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Abstract: The Tibet Plateau (TP) and the Arctic are typically cold regions with abundant snow
cover, which plays a key role in land surface processes. Knowledge of variations in snow density
is essential for understanding hydrology, ecology, and snow cover feedback. Here, we utilized
extensive measurements recorded by 697 ground-based snow sites during 1950-2019 to identify
the spatio-temporal characteristics of snow density in these two regions. We examined the spatial
heterogeneity of snow density for different snow classes, which are from a global seasonal snow cover
classification system, with each class determined from air temperature, precipitation, and wind speed
climatologies. We also investigated possible mechanisms driving observed snow density differences.
The long-term mean snow density in the Arctic was 1.6 times that of the TP. Slight differences were
noted in the monthly TP snow densities, with values ranging from 122 + 29 to 158 + 52 kg/ m3. In
the Arctic, however, a clear increasing trend was shown from October to June, particularly with a rate
of 30.3 kg/m3 per month from March to June. For the same snow class, the average snow density in
the Arctic was higher than that in the TP. The Arctic was characterized mainly by a longer snowfall
duration and deeper snow cover, with some areas showing perennial snow cover. In contrast, the TP
was dominated by seasonal snow cover that was shallower and warmer, with less (more) snowfall in
winter (spring). The results will be helpful for future simulations of snow cover changes and land
interactions at high latitudes and altitudes.

Keywords: snow density; snow class; spatial heterogeneity; Tibet Plateau; Arctic

1. Introduction

Snow density is one of the most fundamental properties of snow cover [1]. It has critical
effects on energy budgets [2] and snow surface temperature [3], as the thermal conductivity
of snow is controlled mostly by its density [4]. Snow density is also a significant attribute
that impacts various types of snow cover remote sensing applications because it is directly
linked to the dielectric permittivity of snow, which controls the emission and reflection of
electromagnetic waves in the snow layer [5]. Moreover, the mechanical interactions that
occur within snow cover or between snow cover and the surroundings are related to snow
density [6,7]. Furthermore, snow properties, such as porosity [6], optical properties [8],
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and permeability [9], are connected with snow density. Snow density is a key input
parameter for many models, including land surface models [10] and snow models [11,12].
In addition, snow density establishes the relationship between snow depth and the snow
water equivalent (SWE), which makes it indispensable in a variety of snow hydrology
studies and applications, such as water supply [13], flood forecasting [14], and snowmelt
runoff quantification [15].

Snow density varies with time, place, and surrounding weather conditions [11,16].
When the temperature is very low during snowfall, the new snow typically has a rather
low density, while higher densities for new snow occur at higher temperatures [17,18].
Snow densification begins immediately after snowfall reaches the ground and is mainly
caused by metamorphism (snow grains change in size and shape), wind action, and
compaction [16,19]. There are three types of snow metamorphism: constructive meta-
morphism (kinetic growth metamorphism), destructive metamorphism (equilibrium
growth metamorphism), and wet snow metamorphism (melt or melt-freeze metamor-
phism) [16,20,21]. Constructive metamorphism is caused by strong vertical temperature
gradients (low air temperature) that occur throughout the snowpack, which produce large,
faceted grains referred to as depth hoar. These large grains are hard to pack closely together,
resulting in low rates of densification [16,21,22]. The snow grains slowly metamorphose
into rounded shapes through destructive metamorphism caused by weak vertical tempera-
ture gradients (warmer air temperature) [6,16,21]. The thermal isolation of snow causes
a higher snow ground interface temperature than the snow surface temperature, which
results in a vertical temperature gradient in the snow layer (°C/m). Lower air temperature
is more favorable for producing strong vertical gradients. When the air temperature is
warm, the vertical temperature gradient is weak [6,16]. Melt metamorphism typically
occurs when liquid water is present in the snow cover, which also accelerates destructive
metamorphism [22]. Regardless of the snow metamorphism type, increases in snow density
could be the result of overburden pressure [16,23,24]. The prevalent high wind is known to
redistribute the snow grains, which makes the snow cover become more densely packed,
easily producing greater densities [18,25,26].

However, several studies have used fixed [11,27] or modeled snow density val-
ues [28,29], which can lead to significant errors of up to 100% when estimating snow
depth [30]. In addition, directly determining snow density using remote sensing methods
remains problematic [5,31]. Thus, site and field measurements are the primary methods
for investigating snow density. There are several approaches available to directly measure
snow density, such as gravimetry measurement [32], stereology [33], microcomputed to-
mography [34], high-resolution osmometry [35], dielectric permittivity measurement [1],
the neutron-scattering probe [36], and diffuse near-infrared transmission [8]. Compared to
the cumbersome direct measurement, gathering snow density by determining the SWE and
the snow depth is more manageable, less expensive, and less time-consuming [37]. Never-
theless, a lack of extensive ground-based data remains the greatest challenge in analyzing
snow density over large areas [6,17]. For instance, field snow observations conducted
on a 5.4 km section in the Central Spanish Pyrenees Mountains indicated variation in
snow density but showed no discernible pattern [38]. Moreover, insufficient snow density
measurements may also lead to considerable uncertainty in snow density analyses. In
northern taiga and tundra areas, it has been shown that on some days a single measure-
ment might represent the snow density for a land cover group because of the very limited
measurements [7]. The spatio-temporal characteristics of snow density have not been well
described thus far, particularly in the overall Arctic region.

The TP and the Arctic are typically cold regions and are extremely sensitive to global
climate change because both have shown amplified warming in response to global warm-
ing [39,40]. The TP covers the largest area of snow and glaciers outside the poles [41-43]
and is referred to as the “Water Tower of Asia” [44—46]. The snow density in each of these
two areas has been examined in previous research [7,47-50]. For example, in the middle
and southwestern parts of the TP, the snow density obtained from ground-based snow sites
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ranged from 140 kg/m? to 180 kg/m? during 1950-2009 [49]. The shallow snow depth and
significant depth hoar fraction in the high Arctic resulted in a high average snow density
of 298 kg/m?3 [25]. Yet, studies of snow density in the Arctic are available for parts of the
region, and there are no systematic studies for the entire region [25,51]. Whether there are
similarities or differences between the TP and Arctic remains inconclusive, as most snow
density studies have focused exclusively on one or the other of the two regions, and there
have not been many attempts to systematically contrast the snow density characteristics
between them. Such knowledge gaps hamper our understanding of the interaction between
snow and climate in cold regions.

For this study, we compiled a wide range of available ground-based datasets of
snow density across the TP and the Arctic. Our primary objectives were (1) to provide
information on the spatio-temporal features of snow density across the TP and the Arctic,
(2) to investigate regional heterogeneities in snow density based on the Global Seasonal-
Snow Classification, Version 1, and (3) to explore the possible reasons for the differences in
snow density between these two regions. The results will shed light on the different roles
of snow cover regarding regional hydrology and ecology, as well as improve the modeling
of snowpack evolution in land surface models.

2. Materials and Methods
2.1. Data
2.1.1. Data Sources

We used the Arctic Monitoring and Assessment Programme (AMAP) boundary [52]
to define the Arctic region (Figure 1). The snow depth and SWE data were obtained from
697 sites with 191,946 paired records of snow density across the TP and the Arctic (Table 1).
The air temperature and precipitation data consisted of 1,776,040 records from 174 stations
(Table 1). A snow cover year was defined as 1 July through 30 June of the subsequent year to
cover the entire snow season [53]. Most snow surveys started at the beginning of the snow
accumulation period and ended during the snow melting period. The time interval was
regular weekly or biweekly, except for data from the Snow Telemetry (SNOTEL) network
and weather stations, which were collected daily.

Table 1. Meta information on the different datasets.

Data Type Area No. of Sites Period Source
Alaska (SNOTEL) 39 2000-2018 https:/ /www.anS‘usda‘g().v/Wps/p()rtal/wrcc/h()me/
snowClimateMonitoring/snowpack
g: 7 S TOV. a.90v > ? =S
Alaska (Snow Course) 215 1950-2019 https:/ /wcc.sc.egov.usda.gov/nwee/rgrpt?report=sno
Snow Data weourse
o Alaska (DSI-3200) 55 1963-2005 https:/ /rda.ucar.edu/datasets/ds510.0/
(Total No. of sites: 697) https: / /data.ec /data/climate,/systems,/ di
Canada 244 1964-2016 ps://data.ec.ge.ca/data/climate/systems/canadia
n-historical-snow-survey-data/
. http:/ /meteo.ru/data,
Russia 65 1965-2018 https:/ /nsidc.org/data/g01170/versions/1
TP 79 1954-2012 http://data.cma.cn/en/
https:/ /wcc.sc.egov.usda.gov/nwee/rgrpt?report=t
emperature_hist&state=AK&operation=View,
Air Temperature and Alaska (SNOTEL) 8 https:/ /wcc.sc.egov.usda.gov/nwee/rgrpt?report=pre
Precipitation 1981-2010 cip_accum_wy&state=AK&operation=View
Data Alaska (DSI-3200) 17 - https:/ /rda.ucar.edu/datasets/ds510.0/
(Total No. of sites: 174) https:
Canada 2 //dd.weather.gc.ca/climate/observations/daily /csv/
Russia 58 http:/ /meteo.ru/data
TP 69 http://data.cma.cn/en/
Wind Data TP, Arctic L 1981-2010 https:/ /cds.climate.copernicus.eu/cdsapp#!/dataset

(ERA5-Land hourly)

/reanalysis-era5-land?tab=form

The snow sites were separated into six classes based upon the snow class map [54]
(Figure 1a). These classes were applied to emphasize regional heterogeneity in snow
density. The 697 sites from which the data were obtained were not evenly distributed
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throughout the vast terrestrial regions. In the Arctic, the snow sites extended across Alaska,
the Yukon Territory, and the southern Northwest Territories, whereas those in the TP were
concentrated mainly in the eastern-central region.
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Figure 1. (a) Ground-based measurement sites of snow depth and SWE for different snow classes [55]
in the TP and the Arctic, (b) meteorological stations for air temperature and precipitation data in the
TP and the Arctic.

No maritime snow appeared in the TP. The tundra snow accounted for approximately
73% of the snow cover, followed by prairie snow at 15%; the remaining three snow classes
accounted for approximately 10%. In the Arctic, tundra snow and boreal forest snow
accounted for approximately 16% and 7%, respectively; all other snow classes made up less
than 0.3%, including ephemeral snow at 0.003%.

The air temperature and precipitation stations were usually collocated with snow
stations and sites during 1981-2010 (Figure 1b). Here, we selected only those stations where
snow depth, SWE, air temperature, and precipitation were all available (174 stations in
total). These stations are predominately concentrated at higher elevations (approximately
4000 m) over the eastern regions of the TP, and those in the Arctic are located at relatively
low elevations, with the vast majority being found at elevations below 2000 m.

Due to the lack of wind speed data at meteorological stations, we adopted the ERA5-
Land hourly wind speed data [56] as a proxy. The wind data from ERA5-Land were divided
into the eastward component of the 10 m wind and the northward component of the 10
m wind. We first calculated the daily average from hourly data and then combined the
eastward component and northward component to derive the horizontal wind speed. The
wind speed was extracted from this daily average grid data based on the geographical
location of the meteorological station.

2.1.2. Data Quality Control

The detection of outliers in measurements is vital to eliminating measurement errors.
Accordingly, we conducted quality control for all datasets utilized in this study.

a. Insitu snow data

(1) SNOTEL network

Daily SWE and snow depth data, measured via a snow pillow and an ultrasonic
sensor, respectively, were collected remotely using an extensive automated data collection
network known collectively as the SNOTEL network [57,58]. The data were recorded on
the water years, a water year spans from October 1 of the previous year to September 30
of the current year. The SNOTEL network data used in this study were recorded between
2000 and 2018 (Table 1).

SNOTEL measurements were fully automated. We performed quality control proce-
dures similar to those used in previous research [58-60]. Details of the procedure were
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as follows: (i) Stations with missing SWE values during the first 15 days of October were
considered service delays, and the water year was coded as missing values. For daily
snow depth increments greater than 50 cm or SWE increments greater than 200 mm, the
corresponding snow depth (SWE) was considered no data. (ii) For the snow depth (SWE)
records equal to zero, if the previous and subsequent day both had nonzero values, we
eliminated the corresponding snow depth (SWE). (iii) When an SWE increment greater than
63.5 mm was followed on a subsequent day by an SWE increment less than —63.5 mm, or,
conversely, an SWE increment less than —63.5 mm was followed on the next day by an SWE
increment greater than 63.5 mm, these values were also considered to be invalid and were
deleted. (iv) SWE increments and precipitation were combined to identify erroneous SWE
values. Positive SWE increments greater than five standard deviations from the monthly
mean values without a corresponding extreme precipitation event or a corresponding
precipitation increment greater than three standard deviations were considered erroneous.
Negative SWE increments greater than five standard deviations from the monthly mean
were also deemed as erroneous. (v) To remain consistent with the Canadian historical
snow survey dataset, we discarded snow density values less than 50 kg/m? or greater than
600 kg/m?>. The above procedures rejected approximately 21.9% of the data.

(2) Snow courses

The National Water and Climate Center (NWCC) of the United States Department of
Agriculture (USDA) conducts a manual snow monitoring program in the western United
States (https:/ /www.nres.usda.gov/wps/portal/wce/home/aboutUs/monitoringProgra
ms/manualSnowMonitoring/, accessed on 11 October 2020), with snow courses measuring
snow variables on or close to the first day of each month in winter. The snow courses are
approximately 300 m long and typically consist of 5 to 10 evenly distributed individual
sample points. The Standard Federal snow sampler consists of a snow tube and a spring
scale used for measuring snow depth and SWE [57]. The monthly snow course in Alaska
has been tested by quality control measures and can thus be used directly.

Snow depth and SWE survey data have been consistently recorded since 1966 across
Russia [61]. These observations in the Russian Arctic (1965-2018) include datasets from the
All-Russian Research Institute of Hydrometeorological Information-World Data Centers
(RTHMI-WDC) and those from the National Snow and Ice Data Center (NSIDC) of the
University of Colorado Boulder. The length of the snow course measurements in Russia
is approximately 2000 m, with sampling typically conducted on the 10th, 20th, and last
days of the month during the cold season, and every five days during the intense snowmelt
period [62]. In addition, the snow depth represents the average of 100 to 200 individual
sample points measured using a portable snow measuring rod, and the SWE is calculated
from the spatial average of 20 individual sample points measured by the snow weighing
balance [62]. We performed quality control procedures based on the following parameters
outlined by the NSIDC [62]: (i) snow depth values less than 1 cm or greater than 200 cm
were removed; (ii) SWE values greater than 400 mm were eliminated; (iii) SWE to snow
depth ratios less than 50 or more than 600 were excluded in the following analysis. These
procedures rejected approximately 0.03% of the data.

(3) DATA SET 3200 (DSI-3200)

The DSI-3200 Alaskan snow dataset is derived from the station observations of the
National Weather Service (NWS) cooperative station network [63]. The weather stations are
equipped with snow boards or snow stakes for measuring daily snow depth, and a standard
precipitation gauge is used to measure SWE. For snow that is deeper than approximately
61 cm, the SWE is typically measured with the Federal Snow Sampler [64,65]. This dataset
contains data quality flags (marked as Flag 1 and Flag 2) to identify uncertain values in the
snow measurements (https://rda.ucar.edu/OS/web/datasets/ds510.0/docs/2006jun.td
3200.html, accessed on 1 September 2020). A detailed description of the quality mark can
also be found on the above website. We retained the Flagl of “E”, “J”, “)”, and “Blank”. For
Flag 2, we took out “2”, “3”, “4”,“T”, and “U”; the rest of the flag values were reserved.
The ratios of SWE to snow depth less than 50 or greater than 600 were also excluded.
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(4) Canadian historical snow survey dataset

The associated data were obtained from various agencies. These data were then
merged and presented in a standard comma-separated format. Snow data measurement
type, data quantity, and availability vary considerably depending on the particular agency.
Measurement methods consist of the snow course survey generally conducted at biweekly
and monthly intervals during the snow season as well as daily snow pillow monitoring.
Most agencies gather snow course measurements consisting of 5 to 40 samples to obtain
the depth and SWE [66].

A quality control test based on five standard deviations [67] is applied to remove
unrealistic values, following processing steps detailed in a previous study [68]. The dataset
retains snow survey observations with complete information on SWE, snow depth, and
snow density triplets with density values between 50 kg/m? and 600 kg/m? [69]. Therefore,
this dataset can be used directly after simple data processing and cleaning (such as removing
duplicated observations). Most of the data were concentrated within the period between
1964 and 2016.

(5) Snow measurements from meteorological stations in the TP

Long-term records of snow depth and SWE recorded across the TP between 1954 and
2012 were downloaded from the National Meteorological Centre, China Meteorological
Stations. The SWE was measured on the 5th, 10th, 15th, 20th, and last day of the month
during the cold season, and the snow depth was measured daily using a snow ruler in
earlier years and ultrasonic or laser snow depth measurement sensors in recent years. SWE
was taken as the average value measured by a snow weighing balance [49,50,70]. For
quality control, we used the same method as that applied to the Russian data.

b.  Air temperature and precipitation data

Air temperature and precipitation measurements from SNOTEL stations were col-
lected using quality control procedures [59]. Errors in conversion from voltage to de-
grees Celsius can lead to warm bias for cold temperatures in SNOTEL air temperature
observations [71,72]. Currier et al. [72] used independent observations from temperature
sensors, housed in ventilated shelters collocated with SNOTEL sites, to develop a correction
equation (Equation (1)). We removed maximum, minimum, or mean temperature values
greater than 40 °C or less than —60 °C, as well as those with identical values between day
N and N +1. In addition, if the air temperature was greater or less than three standard
deviations from the long-term average monthly temperature for a given month, the value
was eliminated. The following equation was given in a previous study [72]:

Teorrect = 1.03 x TSNOTEL -09 (1)

where Tiorrect is the corrected air temperature (°C), and Tsyorgr is the raw SNOTEL air
temperature (°C).

For SNOTEL precipitation data, we applied the following four conditions to reduce
the amount of erroneous data [59]. (i) When the accumulated precipitation was more than
12.7 cm on 1 October, the corresponding water year was deemed as a missing value and
was eliminated. (ii) If the accumulated precipitation on the previous and subsequent days
were identical but differed from that on the current day, the accumulated precipitation for
that current day was set to the same value as that recorded for the preceding and following
days. (iii) If the accumulated precipitation on the current day was either higher than that
on the subsequent day or lower than that on the previous day and the positive difference
in accumulated precipitation between the two was less than 1.3 cm, the accumulated
precipitation for the current day was replaced with the average of the preceding and
following days. (iv) If the positive daily increment was greater than 25.4 cm or the negative
increment was less than —1.3 cm, the corresponding increment was marked. A combination
of five standard deviations and SWE increments was also used to determine erroneous
accumulated precipitation values. Finally, we truncated the time series of the water year at
the appearance of the marked value.
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Precipitation and air temperature values from DSI-3200 [63], the Canadian climate
stations [73], RIHMI-WDC (http:/ /meteo.ru/english/climate/descrip11.htm, accessed on
21 July 2020), and the China Meteorological Data Service Center [74] include quality control
flags to make users aware of erroneous data. Accordingly, data quality control was con-
ducted based on flag values, whereby manual elimination, verification, and correction were
applied to uncertain or incorrect data. The DSI-3200 values included only the maximum
and minimum air temperatures, which we averaged to represent the mean temperature.
All observation sites recorded at least 20 years of observation data.

2.1.3. Snow Classification

On the basis of the newest global snow class map (10 arc-sec by 10 arc-sec) from the
NSIDC [54], we separated the snow sites in the TP and the Arctic into the following six
snow classes according to the climatic characteristics of air temperature, precipitation,
and wind speed: tundra, boreal forest, prairie, montane forest, maritime, and ephemeral
snow [55] (Figure 1a and Supplementary Figure S1).

2.2. Method
2.2.1. Snow Density

Snow density is related to SWE (mm) and snow depth (cm) through the following
equation [13]:
SWE

Ps = pwiSD <10 )

where p; is the density of the snowpack (kg/m?), and p,, is the density of liquid water
(1000 kg/m?). The snow density in this study was bulk density.

We first calculated the snow density for all available measurements and then averaged
all snow densities for a given month at a given site. Finally, the average snow density at a
site was calculated on a monthly basis. The monthly mean snow density for a region was
the arithmetic mean from all available snow densities in a given month for all sites within
that region. The inter-annual variability in snow density was considered negligible due
to small inter-annual variation (Supplementary Figure S2), which agrees with the results
reported in previous studies [6,13,38]. We stressed that snow density was not a regularly
observed indicator in the meteorological observation system. We collected the data from a
variety of sources to obtain all the available data. Therefore, there were differences in the
number of site measurements in this study.

2.2.2. Snowfall

The air temperature threshold determines precipitation falling as rain or snow, with
continental areas and mountain ranges generally exhibiting warmer air temperature thresh-
olds, while maritime areas and low-lands exhibit colder air temperature thresholds [75].
This underscores the inadequacy of partitioning precipitation falling as rain or snow by
establishing a uniform air temperature threshold. Therefore, we employed a method that
allows for a mix of rainfall and snowfall. This method was more accurate than the snowfall
calculated using a fixed threshold. All precipitation was assumed to be snowfall (rainfall)
if Tiean < —2 °C (Tnean > 2 °C). For values between 2 °C and —2°C, we applied a linear
relationship to estimate the solid proportion of precipitation, as shown in Equation (3) [76]:

1 (Tiean <= —2°C)
f=1{-025x Tyean +0.5 (—2°C < T < 2°C) ©)
0 (Tyean >=2°C)

Sg=fxP (4)

where f is the solid fraction of the total precipitation; S¢ is the snowfall (mm); and P is
precipitation (mm).
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3. Results
3.1. Spatial Heterogeneity of Snow Density

The average site snow densities varied from 50 kg/m? to 564 kg/m? in the TP and
the Arctic (Figure 2a), with average values of 138 & 61 kg/m? and 223 + 54 kg/m?,
respectively. The difference in average snow density between the TP and Arctic regions
was pronounced, reaching approximately 85 kg/m3. In the Arctic region, the lowest long-
term mean snow density was found in the Canadian Arctic, at 217 + 42 kg/m3, and the
highest value reached 239 + 51 kg/m? in the Russian Arctic. There was no remarkable
difference between the Canadian Arctic and Alaska (225 + 61 kg/m?), which differed by
only ~8 kg/m3 (Figure 2b). Therefore, the snow density in the Arctic had a low variation.
The SNOTEL, DSI-3200, and snow course datasets were tested separately to provide a
more quantitative comparison for each dataset in Alaska. The results showed that the
average snow densities were 243 & 45 kg/m?> and 238 + 47 kg/m? for the SNOTEL and
snow course in Alaska, respectively, while that of DSI-3200 was only 163 + 79 kg/m?3. The
difference between the SNOTEL and DSI-3200 was approximately 49%, which was only 2%
between the SNOTEL and snow course (Figure 2c). Together, the SNOTEL, snow course,
and DSI-3200 datasets represent a wide range of locations and snow cover conditions in
Alaska. SNOTEL data are representative of high-elevation areas, whereas the DSI-3200
sites are typically located at relatively low elevations and in flat areas, and snow courses
are more representative of the area elevation (Figure 3a and Supplementary Figure S3). At
lower elevations, there was more variability in snow density (Figure 3b). In terms of snow
cover conditions, the average snow depths were significantly larger for the snow course
(68 + 36 cm) and SNOTEL dataset (50 + 25 cm) than for the DSI-3200 dataset (18 + 14 cm)
(Figure 3c). These results indicated that different terrains and snow cover conditions result
in observed differences in snow density.
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Figure 2. Average climatological snow densities (a) over the TP and the Arctic, (b) over different regions
in the Arctic, and (c) from different datasets in Alaska. Error bars represent standard deviations.
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Figure 3. (a) Snow site number with elevation, (b) Snow density with elevation, (c) Average snow
depth with one standard deviation from the mean in Alaska.
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The average snow densities based on different snow classes also showed significant
differences between the two areas. It should be noted that, in the subsequent analysis, the
absence of snow classes was explained by the lack of snow sites or insufficient measure-
ments (Supplementary Figure S1). Moreover, no maritime snow occurred in the TP, which
also explained the missing snow classes.

Considerable differences in snow density were noted among the snow classes (Figure 4
and Supplementary Table S1), particularly between the TP and Arctic values for the same
snow class. For tundra snow, the average densities were 140 £ 33 kg/ m? in the TP and
228 + 56 kg /m? in the Arctic. For prairie snow, the Arctic had a considerably larger average
of 215 4 51 kg/m3 compared with the 130 + 41 kg/m? of the TP. In both regions, the
tundra snow density was higher than that of prairie snow. The lowest snow density of
96 kg/m3 was found in ephemeral snow in the TP and was accompanied by a rather low
standard deviation. In the Arctic, the average snow density for the boreal forest snow
class was 210 £ 42 kg/ m?3, which was lower than that for other snow classes. The average
snow density for prairie snow was similar to that for tundra snow. Maritime snow had the
highest value at 290 & 63 kg/m> and the greatest within-site variability in terms of average
snow density, followed by the montane forest snow at 232 4 52 kg/m°.

400

. TP
[ Arctic

200 - ’

100

w2

(=3

(=}
T

3

Snow Density (kg/m”)

Tundra Boreal Forest Prairie Montane Forest Maritime ~ Ephemeral
Snow Class

Figure 4. Average snow densities (colored columns) with one standard deviation (black bars) for
each snow class over the TP and the Arctic.

3.2. Seasonal Variation in Snow Density

The time-densification process of the snowpack was confirmed in this research based
on monthly mean snow densities. The statistical details of monthly snow density are shown
in Figure 5 and Table S2 in the Supplementary Materials. The monthly mean snow densities
in the TP were clearly lower than those in the Arctic. No specific pattern was exhibited in
the TP throughout the snow cover season. However, slight differences were noted among
the monthly densities in the TP, particularly from September to May, with values occurring
within a narrow range of variability between 122 & 29 kg/m3 and 137 + 45 kg/m?>. The
monthly mean snow densities increased at a very low densification rate from March to
June, increasing by only 8 kg/m?> per month. In the Arctic region, the monthly mean snow
density showed considerable variation, with increases of approximately 18.8 kg/m?> per
month from October to June. This increase was particularly pronounced from March to
June, at 30.3 kg/m? per month. The difference in monthly mean snow density between
October and June was as high as 169 kg/m3 The decrease in October might be attributed
to the combined effects of low-density new snow and increasing snowfall events, which
dominated the snow cover (Supplementary Figure S4).
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Figure 5. Monthly mean snow densities (mean + sd) over the TP (a) and the Arctic (b).

The monthly changes in snow density were also considerable among the snow classes
(Figure 6 and Supplementary Table S1). No clear changing trend was noted in the TP.
The monthly mean snow densities for tundra snow showed strong fluctuations, ranging
from 129 + 49 kg/ m?3 to 153 + 69 kg/ m3. For prairie snow, the values fluctuated between
109 £ 22 kg/ m? and 177 + 55 kg/ m3, with the maximum value occurring in June. The
average snow density value for ephemeral snow was as low as 96 + 11 kg/m3. Ephemeral
snow was recorded only in January (the coldest month), which was related to the charac-
teristic of the rapid evolution of this snow class from accumulation to ablation and in situ
observations with low observation frequency and at given dates. The decrease in snow
density from December to January (Figure 5a) was attributed to the lower snow density of
this class.
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Figure 6. Monthly mean snow densities (mean + sd) for each snow class (a—f) over the TP and

the Arctic.

In the Arctic region, the seasonal evolution of snow density tended to be similar among
the snow classes, showing an increase from October to June. The maximum monthly values
always occurred in May or June, while the minimum monthly values largely appeared in
October or November. The minimum values were recorded in the boreal forest class, with
snow densities ranging from 148 kg/m?3 to 366 kg/m?3. This result was associated with
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relatively small standard deviations and implied that snow density in the boreal forest
class was relatively insensitive to its seasonal variability. The highest monthly mean snow
densities were all recorded in the maritime snow class.

3.3. Relationship between Snow Density and Environmental Factors

The average annual air temperature in the TP was 3.1 £ 4.0 °C, with monthly mean air
temperatures falling below 0 °C during five months (from November to March). Therefore,
the TP was dominated by seasonal snow cover. The vertical temperature gradients were
relatively weak from November to February due to the relatively high air temperature
(Figure 7a). In contrast, the average annual air temperature in the Arctic was —3.8 &= 5.2 °C
(perennial snow cover existed), with monthly mean air temperatures below 0 °C occurring
between October and April. From November to March, the cold temperature maintained
a strong thermal gradient through the snowpack due to extremely low air temperatures
(Figure 7d). In the TP, the snowfall duration lasted for eight months, from October to
May. The overall snowfall amount was low, with less (more) snowfall occurring in win-
ter (spring) (Figure 7b). Snowfall duration was considerably longer in the Arctic (from
September to May), with the greatest amount occurring between late fall and mid-winter
(Figure 7e). The TP was frequently under windy conditions in September and from Novem-
ber to April (Figure 7c). In the Arctic, winds were more frequent between November and
January (Figure 7f).
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Figure 7. Monthly air temperature (a,d), snowfall (b,e), and wind (c,f) over the TP and the Arctic
(black bars denote one standard deviation).

There may not be a linear relationship between multi-year average snow density and
air temperature (Figure 8a,d), the physical processes were complex, and it was difficult to
find a simple expression that could give a better correlation. Unlike the complex intuitive
relationship between air temperature and snow density, the relationship between air
temperature and snow densification rate was obvious in the Arctic, with densification
rates being significantly lower in winter than in spring (Figures 5b and 7d). To minimize
the effect of air temperature on snow cover, we only employed multi-year monthly mean
snowfall and wind in January to explore their relationship with snow density. It can be
expected that the larger the snowfall, the higher the average snow density due to the
compaction process. This can be seen in Figure 8b,e. In both the Arctic and the TP, the wind
speed also showed statistically reliable positive correlations with snow density (Figure 8c,f).

To explore the details of the effects of environmental factors on snow density, we
analyzed snowfall, air temperature, snow depth, wind, and snow density at three sites:
Qing shuihe in the TP (33.8°N, 97.13°E; 4415 m a.s.1.), Monument Creek in Alaska (65.08°N,
145.87°W; 564 m a.s.l.), and Salehard in Russia (66.50°N, 66.68°E; 15 m a.s.l.) (Figure 1b).
These sites were chosen primarily because they provided a relatively high number of snow
measurements. Additionally, the sites were located in different geographical regions and at
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different elevations. At the Qing shuihe site (Figure 9a,b), accumulated snowfall was as
low as 113 mm, snow depth was mostly limited to 5-10 cm, and the average temperature
during the cold season was only —10.4 °C. There was more snowfall in spring, but it was
accompanied by wind speeds below 2 m/s. The combined effect of these factors was the
principal reason for the low and fluctuating snow densities (in the range of 80-200 kg/m?).
However, the snow depth at the Monument Creek and Salehard sites was deep (maximum
was more than 60 cm), with frequent and heavy snowfall resulting in accumulations over
170 mm (Figure 9d,e,g,h). In addition, pronounced vertical temperature gradients persisted
from November to March, which, together with the long duration and medium wind
speeds, ultimately formed large and increasing snow density values (Figure e fh,i).
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Figure 8. Dependence of average snow density on average air temperature (a,d), average snowfall
(b,e), and average wind speed (cf) over the TP and the Arctic. (Snowfall and wind speed were
averages for January).
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Figure 9. Accumulative snowfall, daily snowfall, air temperature, and snow density from three sites
at Qing Shuihe (a—c), Monument Creek (d—f), and Salehard (g—i) during the snow season. The orange
line (middle) indicates the duration from the beginning to the end of the snowfall.
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4. Discussion

In the Arctic, no dedicated agency conducts systematic snow surveys over the whole
region. Instead, multiple national agencies use different methods to record observations, as
well as a few short-term field surveys performed by researchers in localized areas. As a
result, snow density studies have been limited to only parts of the region [25,47,77]. Here,
we generalized multiple long-term snow measurements from different subregions of the
Arctic, with sites essentially covering the Arctic. Moreover, we provided systematic and
representative spatio-temporal characteristics of snowpack density on a regional scale. Our
study is temporally complete and includes observations from September to June, whereas
the vast majority of studies concentrate on values obtained between November and April
or shorter periods. Furthermore, we adopted the latest version of the snow classification
dataset [54]. Few studies have been conducted on snow density based on snow classes in
the TP. Our study involved almost all snow classes in the Arctic and was facilitated by the
extensive availability of snow density observations. In contrast, most of the current studies
focus on the tundra and boreal forest snow [7,47,77]. Our study is the first to systematically
compare the differences in snow density characteristics between the Arctic and the TP.

4.1. Spatial and Temporal Patterns of Snow Density in the TP and the Arctic

We obtained a lower average snow density of 138 + 61 kg/m? during 1954-2012 in the
TP, with respect to that of 156 kg/m3 for September-May during 2013-2020, as reported by
Wang et al. [78]. This small disparity is attributed to our use of all available measurements
recorded between September and June for the different study periods. The average snow
density observed in Alaska, 225 + 61 kg/m?, relatively agrees with that observed by
Sturm et al. [13] in northwestern Alaska in 2002 at approximately 245 kg/m3. For snow
classes, our results confirmed previous findings, such that the greatest snow density and
range occurred at maritime snow sites and boreal forest had the lowest snow density and
was the least spatial heterogeneous [13,53]. A few studies based in North America and the
former Soviet Union have reported that ephemeral snow typically has a relatively high
snow density among snow classes [53,55]. The results from our case demonstrated that the
average snow density was very low at the ephemeral sites in the TP. This occurred because
fewer snow density measurements were available for the ephemeral snow, and differences
in regional sample sizes gave slightly different results.

A generalization often mentioned in previous research is that snow density gradually
increases during the snow cover season [6,53,79]. We found similar results in the Arctic.
Surprisingly, the seasonal snow density in the TP was relatively constant and did not show
the expected increasing trend over time, particularly in winter. The seasonal variation
in snow density highlights the unique features of the snow cover in the TP. In this study,
the snow density exhibited strong regional variations between the different snow classes
during different months. Despite this notable difference, some SWE retrievals utilized a
constant snow density throughout the retrieval, regardless of the snow cover condition,
place, or time [11,80]. Moreover, a considerable number of models assumed that the snow
density was a constant rather than a variable value [37,81]. Given these facts, our findings
can be applied to various types of applications, including remote sensing retrieval and
validation, model simulation and prediction (e.g., snow, atmosphere, land surface schemes),
and hydrological and climate studies.

4.2. Effect of Environmental Factors on Snow Density over Two Regions

The results of our study indicated that the snow density disparity between the TP and
the Arctic was associated with differences in air temperature, snowfall, and wind conditions.

In the Arctic, constructive metamorphism caused by strong vertical temperature
gradients (low air temperature) occurred from November to March (Figure 7d), producing
large grains that contributed to the slow rates of densification (Figure 5b) because they
were hardly packed closely together. In addition, the increase in snow density was caused
by continuous compaction facilitated by the weight of the abundant snowfall (Figure 7e).
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Wind-driven redistribution was a primary factor controlling the increase in snow density
from November to February (Figure 7f). In April, the combination of melt metamorphism,
accelerated destructive metamorphism, and overburden pressure reduced the porosity of
the snow cover, which caused the snow density to increase at high densification rates. This
seasonal persistent snow cover, referred to as firn, has densities typically ranging from
550 kg/m3 to 800 kg/m? [22] and is a driver of the high snow density in the Arctic.

In the TP, slow destructive metamorphism caused by weak vertical temperature
gradients (warmer air temperature) generally dominated the densification process from
November to February (Figure 7a). The rare snowfall and shallow snow depth produced
negligible overburden pressure (Figure 7b). Despite the windy winter conditions (Figure 7c),
very little snowfall limited the effect of wind on snow density. Hence, little change was
noted for snow density in winter (Figure 5a). When the snow cover melted in March, melt
metamorphism and accelerated destructive metamorphism were more prone to producing
high densification rates. However, the shallow snow depth restricted development, which,
combined with new snow and low density, ultimately resulted in low rates of densification.
Thus, snowfall and temperature were the most useful explanatory terms for seasonal
variability in snow density in the TP.

Despite a large body of available in situ observations utilized in this study, one of the
uncertainties was the uneven distribution of in situ snow and meteorological measurements,
especially in the Canadian Arctic, where meteorological stations were extremely scarce.
Different snow density variation behaviors can be seen under different rainfall conditions.
On the one hand, snow cover could absorb rain causing an increase in snow density, while
repeated rainfall damages the ice structure and reduces the water absorption capacity
of the snow cover. As a result, rainfall reduces snow density [18]. However, the Arctic
winters were long in duration and generally too cold for rainfall to occur. Hence, we did
not take rainfall into account and only considered factors that highlight climatic conditions:
temperature, snowfall, and wind speed.

5. Conclusions

This research examined the spatio-temporal characteristics of snow density, which
was supported by extensive in situ observations of 677 sites across the TP and the Arctic
from 1950 to 2019. We investigated the different snow density regimes between the TP and
the Arctic and the associated climate factors driving these differences.

In general, the Arctic had a large amount of snowfall, deeper and colder snow cover
with higher wind speeds, a longer snowfall duration, and the existence of perennial snow
cover. In contrast, the TP had less snowfall and lower wind speeds, shallower and relatively
warmer snow cover, the duration of snowfall was shorter, and less (more) snowfall occurred
in winter (spring). These factors caused the long-term mean snow density in the TP,
138 + 61 kg/m3, to be lower than that in the Arctic, 223 + 54 kg/m?>. Seasonally, the
monthly snow density in the Arctic exhibited strong intra-annual variability from October
to June, particularly during the late snow cover season. In the TP, however, only slight
differences were noted among monthly snow densities that ranged from 122 + 29 to
158 + 52 kg/m3. A comparison of the seasonal evolution of snow density among the
different snow classes revealed similar variations in the Arctic. In the TP, however, no clear
consistent variation between the months was noted in the snow classes. Moreover, we found
that strong vertical temperature gradients in the Arctic resulted in low densification rates in
winter. In the TP, however, weak vertical temperature gradients and negligible overburden
pressure resulted in fluctuations in snow density. Despite the limited consistency and
continuity, as well as the inhomogeneous spatial distribution of the observations examined
in this study, the results are critical for investigating the spatio-temporal patterns and
differences in snow density between the TP and the Arctic. Therefore, the results of this
study will enhance our understanding of the regional characteristics and discrepancies in
snow density, particularly those occurring in cold and remote regions where monitoring
is sparse.
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