Armstrong and Brodzik (2001), who reported that snow cover in
Tibetan Plateau is often intermittent in spatial distribution. Specifically, they suggested that although roughly 50% of the plateau was
being snow-covered, the single snow-covered area hardly
exceeded several hundred square kilometers (Armstrong and
Brodzik, 2001; Basist et al., 1996). Rikiishi and Nakasato (2006)
also quantified that, during approximately 40% of the days of the
cold season, the ground was not covered by snow in most parts
of Tibetan Plateau.
5. Conclusions
The present study analyzed the spatiotemporal variability of
snow cover and snow water equivalent over Eurasia using the
satellite-observed EASE-Grid weekly SCE data and monthly SWE
data. From 1972 to 2006, the spatial extent of snow cover during
spring and summer has decreased significantly, but it varied little
during winter and autumn in most parts of Eurasia. In general, during 1972–2006, the date when spring snow cover began to disappear in Eurasia has significantly advanced, whereas the onset
timing of snow cover varied little in most parts of Eurasia. The multiyear mean snow cover persistence period showed zonal distribution between 40° N and 80° N, declining with the decrease in

Fig. 11. Spatial pattern of the (a) averaged snow-free breaks and (b) maximum snow-free breaks of snow cover during 1972–2006 across Eurasia.
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latitude from more than 31 weeks to less than 5 weeks. However, it
became more dependent on the elevation over the High Mountain
Asia. Over the 35-year study period, the length of snow cover persistence period overall declined, but such negative trends are only
significant in the western Tibetan Plateau and southern part of
Central Asia with rates of about 2 week/10 yr, and in parts of
the northwestern of Russia with a rate of 1.2 week/10 yr. Snowfree breaks with intermittent snow cover in the mid-cold season
were mainly observed in the Tibetan Plateau and Central Asia with
values of 1–14 weeks (average during 1972–2006), causing a low
sensitivity of the length of snow cover persistence period to the
onset and disappearance timings in subregions II and III. The
SWE was largest in the eastern Siberia and decreased both southward and westward, differing from the spatial pattern of snow
cover persistence period. Seasonally, SWE usually reached the
maximum in February or March, followed by a gradual decline
since April across Eurasia. Both the annual mean and annual maximum SWE decreased significantly during 1979–2004 in most
parts of Eurasia except for eastern Siberia as well as northwestern
and northeastern China. Note that the potential inconsistencies
between two passive microwave sensors may lead to uncertainties
in the detected trend of SWE from 1979 to 2004 over Eurasia in the
present study.
A wide range of studies have attempted to elucidate the causes
of such SCE and SWE changes. However, both SCE and SWE
changes do not fully correspond with changes in air temperature,
which has significantly increased in cold seasons (e.g. McCabe
and Wolock, 2009; Yeo et al., 2017; You et al., 2010). Numerous
researchers have also demonstrated that atmospheric circulation
is the factor indirectly influencing snow cover by acting on radiation, temperature, and precipitation conditions (Clark et al.,
1999; Seager et al., 2010). More knowledge of atmospheric
circulation-snow cover relationships would be helpful in explaining the causes of climate change. This should be a continuing step
in the research of snow cover changes.
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