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Abstract. Snow density is one of the basic properties used
to describe snow cover characteristics, and it is a key fac-
tor for linking snow depth and snow water equivalent, which
are critical for water resources assessment and modeling in-
puts. In this study, we used long-term data from ground-
based measurements to investigate snow density (bulk den-
sity) climatology and its spatiotemporal variations across the
former Soviet Union (USSR) from 1966 to 2008. The re-
sults showed that the long-term monthly mean snow density
was approximately 0.22± 0.05 g cm−3 over the study area.
The maximum and minimum monthly mean snow density
was about 0.33 g cm−3 in June, and 0.14 g cm−3 in October,
respectively. Maritime and ephemeral snow had the highest
monthly mean snow density, while taiga snow had the low-
est. The higher values of monthly snow density were mainly
located in the European regions of the former USSR, on
the coast of Arctic Russia, and the Kamchatka Peninsula,
while the lower snow density occurred in central Siberia.
Significant increasing trends of snow density from Septem-
ber through June of the next year were observed, however,
the rate of the increase varied with different snow classes.
The long-term (1966–2008) monthly and annual mean snow
densities had significant decreasing trends, especially during
the autumn months. Spatially, significant positive trends in
monthly mean snow density lay in the southwestern areas of
the former USSR in November and December and gradually
expanded in Russia from February through April. Significant
negative trends mainly lay in the European Russia and the
southern Russia. There was a high correlation of snow den-

sity with elevation for tundra snow and snow density was
highly correlated with latitude for prairie snow.

1 Introduction

Snow cover is a key part of the cryosphere, which is a crit-
ical component of the global climate system. Changes in
snow cover serve as indicators of climate change because
of its interactions and feedbacks with surface energy fluxes,
moisture fluxes, hydrological processes, and atmospheric and
oceanic circulations (Brown and Goodison, 1996; Sturm et
al., 2002; Armstrong and Brown, 2008; King et al., 2008).
There are three basic properties used to describe snow cover:
snow depth, snow density, and snow water equivalent (SWE).
Snow density is a key factor for linking the other two fac-
tors (Armstrong and Brown, 2008; Sturm et al., 2010). It is
also one of the fundamental parameters for hydrological cy-
cle studies, snowmelt runoff and flood forecasts, avalanche
studies, model inputs and validation, and water resources as-
sessment (Margreth, 2007; Lazar and Williams, 2008).

Every winter, the average maximum terrestrial snow cover
equals nearly 47× 106 km2, almost half of the land surface
area in the Northern Hemisphere (Robinson et al., 1993;
IGOS, 2007). Snow cover in Russia and Europe accounts
for approximately 60 % of the total snow cover area in the
Northern Hemisphere (Barry et al., 1993). Majority areas of
the former USSR are covered by snow up to 4 or 5 months
each year. Over high Arctic Russia, snow cover starts in early
September and persists through the following June; up to
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10 months each year. There are long-term and large-scale
snow cover measurements and observations across the for-
mer USSR, with the first snow cover record dating back to
1881 in Latvia (Armstrong, 2001). These measurements are
valuable data and information for snow cover studies.

Across the former USSR, snow cover characteristics, in-
cluding snow density, are controlled by various environmen-
tal conditions. There were many studies indicating that snow
cover areas had decreased significantly in Northern Hemi-
sphere, especially in Eurasia (Robinson and Dewey, 1990;
Gutzler and Rosen, 1992; Brown, 1997). However, the vari-
ations in snow depth, snow cover duration, and SWE pre-
sented regional features (Ye et al., 1998; Kitaev et al., 2005;
Groisman et al., 2006; Bulygina et al., 2009). These changes
in snow characteristics were closely related with climatic
change (Foster et al., 1983; Groisman et al., 1994; Clark et
al., 1999; Robock et al., 2003; Matsumura and Yamazaki,
2012; Cohen et al., 2012; Peng et al., 2013). Mean SWE
had also been estimated from the monthly mean snow depth,
snow cover extent, and an assumed monthly mean snow den-
sity over much of southern Canada for the period of 1964–
1993 (Brown, 2000). Roebber et al. (2003) found that snow-
fall could be forecasted by determining snow density. Sturm
et al. (2010) presented a method of obtaining SWE from
snow depth by estimating the bulk density of snow.

There have been relatively few studies, however, on the
climatology and the variability of snow density on a re-
gional basis. Williams and Gold (1958) presented the vari-
ation of snow density across Canada, and the relationship
between snow density and meteorological variables, partic-
ularly wind velocity and air temperature. They found that
there were some difficulties in explaining the relationship
between snow cover and climatic variations; however, air
temperature and wind velocity could be combined into a
weather index to estimate the average monthly snow density.
Bilello (1969, 1984) classified the average snow density in
four and five general categories over North America and the
former USSR, respectively, basing these on air temperature
and wind speed. Nomographs were developed for estimating
the average seasonal snow density with multiple regression
analysis, in which air temperature and wind speed were main
variables. McKay and Findlay (1971) estimated the time-
density variations in 11 regions across Canada within vege-
tation and climatic influences. They indicated the differences
of mean snow densities in vegetation regions and confirmed
that there was regional homogeneity of snow density in the
same vegetation region. Sturm and Holmgren (1998) ana-
lyzed time-density curves for three snow classes in Alaska
and Canada, and indicated that the differences in snow den-
sity for snow classes were primarily caused by differences in
the rheological properties of the snowpack. Yang et al. (1992)
analyzed the spatiotemporal distribution of snow density at
the source area of the Urumqi River (China), and identified
average snow density was unrelated to snow depth during
the stable snow cover period. However, the two terms were

closely related in the unstable snow cover period. Observa-
tions indicate that there was a significant positive correla-
tion between snow density and precipitation, snow depth,
and wind velocity in Xinjiang, China (Huang et al., 2007).
Dai and Che (2011) analyzed the temporal and spatial dis-
tribution of snow density across China in 1999–2008. They
performed a regression analysis of snow density, precipita-
tion, air temperature, snow depth, and wind speed, the results
showed that snow depth was the primary influence on snow
density in northeast and northwest China. Ma and Qin (2012)
presented the spatiotemporal changes in snow density across
China. The results showed that the inter-monthly variation in
snow density was obvious, and the annual mean snow density
was smaller over the Tibetan Plateau compared with north-
west and northeast China.

Snow density is calculated from snow depth and SWE us-
ing a gravimetric method. The data can be obtained from
ground meteorological stations (Bilello, 1984; Ma and Qin,
2012) or snow course sites (Bulygina et al., 2011; Bormann
et al., 2013), and can be estimated from passive microwave
satellite remote sensing data such as Scanning Multichan-
nel Microwave Radiometer (SMMR) and Special Sensor Mi-
crowave/Imager (SSM/I) data. Although satellite data enrich
the snow data that cannot be monitored by ground stations
over remote areas, the accuracy of these data are affected by
clouds, underlying surface conditions, and the inversion al-
gorithm. In contrast, ground-based station snow data could
provide for more accurate and longer time series. Therefore,
ground station data set is key to better understand climatol-
ogy and the variability of snow density.

The objective of this study is to provide a detailed de-
scription of snow density and to investigate the variability
in snow density on a regional basis across the former USSR
from 1966 to 2008. Our aim is to improve the understanding
of snow density climatology and its variation over the for-
mer USSR, to analyze the probability distribution function
(PDF) of snow density, and to discuss the relationships be-
tween snow density and elevation and altitude.

2 Data and methodology

2.1 Snow density

Our analyses are based on monthly mean snow density. Snow
density (bulk density) data, at every 5 to 10 day intervals,
were used to create a monthly mean snow density for each
station.

We used two snow density data sets from 1259 snow sta-
tions in the former USSR (Table 1). One is from the Russian
Research Institute for Hydrometeorological Information-
World Data Center (RIHMI-WDC,http://meteo.ru/), which
has a total of 517 meteorological stations of Russia. In this
data set, measurements were performed throughout the entire
period of 1966–2009. The other data set used in this study
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Table 1.Sources of snow density data.

Data source Number Source
of Sites

Snow course – Russia (1) 517 RIHMI-WDC,
http://meteo.ru/

Snow course – USSR (2) 1319 NSIDC,
http://nsidc.org/

Unique Total 1259

is from the National Snow and Ice Data Center (NSIDC,
http://nsidc.org/), University of Colorado at Boulder. This
data set includes 1319 snow course sites in the former So-
viet Union, and the historical records span the period from
1966 to 2000. Both of the data sets include routine snow sur-
veys that ran throughout the cold season (every 10 days) and
during snowmelt (every 5 days). Routine snow surveys con-
tain snow depth, snow density, ice crust thickness, thickness
of saturated snow and the water layer, snow water equivalent,
total water storage, snow cover features, and snow structure
(Bulygina et al., 2011). Snow surveys ran across all envi-
ronmental types of sites for 1 to 2 km in fields (open ter-
rain) and 500 m in the forest. Snow depth was measured each
10 m in the forest and each 20 m in open areas; snow density
and other attributes, such as snow water equivalent, ice crust
thickness, fractional snow covered area, etc., were made ev-
ery 100 m at the 500 to 1000 m courses and every 200 m at
the 2000 m course (Bulygina et al., 2011). In the comprehen-
sive suite of measurements, bulk density was measured by
taking a snow core in a snow tube. Snow depth could be read
from the scale on the side of the snow tube. Mass of the snow
sample was weighed by a balance. Then bulk density was cal-
culated by dividing weight of core by the corer volume (BC
Ministry of Environment, 1981).

In the individual measurements of routine snow surveys,
random and systematic errors occurred inevitably (Kuusisto,
1984), leading to underestimate or overestimate densities
with snow tube (Goodison, 1978; Sturm et al., 2010). To
minimize errors, quality control of meteorological data had
been conducted before they were stored at the RIHMI-WDC
(Veselov, 2002). We implemented the second correction of
snow density according to the quality assessment criteria pro-
posed by NSIDC: mean snow densities which exceeded the
range of 0–0.6 g cm−3 were omitted. Furthermore, each site
with snow density records less than 10 years were excluded,
and the data outside the scope of annual mean value plus or
minus three standard deviations were also omitted.

We computed the probability distribution function (PDF)
of snow density measured every 5 to 10 days interval, which
is the ratio between the sample data and the total snow den-
sity data. All snow densities are arranged in ascending order,
and then divided equally into 30 brackets. The sample is the

number of data points within a given density bracket, and the
total data is the total number of data for all ground stations.

We define the period from 1 July to 30 June of the follow-
ing year as a snow cover year. From September to November,
new and/or fresh snow appears across the former USSR; we
define this as the snow cover formation period. There is a
steady and slow increase in snow density from December to
February, so these months are defined as the stable period
(Huang et al., 2007). March to June show obvious fluctua-
tions in snow density, and these months are known as the un-
stable period (Huang et al., 2007) or melting period of snow
cover. Over the whole former USSR, the longest snow cover
duration was recorded on the coast of north Russia, where
snow cover first appears in early September and ends in late
June of the following year. Based on this, we used snow den-
sity data from September to June in our research. We col-
lected data from 1259 unique snow course stations across the
former USSR, including geographical attributes such as lon-
gitude, latitude, and elevation, during the snow cover years
from 1966 to 2008. Figure 1 shows the locations of stations
used in the study.

2.2 Snow classes

Sturm et al. (1995) categorized the world’s seasonal snow
cover into six classes (tundra, taiga, alpine, maritime, prairie,
and ephemeral snow) based on their physical properties, and
then empirically related these to climate conditions using
three variables (precipitation, wind, and air temperature).
A vegetation proxy was used for wind data: tall vegetation
equaled low wind, and short vegetation equaled high wind.

In our study, we investigated changes in snow density
over each snow class. Based on the seasonal snow cover
classification system proposed by Sturm et al. (1995), the
Global Seasonal Snow Classification System data set is used
(Fig. 1). Snow classes data over the former USSR were ob-
tained from the National Center for Atmospheric Research-
Earth Observing Laboratory [NCAR/EOL], (http://data.eol.
ucar.edu/). The snow classification data are formatted into an
array of integers, each value representing a 0.5◦ latitude by
0.5◦ longitude cell. The total snow cover extent in the former
USSR is approximately 21.34× 106 km2, of which tundra,
taiga, and prairie snow account for about 87 % (Fig. 2).

3 Results

3.1 Climatology of snow density

The maximum mean snow density was about 0.44 g cm−3,
and the minimum value was 0.09 g cm−3 (Fig. 3). Overall,
snow density increased across the former USSR, at a rate of
about 0.0008 g cm−3 day−1. In the late September, there was
higher snow density on some days due to fresh snow melting
with the high air temperature. Mean snow density gradually
increased from October to June. There was a fluctuation of
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Fig. 1.Geographical locations and distribution of snow course stations and snow classes across the former USSR.

Fig. 2. Percentage of snow cover area for six snow classes across
the former USSR.

snow density in February: increasing on some days because
of snowmelt, while decreasing on other days which were af-
fected by new snowfall. From May to June, mean snow den-
sity increased sharply that was caused by snowmelt as air
temperature rises.

There is an obvious monthly characteristic in snow den-
sity across the former USSR (Fig. 4 and in the Supplement
with dynamic diagram). The highest values of monthly snow
density were mainly located in the European part of the for-
mer USSR, on the coast of Arctic Russia, and the Kamchatka
Peninsula. In contrast, the lowest snow density was found in
central Siberia. There were few ground stations with snow in
September, and sites were mainly located in Russia. Most of

the monthly snow density values were less than 0.20 g cm−3,
but the sites with values ranging from 0.20 to 0.40 g cm−3

were located in the northeast of the Russian Far East, on the
coast of Arctic Russia, and some western areas of the for-
mer USSR. From October to November, the number of sta-
tions with snow gradually increased, and monthly snow den-
sity became higher. Most snow density mainly ranged from
0.10 g cm−3 to 0.20 g cm−3. The stations with snow density
greater than 0.20 g cm−3 appeared in the European areas, on
the coast of northern Russia and in the Russian Far East.

In the stable period of snow cover, snow density was
greater than in autumn months. Most monthly snow density
measurements ranged between 0.15 g cm−3 and 0.30 g cm−3;
they were higher in some western regions of the former
USSR and on the coast of Arctic Russia (> 0.30 g cm−3).

High temperature led to snow melt, which increased the
snow density during the unstable period. Monthly snow den-
sity ranged between 0.20 g cm−3 and 0.35 g cm−3 in March,
with values above 0.35 g cm−3 in most areas of European
Russia and on the coast of northern Russia, while snow den-
sity values were low in central Siberia and in some regions of
the Russian Far East (around 0.20 g cm−3). In April, monthly
snow density continued to increase, with most values ranging
from 0.25 g cm−3 to 0.40 g cm−3. Compared with March, the
number of sites with snow density > 0.40 g cm−3 increased,
with a range was 0.20 to 0.30 g cm−3 in central Siberia. In
May, there were significantly less sites with snow, and these
were mainly located in Russia. There were obviously in-
crease in monthly snow density in Russia; however, snow
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Fig. 3. Mean snow density measured at 5–10 days intervals at all
stations across the former USSR from September to June. Dots rep-
resent the computed mean snow density of all stations. The thick
line represents a linear regression trend. In the equation,y stands
for snow density in g cm−3, andx for date. We defined September
1 as the first day in a snow cover year, therefore,x ranged from 1
(1 September) to 304 (30 June) in the simulation of snow density.
p is the confidence level for the coefficient estimates, andR2 is the
goodness of fit coefficient.

density decreased in some areas of the southwestern por-
tion of the former USSR due to fresh snow. A few sta-
tions reported data in June over the northern areas of Rus-
sia, the south of central Siberia, the northeast of the Russian
Far East. The maximum monthly snow density value across
the 10 month study period ranged between 0.30 g cm−3 and
0.50 g cm−3.

Snow densities were consistent with the distributions of
snow depth from September to March, especially in the west-
ern areas across the former USSR. They increased with in-
creasing depths. In the melting period, snow density in-
creased due to higher air temperature. However, snow densi-
ties did not increase more quickly with times in eastern Rus-
sia. On the one hand, most areas were taiga snow where was
cold led to the density trends to plateau. In the eastern arctic
and sub-arctic, most sites with snow survey in forested envi-
ronments (Bulygina et al., 2011; Fig. 2b). Snow cover under
the protection of trees in forests is less affected by wind speed
or solar radiation compared with that in open fields. The vari-
ations in snow depth were not significantly with time in these
areas. Therefore, snow density increased slowly. On the other
hand, the arctic coast snow depths had remained stable and
low air temperature resulting in slowly increase in monthly
mean snow densities.

3.2 Variability of snow density

There were significant monthly and seasonal changes in
snow density (Fig. 5, Table 2). The average snow density was
approximately 0.22± 0.05 g cm−3 month−1. The maximum

long-term monthly mean snow density of about 0.33 g cm−3

occurred in June during snowmelt season, while the mini-
mum was about 0.14 g cm−3 in October, with mostly fresh
snow. The largest standard deviation of snow density from
its long-term monthly mean was about 0.09 g cm−3 in June,
when snow was melting across the entire study area. The
minimum standard deviation of about 0.04 g cm−3 occurred
in winter months, indicating relatively uniform snow density
during the stable period across the regions. There is a gen-
eral trend of increasing monthly mean snow density from
September through June of the next year (Fig. 5) with an av-
erage rate of about 0.0210 g cm−3 per month, which is ba-
sically consistent with the daily increase rate as shown in
Fig. 3. From September through November, monthly mean
snow density was lower than 0.16 g cm−3, indicating new
and/or fresh snow across the region. From December to
February, monthly snow density increased gradually from
0.18 g cm−3 in December to 0.22 g cm−3 in February. Snow
density was influenced by cold temperature and wind, which
compacted the snow layer and caused high snow density. In
the spring months (the unstable period), monthly mean snow
density increased rapidly. This is mainly because snow began
to melt with increasing air temperature, and the snowmelt
water infiltration into deeper layer of snow cover, leading to
a sharp increase in snow density.

For the six snow classes, the maximum long-
term monthly mean snow density was measured in
maritime (0.25± 0.05 g cm−3) and ephemeral snow
(0.25± 0.09 g cm−3), and the minimum value of
0.20± 0.04 g cm−3 per month was seen in taiga snow.
The long-term monthly mean snow density of the six snow
classes also changed significantly with the seasons (Fig. 6).
The variation in monthly snow density for tundra snow
and taiga snow were consistent with the trend across all
data. This was mainly because the areas of tundra snow
and taiga snow accounted for more than 60 % of the total
area across the former USSR, and the sample data points of
the two snow classes accounted for about 40 % of all data
points. During the initial snow cover period (September–
November), monthly snow density of the two snow classes
were lower compared with other months. The minimum
long-term monthly snow density appeared in October for
tundra snow (0.14 g cm−3) and taiga snow (0.13 g cm−3).
With the increase in the amount of snow cover and snow
depth, and low solar radiation in the winter months, snow
layers were gradually compacted by overlying snow and
strong winds, and thus snow density increased slightly.
Then, monthly snow density increased significantly from
March to June. This may be attributed to the higher air
temperatures during this period, causing snowmelt. The
maximum long-term monthly mean snow densities of
0.34 g cm−3 for tundra snow and 0.33 g cm−3for taiga snow
appeared in June. The maximum standard deviation of snow
density from its long-term monthly mean occurred in June
for tundra (0.07 g cm−3) and taiga snow (0.08 g cm−3). In
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Fig. 4. Spatial distribution of monthly mean snow density for each station during 1966–2008 across the former USSR. Dots represent the
value of the monthly mean snow density (g cm−3) of each station.

contrast, the minimum standard deviation (0.03 g cm−3) was
found in winter months, indicating that snow density of
mature snow was relatively steady in these sites.

The trends of monthly mean snow density for maritime,
prairie, and alpine snow had similar variability: there was a
significant increase in monthly snow density as the season
progressed from September to June. The maximum long-

term monthly snow density was observed in May or June,
and the minimum value occurred in autumn. There were
no snow density records for ephemeral snow in Septem-
ber and June; its maximum was about 0.49 g cm−3 in May,
with a minimum of 0.15 g cm−3 in October, while there was
a fluctuation in monthly mean snow density for ephemeral
snow. From September to February, monthly snow density
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Table 2.Monthly mean snow density of each snow class (g cm−3).

Tundra Taiga Maritime Ephemeral Prairie Alpine All

Sep 0.16± 0.07 0.14± 0.05 0.18± 0.05 NaN 0.13± 0.04 0.16± 0.07 0.15± 0.06
Oct 0.14± 0.04 0.13± 0.04 0.15± 0.05 0.15± 0.13 0.16± 0.05 0.14± 0.05 0.14± 0.04
Nov 0.16± 0.04 0.15± 0.03 0.17± 0.05 0.20± 0.14 0.17± 0.05 0.16± 0.04 0.16± 0.04
Dec 0.18± 0.03 0.17± 0.03 0.19± 0.05 0.18± 0.06 0.19± 0.05 0.19± 0.04 0.18± 0.04
Jan 0.20± 0.03 0.18± 0.03 0.21± 0.05 0.19± 0.08 0.21± 0.05 0.21± 0.04 0.20± 0.04
Feb 0.21± 0.03 0.19± 0.03 0.24± 0.05 0.23± 0.09 0.23± 0.05 0.23± 0.04 0.22± 0.04
Mar 0.23± 0.03 0.21± 0.03 0.27± 0.05 0.22± 0.09 0.26± 0.06 0.26± 0.04 0.24± 0.05
Apr 0.26± 0.05 0.24± 0.04 0.32± 0.05 0.35± 0.14 0.30± 0.07 0.30± 0.06 0.28± 0.06
May 0.27± 0.05 0.28± 0.06 0.36± 0.04 0.49± 0.03 0.32± 0.06 0.32± 0.06 0.29± 0.06
Jun 0.34± 0.07 0.33± 0.08 0.47± 0.06 NaN NaN NaN 0.33± 0.09
Mean 0.22± 0.04 0.20± 0.04 0.25± 0.05 0.25± 0.09 0.22± 0.06 0.22± 0.05 0.22± 0.05

Fig. 5. Monthly mean snow density at 1259 stations across the
former USSR from 1966 to 2008. The asterisk is the computed
monthly mean snow density; the error bar represents one standard
deviation from the mean over the entire period. The thick line is
a linear regression trend. In the equation,y stands for snow den-
sity in g cm−3, andx for time in months (from September to June).
September was the first month in a snow cover year, therefore,x

ranged from month 1 (September) to month 10 (June) in the sim-
ulation of monthly snow density.p is the confidence level for the
coefficient estimates, andR2 is the goodness of fit coefficient.

increased because of snow densification processes due to
snow thickness increase and wind compact. However, there
was a decrease in snow density in March, which was caused
by more new spring snow over the old snow cover. Snow den-
sity for ephemeral snow increased significantly during April
to May with higher air temperature.

The long-term maximum annual mean snow den-
sity across the former USSR from 1966 to 2008 was
about 0.24 g cm−3 in 1973 and the minimum was about
0.20 g cm−3 in 2000 (Fig. 7). From the mid-1960s to the
late 1990s, there was a slow decrease in annual mean snow

density; decreasing by about 0.01 g cm−3 at a rate of about
−0.0004 g cm−3 per year. There was a sudden drop in snow
density in the 2000s (Fig. 7), while there had been no changes
in the observation procedures during the period (Bulygina et
al., 2011). Based on data and information from the long-term
annual variation of monthly snow density, there were signifi-
cant decreases in snow densities from February through April
during the 2000s (Fig. 8 February, March, April), which may
lead to an overall snow density decrease. Further investiga-
tion shows that there were abrupt increases in snowfall of
the three months from the late 1990s to the early 2000s. The
fresh snow accumulated was approximate 5–6 cm more than
the long-term (1971–2000) mean. Furthermore, wind speed
over the same period was significantly reduced comparing
with its long-term mean (Loginov and Volchek, 2006; Sper-
anskaya, 2011; Bulygina et al., 2012). Therefore, abrupt in-
crease in snowfall and significant decrease in wind speed
since the early 2000s may be the major reasons to explain
sharp decrease in snow densities during the 2000s. How-
ever, there may be other reasons to explain the significant
decrease in snow density; therefore, further investigations are
required. After the early 2000s, although annual mean snow
density increased at a rate of 0.0013 g cm−3 yr−1, it was far
less than its long-term mean value.

There were annual decreasing trends of monthly snow
density from September to May, and the trends were statis-
tically significant atp < 0.05 (Fig. 8). The maximum de-
crease rate was about 0.0013 g cm−3 yr−1 in October, and
the minimum appeared in April and May, with a rate of
−0.0002 g cm−3 yr−1. Compared with other months, the
y axis scale is larger in September. In the snow cover for-
mation period, new snow was not stable on the ground, and
snow melted with high temperature which caused large inter-
annual variation of snow density in September. In addition,
the delay in the onset of snowfall was one of the reasons for
larger variation in snow density. Compared with the autumn
months, the inter-annual variability of snow density signifi-
cantly decreased from December to May, and was lower than
0.001 g cm−3 yr−1.
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Fig. 6. Monthly mean snow density for tundra, taiga, maritime,
ephemeral, prairie, and alpine snow. The asterisk is the computed
monthly mean snow density; the error bar represents one standard
deviation from the mean over the entire period. The thick line is
a linear regression trend. In the equation,y stands for snow den-
sity in g cm−3, andx for time in months (from September to June).
September was the first month in a snow cover year, therefore,x

ranged from month 1 (September) to month 10 (June) in the sim-
ulation of monthly snow density.p is the confidence level for the
coefficient estimates, andR2 is the goodness of fit coefficient.

For the period from the mid-1960s to the early 1980s, the
annual mean snow densities from September to January and
May were generally above its long-term mean value. How-
ever, hereafter, snow densities were below their long-term
mean value. From 1966 to the late 1990s, the annual mean
snow density fluctuated in February, March and April. While
due to new snow increased, snow densities showed signifi-
cant decreases from the late 1990s to the early 2000s, which
caused annual snow density sudden decrease during this pe-
riod.

Figure 9 shows the spatial distributions of linear trend co-
efficients of monthly mean snow density for each station
during the period of 1966–2008. The significant trends in
changes of snow density were mainly located in the areas
between 50 and 60◦ N and the southwestern areas of the for-
mer USSR. In November, the positive trends were mainly
presented in the southwest of the former USSR. The de-
creasing trends lay in most regions of the European Rus-
sia, the south of western and central Siberia. The maximum

Fig. 7. Variation of annual mean snow density across the former
USSR from 1966 through 2008, with respect to the 1971–2000
mean. The thin solid line with asterisk is the computed annual mean
of snow density; the solid curve represents the trend of wavelet anal-
ysis; the gray area represents one standard deviation from the 1971–
2000 mean for each year; the thick solid line of change trends in
snow density with time, wherey represents snow density in g cm−3

andx represents time in snow cover years, 1966 was the first snow
cover year, therefore,x ranged from year 1 (1966) to year 43 (2008)
in the simulation of annual mean snow density.p is the confidence
level for the coefficient estimates,R2 is the goodness of fit coeffi-
cient, andσ is one standard deviation.

values of increasing and decreasing linear trends were about
0.008 g cm−3 yr−1 and−0.010 g cm−3 yr−1, respectively.

During winter months, the positive trends gradually re-
duced in the southwest of the former USSR, but they were
found in some regions of the European Russia, and the south-
ern areas of Russia. The most significant increases were
found on the coast of the Arctic Russia. In contrast, the neg-
ative trends in snow density decreased slightly and the max-
imum decrease lay in the northwest of the former USSR.

In the spring months (March and April), there were sig-
nificant increasing trends in monthly snow density, and they
were found in most areas of Russia. The decreasing trends
mainly lay in the southwest of the European Russia and the
east of Kazakhstan in March, and some regions of the south-
ern Russia in April. The stations with snow density records
decreased obviously in April and were mostly located in Rus-
sia.

3.3 Probability distribution function of snow density

The probability distribution function (PDF) can be used to
indicate the distribution of snow density occurrence and
changes in distribution of snow density with time. We calcu-
lated the PDF of snow density from 0.01 to 0.60 g cm−3, and
the result showed that snow density exhibited a nearly sym-
metrical distribution. Then, in order to verify the density dis-
tribution was a normal distribution, we simulated the normal
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Fig. 8.The annual variation of monthly snow density across the former USSR from 1966 through 2008, with respect to the 1971–2000 mean.
The thin solid line with asterisk is the computed annual mean of snow density; the solid curve represents the trend of wavelet analysis; the
gray area represents one standard deviation from the 1971–2000 mean for each year; the thick solid line of change trends in snow density
with time. y represents snow density in g cm−3 andx represents time in snow cover years, 1966 was the first snow cover year, therefore,
x ranged from year 1 (1966) to year 43 (2008) in the simulation of annual mean snow density.p is the confidence level for the coefficient
estimates,R2 is the goodness of fit coefficient, andσ is one standard deviation. They axis scale is larger in September, which is three times
as large as the scales in other months.

distribution of snow density with an approximate statistical
method: all snow density data values were ranged by ascend-
ing order and were divided into 30 brackets, then specific
data points were selected from observations to fit the prob-
ability distribution, such as the midpoint and the computed
mean of each interval, and the approximate solutions were
obtained. The fitting result showed that the PDF of snow den-
sity fit with the normal distribution.

Mean snow density from all data was 0.23 g cm−3, with a
standard deviation of about 0.07 g cm−3 (Fig. 10). The peak
PDF was 0.12, which accounted for about 12 % of the to-
tal number of snow density measurements from all snow
course stations. The corresponding snow density ranged from
0.18 to 0.20 g cm−3. The credibility intervals indicated that
95 % of all snow density values lay between 0.11 g cm−3 and
0.38 g cm−3.

There were significant similarities in the spectrum dis-
tribution, mean value, peak PDF, and credibility intervals
of snow density for tundra and taiga snow (Fig. 11). The
mean snow densities of tundra and taiga snow classes was
about 0.22 g cm−3 and 0.21 g cm−3, respectively, which were
smaller than the value of all snow densities. The range was
about 0.18 to 0.20 g cm−3 at the maximum frequency distri-
bution of snow density, the same as the result for all data,
accounted for 14 %. The range (2.5–97.5 % of snow den-

sity) was 0.11 g cm−3 to 0.36 g cm−3 for tundra snow, and
0.10 g cm−3 to 0.35 g cm−3 for taiga snow. Compared with
tundra and taiga snow, maritime, prairie, and alpine snow
had a wider range of the snow density distribution, and
the parameter values were greater. These snow types had
the same mean of 0.24 g cm−3 and standard deviation was
0.07 g cm−3. The proportion of snow density at the peak PDF
declined, which accounted for 12 %, 11 %, and 13 %, of these
three snow types. At the 95 % confidence interval, there was
no change in snow density at the 2.5 % percentile. However,
significant differences were present at the 97.5 % percentile,
and snow density increased by about 0.03–0.05 g cm−3 com-
pared with taiga snow. The widest range of snow density ap-
peared in ephemeral snow, and the frequency distribution was
not concentrated. Although we found the lowest mean snow
density (0.20 g cm−3) in ephemeral snow, the standard devi-
ation (0.09 g cm−3) was greatest among the six snow classes.
This was because of the large difference in snow density at
each station for ephemeral snow.

Figure 12 represents the frequency distribution of monthly
snow density across the former USSR. There were signif-
icant normal distributions of snow density in months ex-
cept September and June, and the distribution of snow den-
sity gradually widened with months. We found an increas-
ing trend in the mean snow density from September to June,
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Fig. 9. Spatial distributions of linear trend coefficients (g cm−3 yr−1) of monthly mean snow density (from November to April) for each
station during 1966–2008. The rates of changes in monthly mean snow density are statistically significant atp < 0.05 significant level. Red
circles represent decreasing trends while blue circles denote increasing trends in snow density.

increased by approximately 0.20 g cm−3. The largest propor-
tion of snow density in the distribution was 17–18 % from
September to October, and the corresponding snow density
range was 0.09–0.11 g cm−3 and 0.10–0.12 g cm−3, respec-
tively. The proportion was maintained at the range of 15–
16 % in winter months, and snow density at the peak PDF in-
creased to between 0.18 and 0.22 g cm−3, almost double the
range in autumn, which was probably caused by low tem-
peratures and strong winds. After March, snow density in-
creased significantly and the density distribution was more
dispersed. The value of the largest percentage of snow den-
sity only accounted for 10 % of all density in June, but ranged
from 0.35 to 0.37 g cm−3. The 95 % confidence interval was
also expanded with the increase in snow density. The range
(2.5–97.5 %) was about 0.06 to 0.30 g cm−3 in September;
however, 95 % of the data lay between 0.10 and 0.51 g cm−3

in June, an increase of approximately 70 %.

3.4 Changes in snow density with elevation and latitude

In order to analyze the relationships between snow den-
sity and geographical factors, we conducted linear regres-
sion analysis of snow density with elevation and latitude.
The elevation of the study sites ranged between−24 and
2077 m. There was an anti-correlation between them, that
is, snow density generally decreases with increase of eleva-
tion (Fig. 13). The rate of snow density decrease was about
0.004 g cm−3 per 100 m increase in elevation. However, it
has to be mentioned that the majority of snow density mea-
surements were conducted at elevations below 500 m a.s.l. To
better understand the relationship between snow density and
elevation, much more measurements are needed at higher el-
evations.

For each snow classes, snow density also showed a de-
cline trend with elevation (Fig. 14). However, the rate of
snow density decrease for each snow class was different.
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Fig. 10. Probability distribution function (PDF) of snow density
for all data measured every 5 to 10 days interval. The bar is PDF
of snow density; the down arrows represent the bracket 2.5 % and
97.5 % spectrum distribution of snow density. Mean andσ repre-
sent the calculated mean and standard deviation of all snow den-
sity (g cm−3), respectively. Peak stands for the peak PDF of snow
density (right) and the corresponding snow density (left); 95 % CI
represents the range of snow density at 95 % credibility interval; CI
is the abbreviation for “credibility interval”.

Fig. 11.PDF of snow density for tundra, taiga, maritime, ephemeral,
prairie, and alpine snow. The bar is PDF of snow density; the down
arrows represent the bracket 2.5 % and 97.5 % spectrum distribu-
tion of snow density. Mean andσ represent the calculated mean
and standard deviation of all snow density (g cm−3), respectively.
Peak stands for the peak PDF of snow density (right) and the corre-
sponding snow density (left); 95 % CI represents the range of snow
density at 95 % credibility interval; CI is the abbreviation for “cred-
ibility interval”.

With every 100 m increase in elevation, snow density de-

Fig. 12.PDF of monthly snow density. The bar is PDF of snow den-
sity; the down arrows represent the bracket 2.5 % and 97.5 % spec-
trum distribution of snow density. Mean andσ represent the cal-
culated mean and standard deviation of all snow density (g cm−3),
respectively. Peak stands for the peak PDF of snow density (right)
and the corresponding snow density (left); 95 % CI represents the
range of snow density at 95 % credibility interval; CI is the abbre-
viation for “credibility interval”.

clined by 0.005 g cm−3 for taiga snow and 0.003 g cm−3 for
alpine snow, while tundra snow had the largest slope and
R2, and snow density decreased by about 0.006 g cm−3. Al-
though there were 401 sites for prairie snow, these sites had
the lowest correlation of snow density and elevation among
the four snow classes. Snow density decreased at a rate of
approximately 0.003 g cm−3 per 100 m increase in elevation,
andR2 was only about 0.06. This indicates that snow den-
sity for prairie snow may be more subject to the influence of
other factors than to elevation.

The relationships between snow density and latitude for all
data and snow classes generally show a positive trend, i.e.,
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Fig. 13.Snow density changes with elevation for all stations across
the former USSR during 1966–2008. Asterisks show the mean snow
density of each site; the thick line is a linear regression with the pa-
rameters shown on the upper-right corner, where Slope is the slope
of −0.004 in g cm−3

−100 m,p is the confidence level for the co-
efficient estimates,R2 is goodness of fit coefficient, andN is the
number of stations.

snow density increases with latitude as moving northward
(Fig. 15). Although snow densities of all sites increased with
latitude ranged from 36 to 78◦ N, goodness of fit was only
6 %. However, the different impact of latitude on snow den-
sity could be found for snow classes. Among snow classes,
the highest correlation was found in prairie snow (R2 was
about 0.33). With every one degree rise in latitude, snow
density increased by 0.0038 g cm−3. In contrast, snow den-
sity was lowest associated with latitude for tundra snow, and
goodness of fit was about 8 %. It increased by 0.0017 g cm−3

with each one degree rise in latitude.

4 Discussion

We compared our results with the past data in the former
USSR (Bilello, 1984; Liston and Hiemstra, 2011; Bormann
et al., 2013) and North America (McKay and Findlay, 1971;
Sturm and Holmgren, 1998; Brown and Mote, 2009; Sturm
et al., 2010). We found that they were basically consistent
with the past Russian results, which were both of the values
by observed (Bilello, 1984; Bormann et al., 2013) and sim-
ulated (Liston and Hiemstra, 2011), some of density values
from this study were even larger than results from previous
studies. However, snow densities from this study were lower
than values of snow density from North America. Possible
explanations can be summarized as follows:

1. The former USSR has overall lower snow densities
than in North America. Bilello (1984) compared the
data observed over the former USSR and the north-
ern North America, in which there were much similar
winter climatic regimes. The results showed that mean

snow densities in the former USSR were lower than
the data from North America by about 18–27 %.

2. Different measurement method leads to the dif-
ference in snow density over the two continents.
Generally, the courses are about 300 m length
in North America (http://www.wcc.nrcs.usda.gov/
snowcourse/). However, snow surveys run 1000 to
2000 m in open terrain and 500 m in the forest over
the former USSR. In addition, snow courses are usu-
ally taken near the end or middle of the month and
there is one record for each month (one or two records
in May and June) in North America (http://www.
wcc.nrcs.usda.gov/snowcourse/). However, the routine
snow surveys run every 10 days in the cold season and
every 5 days during snowmelt, this means that snow
density is measured three times in one month at least
in the former USSR. We averaged snow densities and
then got the monthly mean for each site, which may
lead to lower density in the former USSR.

3. Meteorological condition differences. Compared with
results in Brown and Mote (2009; Table 3), monthly
mean snow density were 15 % lower for tundra snow
and 38 % lower for ephemeral snow cover over the for-
mer USSR. For tundra snow, most sites in the former
USSR located at the south of 60◦ N rather than arc-
tic and subarctic regions. Affected by snow depth, air
temperature, and wind speed, snow densities for tun-
dra snow across the former USSR were lower than the
values in Canada. The areas were smaller and the num-
ber of sites was fewer for ephemeral snow in Canada,
the local characteristics may be the major reasons of
these differences. Differences of monthly mean snow
density mainly appeared in May and June for other
snow classes, which were affected by wind speed. In
these two months, snow melt with high air tempera-
ture. Meanwhile, wind speed in Canada was signifi-
cantly higher than the former USSR, which compacted
snow led to high snow density.

4. Environment differences. Of the 1259 stations across
the former USSR, 719 were measured in open field
and forest areas. We compared the monthly mean snow
densities of the 719 stations in the two environments
for snow classes. The results showed that mean snow
densities measured in forest range from 8 % to 13 %
less than those measured in open field, which were
similar to the results of Bilello’s (1984). This was be-
cause forest canopies played a large sheltering role on
snow cover with their branches and leaves (Bright et
al., 2013). The high albedo of dense trees in forests
can prevent snow cover from solar radiation (Essery
et al., 2008). The snow cover under the protection
of trees is also less affected by the compaction of
wind. Therefore, the low densities in forest areas lower
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Fig. 14. Snow density changes with elevation for tundra, taiga,
prairie, and alpine snow. Asterisks show the mean snow density
of each site; the thick line is a linear regression with the parame-
ters shown on the upper-right corner, where Slope is the slope of
−0.006 in g cm−3

−100 m,p is the confidence level for the coeffi-
cient estimates,R2 is the goodness of fit coefficient, andN is the
number of stations.

the average snow density over the former USSR as a
whole.

Furthermore, the very low percentages of maritime (3 %)
and alpine snow cover (8 %) and fewer stations may not fully
represent the climatology of snow density. Those may result
station bias away from higher elevation mountain stations,
which may be one reason of densities lower than the data in
North America. However, to better answer the question why
snow over the former USSR was less dense than snow over
North America, further investigations are required, especially
conducting detailed and comprehensive field measurements.

5 Conclusions

This research analyzed bulk density across the former USSR
from 1966 to 2008, using data for six snow classes from
1259 stations. We investigated the climatology and variation
in monthly mean snow density and the PDF of monthly snow
density for each snow class, and researched the connections
between snow density, elevation and latitude.

The results show the stations with larger monthly mean
snow density were mainly located in the European regions
of the former USSR, on the coast of Arctic Russia, and the
Kamchatka Peninsula, while the smaller values were found
in central Siberia.

There were significant monthly and seasonal changes in
snow density across the study area. The maximum and min-
imum long-term monthly mean snow density was about
0.33 g cm−3 in June and 0.14 g cm−3 in October, respec-
tively. For the six snow classes, the maximum long-term

Fig. 15. Snow density changes with latitude. Asterisks show the
mean snow density of each site; the thick line is a linear regression
with the parameters shown on the upper-right corner, where Slope
is the slope of 0.0013 in g cm−3 per one degree,p is the confidence
level for the coefficient estimates,R2 is the goodness of fit coeffi-
cient, andN is the number of stations.

monthly mean snow density was 0.25 g cm−3 for mar-
itime and ephemeral snow, and the minimum value was
0.20 g cm−3 for taiga snow. We observed an increasing trend
in monthly mean snow density from September to June of the
next year, but the rate of increase varied with different snow
classes.

The long-term annual mean maximum of monthly snow
density mainly appeared in the 1970s, and the minimum val-
ues were mostly during 2000s. Sharp changes in annual mean
snow density mainly occurred during the autumn months.

From November to January, there were significant de-
creasing trends in monthly mean snow density and mainly lay
in most regions of the European Russia, the south of western
and central Siberia. However, the positive trends increased
gradually from February to April, which were found in most
areas of Russia.

Snow density PDF for all data was fit with a normal dis-
tribution. We found that there were similarities in the dis-
tribution and the parameter values of snow density for tun-
dra snow and taiga snow, as well as maritime, prairie, and
alpine snow. From September to June, monthly snow den-
sity showed a dispersed distribution trend. The proportion of
snow density at the largest PDF declined, but the correspond-
ing density increased with months.
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There was a high correlation of snow density and ele-
vation for tundra snow, snow density decreased by about
0.006 g cm−3 with each 100 m rise in elevation. And snow
density was highly correlated with latitude for prairie snow.
It increased by 0.0038 g cm−3 with every one degree rise in
latitude.

Snow density is one of the most fundamental and im-
portant characteristics for estimating and researching snow
depth and SWE. In this study, we analyzed the spatiotempo-
ral variability of snow density and the changes of snow den-
sity with geographical factors across the former USSR. In
future research, we intend to use snow density to investigate
SWE, and water resources assessment, in Eurasia.

Supplementary material related to this article is
available online athttp://www.the-cryosphere.net/8/785/
2014/tc-8-785-2014-supplement.zip.
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