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1 | INTRODUCTION

Snow plays an important role in the global energy and
water cycle and indicates changes in the global climate

Pengfeng Xiao'”> | Xueliang Zhang'

Abstract

Investigating the spatial and temporal changes in snow cover over mountain
areas is significant for understanding the impact of regional climate variability.
In this study, using cloud-removed snow cover data, which are generated
based on Moderate Resolution Imaging Spectroradiometer (MODIS) daily
snow cover products, the spatiotemporal changes of snow cover fraction (SCF)
and its relationship with temperature and precipitation changes from 2002 to
2020 were examined over Altai Mountains, China. The results demonstrate
that the distribution and changes of SCF are highly spatiotemporally heteroge-
neous. Within a year, the maximum SCF occurs in January at 98.6%, and the
minimum appears in July at 8.7%. The annual-mean SCF shows an increasing
trend at 0.09%-annum™", owing to the significantly increasing SCF in the snow
accumulation period at 0.5%-annum~' and the decreasing SCF in the snow
melting period at —0.2%-annum™". The SCF distribution, as well as its inter-
annual change, is greatly influenced by elevation. During the snow cover
period, a positive linear correlation between SCF and elevation is found at
0.02%m~" (p <.01). The annual-mean SCF decreases in the area below
1,200 m, whereas it increases in the area above 1,200 m. Accordingly, the
elevation-dependent SCF results in various SCF distributions on different
slopes and watersheds. The SCF shows an apparent pattern in different
aspects, with similar SCFs between the north and east aspects and between the
west and south aspects but a difference between the northeast aspects and the
westsouth aspects. The SCF is negatively correlated with air temperature
(r = —0.74, p < 0.01) and positively correlated with precipitation (r = 0.74,
p < 0.01). In addition, temperature shows a significant and larger correlation
with SCF in both the snow accumulation and melting periods, indicating the
major factor of temperature for the changes in SCF.
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and mass movement (Zhang et al., 2019a). Snowmelt run-
off is an important water source to alleviate spring
drought (Dettinger and Cayan, 1995; Ding and
Qin, 2009). Mountainous snowmelt provides water to

Int J Climatol. 2022;42:7213-7227.

wileyonlinelibrary.com/journal/joc © 2022 Royal Meteorological Society | 7213

85U801 7 SUOILIOD BA1FeR1D) 3[eot|dde 8Ly Aq peusenob ale S9|oILe YO ‘88N 4O S3|n1 10} AReiq T 3UIIUO A8|IA UO (SUORIPUOD-PUB-SLLBI LD A8 | 1M ARIq RUIIUO//SAIY) SUORIPUOD PUe SWiB | 8U1 89S *[z20z/TT/TZ] Uo A%eiqiauluo A8 |Im ‘AsieAlun ryoH Ag 09, '20(/200T 0T/10p/w00" A3 1M AReiq Ul JUO'S1BWL/SARY WOl papeoiumoq ‘vT ‘2202 ‘8800260T


https://orcid.org/0000-0002-0701-1082
https://orcid.org/0000-0001-6188-0257
mailto:xiaopf@nju.edu.cn
http://wileyonlinelibrary.com/journal/joc

7214 International Journal

RMetS

QIN ET AL.

of Climatology

more than one-sixth of the global population (Barnett
et al., 2005), with Xinjiang accounting for one-third of
China's snowmelt water (Li, 1988). Snowstorms, floods,
and other disasters may result from changes in snow
accumulation or melting.

In mountain areas, the impact of topography on the
snow cover distribution and change should not be over-
looked (Beniston, 2012). Previous studies revealed that
the altitude of mountain areas influences snow phenol-
ogy changes. The increased winter temperature results in
less snow in the low-to midlatitudes and more snow in
high latitudes (McCabe and Wolock, 2010). The length of
the snow free season in the middle Tibetan Plateau
shortens as the altitude increases (Gao et al., 2012). The
snow cover fraction (SCF) and snow cover duration
(SCD) generally tend to increase with elevation (Tang
et al., 2017; Marke et al., 2018). Slope and aspect also
affect snow cover changes (Guo and Li, 2015; Yi
et al., 2016; Li et al., 2019).

There is a strong interaction between snow cover and
climate, especially temperature and precipitation, affecting
both spatial and temporal snow cover changes (Immerzeel
et al., 2010; Wang et al., 2015; Notarnicola, 2020). Snow
cover extent and duration will decrease as a result of global
warming (Li et al., 2019). A strong negative correlation was
found between interannual changes in snow cover and
the surface temperature on the Tibetan Plateau
(Li et al., 2018a; Tang et al., 2013), whereas different results
of studies on the correlation between snow cover and pre-
cipitation are found (Bamzai and Shukla, 1999; Qin
et al., 2006). In northern Xinjiang of China, a negative cor-
relation between snow cover extent and temperature has
been found during accumulation and melt processes (Wang
et al., 2008). The correlations between snow phenology,
temperature, and precipitation vary in different elevation
zones in the Central Tianshan Mountains (Wu et al., 2019;
Wang et al., 2021). The variation in temperature and precip-
itation would lead to changes in the hydrological process,
which results in the redistribution of water resources
(Li et al., 2018b), so the correlation between snow cover and
temperature and precipitation needs to be investigated.

Altai Mountains, which connect four countries in
Central Asia with a high elevation, are crucial in the
global hydrometeorological system. The complex terrain
leads to the difference of snow depth on windward slopes
and leeward slopes (Zhong et al., 2021b), but the impact
of slope and aspect on SCF is unknown. Furthermore,
Altai Mountains are the areas where snowstorms and
snowmelt floods occur frequently (Shen et al., 2013). The
airstreams of the Arctic Ocean and the Atlantic Ocean
provide the majority of the water vapour precipitation in
Altai Mountains (Zhang et al., 2018), and snowmelt water
accounts for 36.9% of the annual runoff in the headwaters

of the Irtysh River in Altai Mountains, China (Zhang
et al., 2017), which can partially cause global climate
changes. Research shows that precipitation and tempera-
ture show significant upward trends in Altai Mountains,
China (Zhang et al., 2018), which would affect the hydro-
logical process change in the whole Altai Mountains, and
the change trends vary in different regions and seasons.
The snow cover duration decreased in the southeastern
Altai Mountains, China, based on the sampling collection
and analysis of field observation data, while the total
snowfall quantity and the maximum snow depth
increased (Zhang et al., 2017). This means that snow
accumulates and melts at a faster rate, as evidenced by
other studies (Zhong et al., 2021a), which may result in
more severe snow disasters. With the development of
remote sensing technology, the increasing snow cover
duration was found resulting in a decrease in surface
temperature in the Altai Mountains, Russia (Van De
Kerchove et al., 2013). Therefore, more studies on the
change and distribution of SCF in the Altai Mountains,
China, are needed.

The change in snow cover shows indicative significance
to hydrological and meteorological changes. In this study,
the Moderate Resolution Imaging Spectroradiometer
(MODIS) daily snow cover products are first processed to
derive 8-day cloud-removed SCF data; then, the accuracy of
the 8-day cloud-removed SCF data is evaluated by compar-
ing the data with the snow cover data extracted from
Landsat-8 Operational Land Imager (OLI) images. Subse-
quently, the spatiotemporal changes in SCF, as well as the
effect of elevation on SCF, are studied using 8-day cloud-
removed SCF data. Finally, the possible relation between
SCF and two main climate parameters, temperature, and
precipitation, is explored. The specific aims are to (a) clarify
the spatiotemporal changes in snow cover from 2000 to
2020 using remote sensing data, (b) illustrate the influence
of terrain (elevation, slope, and aspect) on snow cover pat-
terns and changes, and (c) explore the correlations with
temperature and precipitation for snow cover changes
supported by meteorological station data.

2 | STUDY AREA

The study area is located in northern Xinjiang Province,
China. Altai Mountains, which lie between 85°-90°E and
46°-50°N and stretch from the border of China's northern
border to the mainstream of the Irtysh River in the south,
are selected (Figure 1). The study area covers an area of
81,300 km?, with elevations ranging from 409 to 4,312 m.
The tributaries of the Irtysh River divide it into four water-
sheds: Haba River Watershed (HRW), Burqin River Water-
shed (BRW), Crane River Watershed (CRW), and KalaErzis
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River Watershed (KRW), which account for 20.8, 30.3, 24.8,
and 24.1% of the study area, respectively.

Habahe station (48°3'N, 86°24’'E) and Altay station
(47°44'N, 88°5'E) are two national meteorological stations
in the study area, with altitudes of 533 and 735 m, respec-
tively. The annual-mean temperature and precipitation
are 5.3°C and 230 mm, respectively, based on climate data
from the two meteorological stations during the study
period. The monthly mean temperature reaches a maxi-
mum (23°C) in July and a minimum (-—15°C) in January.
The bimodal distribution of monthly average precipitation
presents a maximum in July (25 mm) and November
(27 mm) and a minimum in February (11 mm).

3 | DATA

3.1 | MODIS snow cover products

The daily snow cover products MOD10A1(V006) (from
Terra) and MYD10Al (from Aqua) (Hall et al., 2016)
derived from MODIS are employed to investigate the spatio-
temporal changes in SCF. The study period from September
1, 2002 (the beginning of the first snow year) to August
31, 2020 (a total of 18 years) was selected since Aqua was
successfully launched on May 4, 2002. The spatial resolu-
tion is 500 m. The two MODIS snow cover products are
derived by SNOMAP (Hall et al., 1995), a snow mapping
algorithm based on Normalized Difference Snow Index
(NDSI). The quality band “NDSI_Snow_Cover_Basic_QA”
in this product is used for quality control of MODIS snow
cover products.

The NDSI identifies snow based on the spectral differ-
ences of the reflectance between snow and clouds in the vis-
ible and shortwave infrared bands. The SNOMAP algorithm
sets the threshold of NDSI and eliminates the influence of
water and forest cover on snow detection (Chen et al., 2010;
Jiang and Wang, 2017). The algorithm is as follows:

NDsI="4""¢ (1)
ra+re

where r4 is the reflectance in MODIS band 4 (0.545-
0.565 pm) and rg is that in band 6 (1.628-1.652 um). The
conditions for detecting snow are as follows:

(NDSI> 0.4) N (ry > 0.1) N (r4 > 0.1), 2)

where r, is the reflectance of MODIS band 2 (0.841-
0.876 pm).

The SNOMAP algorithm improves snow detection,
but weather conditions still have an impact on the accu-
racy of snow cover products (Hall and Riggs, 2007). In
northern Xinjiang Province, the mean accuracy of snow
cover identification in MODIS daily snow cover products
is 33.7%, but it is 87.3% in MODIS 8-day composite snow
cover products (Huang et al., 2007).

3.2 | Landsat-8 OLI images

The Landsat-8 OLI images are used to evaluate the accu-
racy of the MODIS 8-day cloud-removed snow cover
products. The images are provided by the United States
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Geological Survey (USGS) with a revisit interval of
16 days and underwent atmospheric correction and topo-
graphic correction. Each image contains seven bands,
including visible, near infrared, and shortwave infrared
bands, with a spatial resolution of 30 m. The study area is
covered by seven tiles of Landsat-8 OLI images, including
h145v26, h144v26, h143v26, h145v27, h144v27, h143v27,
and h142v27. During the study period, 157 days of images
are selected.

3.3 | Elevation data

Digital Elevation Model (DEM) data are used to examine
the influence of elevation on SCF change. The DEM data
are derived from the Shuttle Radar Topography Mission
(SRTM) data from the Jet Propulsion Laboratory (JPL)
(Farr et al., 2007). Based on elevation data, the SRTM
provides a high-resolution digital topography database
with spatial resolutions of 30 m, 90 m, and 1 km. Eleva-
tion data with a 30-m resolution are used in this study
(see Figure 1). Based on the physical regionalization and
the area proportion of different elevation zones, the ele-
vation data are reclassified into four elevation zones:
<1,200 m (zone A), 1,200-2,300 m (zone B), 2,300-
3,000 m (zone C), and >3,000 m (zone D). The propor-
tions of the four watersheds and the study area belonging
to different elevations are shown in Table 1.

The slope and aspect are calculated using the eleva-
tion data. The study area is divided into three slope zones
and four aspect zones based on the distribution charac-
teristics of the slope and aspect. The area proportions of
the slope zones and aspect zones in the study area are
shown in Table 2. The slope zones are derived from the
combination of adjacent zones with similar annual and
interannual change trends of SCF, with the area with a

slope greater than 15° accounting for a relatively small
proportion of the total. The south and west slopes are
approximate twice the proportion of the north and east
slopes in terms of area.

3.4 | Meteorological data

The temperature and precipitation data from the Habahe
and Altay meteorological stations are used as the meteo-
rological data. The monthly mean temperature and pre-
cipitation data of the meteorological stations are collected
from the National Meteorological Information Center
(http://data.cma.cn). Due to the similarity of the geo-
graphical environments of the two meteorological sta-
tions, the mean temperature and precipitation data of the
two meteorological stations are used to represent those of
the study area.

4 | METHOD

41 | Combining 8-day cloud-removed
snow cover product

The cloud obscuration of MODIS daily snow cover prod-
ucts must be removed to make the calculated snow cover
fraction closer to the surface condition under clouds (Xie
et al., 2009; Paudel and Andersen, 2011; Li et al., 2017).
The mean cloud cover percentage of the study area is
47.9% for the Terra product and 49.2% for the Aqua prod-
uct. Based on the difference in transit time between the
Terra and Aqua platforms, which is 1030 LST in Terra
and 0130 LST in Aqua, the cloud coverage could be
decreased by combining MOD10A1 and MYD10A1. The
influence of clouds in single-day data can be further

Elevation zone HRW BRW CRW
A 67.43 19.76 68.04
B 27.39 43.35 22.01
C 5.07 33.03 9.73
D 0.11 3.86 0.22

TABLE 1 Area proportions (%) of

KRW Study area
the four watersheds and the study area
2249 4235 in the four elevation zones
51.00 36.48
24.50 19.36
2.01 1.81

TABLE 2 Area proportions (%) of the three slope zones and the four aspect zones in the study area

Slope zone Aspect zone
North (315°-360° and East South West
Zone <5° 5-15° >15° 0°-45°) (45°-135°) (135°-225°) (225°-315°)
Area 4536 3561 19.03 16.32 19.02 34.44 30.22

proportion
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removed by combining the data on multiple dates (Dietz
et al., 2012).

Therefore, an 8-day combining method is proposed to
obtain the MODIS cloud-removed snow cover product. The
cloud removal process is implemented in three steps. First,
the quality flag band “NDSI_Snow_Cover_Basic_QA” is
used to select the pixels with high confidence in the MODIS
snow cover products. Selecting the pixels with a value of
0 or 1 in the quality flag band represents that the pixels are
of best or good quality. Then, the pixels corresponding to it
in MODIS snow cover products are extracted as the pixels
with high confidence. Second, all images in MOD10A1 and
MYD10A1 are divided into two types of pixels: snow and
nonsnow. Third, the images are combined every 8 days
using the following prioritization scheme: snow has prior-
ity, which means that if a pixel in any input image is snow,
the pixel will be snow in the combined image at the same
position. Finally, the cloud-removed snow cover product
from 2002 to 2020 was generated, which includes
776 images.

4.2 | Generating reference data for
accuracy assessment

The reference data are generated based on Landsat-8 OLI
snow cover data using the snow-mapping algorithm
SNOMAP (Hall et al., 1995) from Landsat-8 OLI images.
The equation is shown as follows:

r3—r,
NDSI=—>—-2, (3)
r3+reg

where r; is the reflectance in Landsat-8 OLI band
3 (0.53-0.59 um) and rg is that in band 6 (1.57-1.65 pm).
The condition for detecting snow is as follows:

(NDSI>0.4)N(rs>0.1)N(r;>0.1), (4)

where rs is the reflectance in Landsat-8 OLI band
5 (0.85-0.88 pm). The spatial resolution of the Landsat-8
OLI snow cover data is resampled from 30 to 500 m, with
pixels labelled as snow when more than half of them are
covered by snow (Hall et al., 2002).

It is noted that the snow observation data of the mete-
orological stations are not used for assessing accuracy.
The possible biases caused by elevation, slope, and aspect
may be overlooked when using these data to assess accu-
racy because of the difference in scales and the uneven
distribution of meteorological stations. The wuse of
Landsat-8 OLI snow cover data can compensate for the
uncertainty in accuracy assessment (Salomonson and
Appel, 2004; Huang et al., 2011).

of Climatology

4.3 | Accuracy assessment of the cloud-
removed snow cover product

The generated reference data are used to assess the accura-
cies of the cloud-removed snow cover products in different
elevation zones. The confusion matrix is used to calculate
the overall accuracy (OA), precision (P), and recall (R). OA
indicates the fraction of correctly classified pixels among all
pixels, P indicates the fraction of correctly classified snow
pixels among the classified snow pixels, and R is the frac-
tion of snow pixels that are classified. The formulas are as
follows:

TP+TN
A= s
© TP+FN+FP+TN (5)
TP
P=—:, (6)
TP+FP
TP
R=—, (7)
TP+FN

where TP is the count of snow pixels that are classified as
snow, TN is that of nonsnow pixels that are classified
as nonsnow, FP is that of nonsnow pixels that are classified
as snow, and FN is that of snow pixels that are classified as
NONSNOW.

44 | Methodology of snow cover changes
The SCF and proportion of snow cover days (PSCD) from
cloud-removed snow cover product are used to present
the spatiotemporal distribution and changes in snow
cover. The SCF in a given region is expressed as

SCF= (ﬁ-) 100%, (8)

a

where N; is the number of snow cover pixels and N, is
the number of all pixels.

The monthly mean and annual-mean SCF are derived
to investigate the snow cover changes at different time
scales. Because the temporal resolution of the cloud-
removed snow cover product is 8 days, the monthly mean
SCF is calculated as

18 NMym

>~ > SCFymi

y=1li=1

SCF,,=
" Ry X 18

©)

where SCF,, is the monthly mean SCF in month m;
SCFy; is the SCF of image i in month m in year y; nyy, is
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the number of images in month m in year y; and 18
means that a total of 18years of snow cover data
are used.

The annual-mean SCF is derived as

oy
S SCF;

SCF, = % (10)
y

where SCF, is the annual-mean snow cover data of year
¥; SCFy; is the SCF of image i in year y; and n, is the
number of images in year y.

The proportion of snow cover days (PSCD) in a pixel
is the proportion of the snow cover days to the total days.
The PSCD during a given period is calculated as

D
PSCD= (HS> x100%, (11)

t

where Ds is the number of snow days and D; is the num-
ber of total days.

Linear regression analysis methods are used to simu-
late the change trend of a time series. The least square
regression method is employed to calculate the change
trends of SCF under different spatiotemporal conditions.
The slope (s) of the least squares line fitting of SCF is
expressed as

s= MY XY= i XD im Vi

3 (12)
ny X% = (Zinzlxi)

where s is the slope of the least square line fitting; X; is
the series number for the years from 2002 to 2020 or the
elevation divisions; n is the cumulative number of years
or elevation divisions; and y; is the value of SCF in the
year or in the elevation division x;.

4.5 | Linkage between snow cover and
precipitation and temperature

Pearson correlation analysis is used to evaluate the linear
correlation between SCF and temperature and precipita-
tion. Pearson correlation coefficient (r) is expressed as

- 2 iy (Xi=X) (851 —5) ’
\/Z?:l(xi _2)2\/21‘":1(51' _5)2

(13)

where ry is the correlation coefficient between x and s; x
denotes the value of the climate factor; s denotes the

SCF; X and s are the mean values of x and s, respectively;
and n is the number of samples.

The significance levels (p) of the analyses in change
trends and correlation are presented, in which the corre-
lation is considered significant if it is at the 5 or 1% confi-
dence level.

5 | RESULTS

5.1 | Accuracy of the cloud-removed
snow cover product

The cloud-removed snow cover product is evaluated by
comparing the cloud cover fraction before and after cloud
removal, as shown in Figure 2. The cloud cover fraction
before cloud removal is represented by the mean value of
that in MOD10A1 and MYD10A1 on the same date. The
cloud cover fraction decreases during most of the study
period. The mean cloud cover fraction decreases from
48.2 to 20.4%, and it decreases obviously from 50.5 to
15.3% during the period from September to May of the
next year. The mean cloud cover fraction decreases
slightly by 8.8 percentage units from June to August. This
result suggests that it is effective to reduce the cloud
cover fraction from snow cover data, especially during
the snow season.

A confusion matrix is used to assess the accuracy of
the cloud-removed snow cover data in different elevation
zones and periods, and the one from September to May
of the next year is shown in Table 3. The P and R in the
whole study area are 72.0 and 95.0%, respectively, from
September to May of the next year. With increasing ele-
vation, P and R show downward trends with a peak in
zone B and upward trends with a valley in zone C,
respectively. The OA reaches the maximum (88.6%) and
minimum (70.0%) in zones A and B, respectively. The
accuracy assessment shows that the cloud-removed snow
cover product is reliable for monitoring SCF changes in
the study area.

5.2 | Temporal change of snow cover
fraction

The annual cycle of SCF shows strong seasonal change as
shown in Figure 3a. The mean SCF over the study area is
approximately 52%. The highest SCF occurs in January,
reaching 98.6%, while the lowest appears in July, at
approximately 8.7%. From the middle of September to
the end of May, the SCF is greater than 20%. Relatively
large interannual deviations are found in this period
except in December-February when the study area is
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FIGURE 2 Cloud cover fraction —— Cloud-removed data —— MODIS daily data
of the snow cover data before and 100
after cloud removal from 2002 = [
= L
to 2020 [Colour figure can be viewed = 8
at wileyonlinelibrary.com] ie) I \
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TABLE 3
in the four elevation zones during September-May of the next year
from 2002 to 2020

Accuracy of the cloud-removed snow cover product

Elevation zone P (%) R (%) OA (%)
A 79.7 92.7 88.6
B 60.1 95.7 70.0
C 77.8 99.1 79.2
D 74.1 97.8 74.5
Overall 72.0 95.0 79.0

nearly completely covered by snow. The SCF is approxi-
mately 10% in June and subsequently decreases to below
10% in July and August, with a small interannual
change.

Figure 3b shows the interannual change in SCF in the
five subperiods, and the linear trends (slope, %-annum™") of
that in each month are presented in Table 4. Five subpe-
riods are divided based on the abovementioned seasonal
change, including the snow accumulation period (SAP,
from September to November), snow stable period (SSP,
from December to February), snow melting period (SMP,
from March to May), snow free period (SFP, from June to
August), and snow cover period (SCP, from September to
May of the next year). The interannual fluctuation of SCF
in SCP is between 59 and 72% and shows upward trends at
0.09%-annum L. In SAP and SMP, the fluctuations in the
annual-mean SCF show large interannual changes, whereas
those in SSP and SFP are lower. In SAP, the SCF increases
with snow accumulation, and the spread of the annual-
mean SCF is between 32 and 52%, with a significant
upward interannual trend of 0.5%-annum™". Increases also
occur in all months of SAP, especially in September and
October, with significant increases at 0.47 and 0.87%-
annum™', respectively. The spread of SMP is between
45 and 74% with an abnormally high value in 2010. This
may be caused by the abnormal snowstorms in January of
that year, which make the snow amount at the beginning

Date

of the year larger than in other years. A downward trend of
SCF is found in SMP at —0.2%-annum™". Accelerated snow
accumulation in SAP has a greater influence on the
increase in SCF during SCP than accelerated snow melting
during SMP. This would impact both agricultural irrigation
and industrial production. The risk of flood disasters
increases in SMP, and the acceleration of snow accumula-
tion leads to snow disasters in SAP.

5.3 | Spatial distribution of snow cover
fraction

The annual cycle and interannual change in SCF in the
four elevation zones are analysed to investigate the distri-
bution and change trend of SCF at different elevation
zones (Figure 4). The peak annual SCF is close to 100%
for all elevation zones in SSP, whereas the differences in
SCF between the four elevation zones are mainly
reflected in the snow accumulation and melting pro-
cesses. With increasing elevation, the onset of snow melt
tends to delay, and snow accumulation begins earlier. In
zone A, snow starts to accumulate in late September,
reaches a peak (97%) in January, and then rapidly drops
to less than 1% from May to August. In zone B, the SCF
is highest in mid-November and remains steady until
mid-March, and then the snow melts to approximately
10% in mid-June to mid-September. The highest SCF in
zone C remains for 7 months (during mid-October and
mid-May), with the lowest SCF of 18%. In zone D, the
SCF remains the highest value from October to May, and
the lowest value occurs in July at approximately 60%,
which is far higher than that in the other three elevation
zones.

SCF shows opposite interannual change trends above
and below 1,200 m. With the highest range of fluctuation
in the four elevation zones, the SCF in zone A shows a
weakly downward trend at —0.08%-annum™'. With
increasing elevation, the interannual fluctuation in SCF
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TABLE 4 Interannual linear trends (slope, %-annum ") of monthly mean SCF from 2002 to 2020
Period SCP Sep Oct Nov Dec Jan Feb Mar Apr
Slope 0.09 0.97* 0.60* 0.11 —0.16 0.01 -0.04 —0.25 —0.46
Note: *Statistical significance at the 0.05 level.
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FIGURE 3
SCF (a) and interannual change in

Annual cycle of

SCF (b) during the snow cover
period (SCP), snow accumulation
period (SAP), snow stable period
(SSP), snow melting period (SMP),
and snow free period (SFP) over the
study area from 2002 to 2020. The
error bars in (a) show the standard
deviation, indicating the
interannual changes [Colour figure
can be viewed at
wileyonlinelibrary.com]
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FIGURE 4
in SCF (a) and interannual change in
SCF during the snow cover period

Annual cycle change

(b) in the four elevation zones over
the study area from 2002 to 2020
[Colour figure can be viewed at
wileyonlinelibrary.com]

decreases. The SCF increases in zone B at 0.14%- —— Mean —— Maximum Minimum

annum™~'. In zones C and D, the SCF increases signifi- 100 F - ==

cantly at 0.31 and 0.14%-annum™", respectively. 4
The annual-mean SCF is higher at high elevations 801 J

than at low elevations. To show the elevation-related SCF < 60l

distribution, the mean, maximum, and minimum SCF E_’

per 50 m in SCP are calculated (Figure 5). The signifi- B 40l ,

cantly positive correlation between SCF and elevation is y2=9z(5/2x+32.00

confirmed with an equal increase of 0.02%m™". In 20 /'3/';/ 097

zones A, B, and C, the mean SCF increases significantly A Jam—— C D

at 0.02, 0.03, and 0.01%-m™", respectively, with no signifi- 0560
cant correlation with the elevation in zone D. The maxi-
mum and minimum SCFs are positively correlated with
elevation. The maximum SCF increases at 0.03%-m™"
below 800 m and approaches its maximum above 800 m.
The minimum SCF has little correlation with elevation
below 1,000 m but increases significantly at 0.04%-m™"

FIGURE 5

wileyonlinelibrary.com]
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Elevation (m)

Mean, maximum, and minimum SCF at different
elevations during the snow cover period over the study area from
2002 to 2020 [Colour figure can be viewed at

above 1,000 m.
The spatial distribution and the annual change trends
of the annual mean PSCD also show obvious spatial

heterogeneity (Figure 6). PSCD is lower in the south and
higher in the north, and it increases with increasing ele-
vation. The PSCD is less than 30% in the southwestern
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FIGURE 7 Annual cycle change <5° 5~15° > 15°
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part of the study area, lower elevation. The high-value
area of PSCD is mainly distributed in the north, with
100% in the northwest. The change trend of PSCD
decreases in the southwest and increases in the northeast.
The area where PSCD decreases is at a lower elevation
with a lower PSCD, while the area where PSCD increases
is mostly the area with a higher PSCD and elevation.
These trends indicate that the difference of PSCD
between high and low elevation areas increases, and its

spatial heterogeneity would be more obvious. The value
and change trends on SCF and PSCD show similar char-
acteristics. The analysis on PSCD could enrich the under-
standing of the spatial distribution characteristics of SCF.

A higher SCF appears in the zones with steeper slopes
(Figure 7a). In addition, the SCF reaches a peak earlier
and starts to decline later in the steeper slope zone. As
shown in Figure 7b, the interannual change in SCF in
the slope zone below 5° has a slightly decreasing trend at
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(b) over the four watersheds from
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—0.04%-annum™', which is opposite to the two slope
zones above 5°. The SCF increases in the slope zone
between 5° and 15° at 0.17%-annum™}, whereas it
increases significantly at 0.21%-annum™' in the slope
zone above 15°. SCF changes could be closely related to
elevation because the slope tends to be large in high ele-
vation areas.

The SCF shows a descending order from the north-
ern, eastern, western, to southern aspects in Figure 7c,d.
The change trends of both annual and interannual fluctu-
ations in SCF are similar in the northern and eastern
zones, as well as in the southern and western slopes.
However, the SCF changes are different between the
northeast zone and southwest zone. The mean difference
of SCF between the north and east slopes is 0.8% and that
between the south and west slopes is approximately 1.7%.
However, the mean SCF difference between the north-
east slope and southwest slope reaches 5.7%. The inter-
annual SCFs in the northern, eastern, and western
aspects show increasing trends at 0.07, 0.05, and 0.01%-
annum™', respectively. In contrast, the interannual SCF
in the southern aspect shows a decreasing trend at

—0.04%-annum .

5.4 | Change of snow cover fraction
in watersheds

The change trends of SCF in BRW and KRW are simi-
lar due to their close proportion in each elevation zone,
and those in HRW and CRW are also similar for this
reason (Figure 8). From the middle of November-
February, the SCF of each watershed remains at its
peak, with peaks at approximately 96% in HRW and
over 99% in other watersheds. In other periods within a
year, the SCF of BRW is the highest, followed by KRW,
and the SCF of HRW and CRW is the lowest with a dif-
ference of less than 3%. The largest difference in SCFs
among the four watersheds occurs between BRW and

2003 2006 2009 2012 2015 2018

Year

CRW in April and October, that is, in the middle of
SAP and SMP, reaching approximately 47%. The
annual-mean SCFs in BRW (approximately 72-80%)
and KRW (approximately 63-77%) increase at 0.14 and
0.21%-annum ", respectively. The fluctuations of the
annual-mean SCF in HRW and CRW are approxi-
mately 46-64%, with slight downward trends at —0.03
and —0.02%-annum ", respectively.

5.5 | Response of snow cover fraction
to climate factors

SCFs show correlations with temperature and precipi-
tation in terms of both annual and interannual changes
(Figure 9). The monthly SCF trend is inverse to the
temperature trend within a year. The monthly mean
precipitation peaks in November and July, showing a
lagged effect on SCF. The annual-mean temperature
and precipitation increase at 0.02°C-annum™' and
0.14 mm-annum >, respectively, which are consistent
with the trend of SCF.

Tables 5 and 6 present the Pearson correlation coef-
ficients between the SCF and temperature and precipi-
tation at both monthly and annual scales, respectively.
The SCF is mostly negatively correlated with tempera-
ture and positively correlated with precipitation in dif-
ferent months (Table 6). In SCP, the temperature has a
slightly higher correlation coefficient than precipita-
tion, indicating a greater impact on SCF change. The
changes in temperature and precipitation have little
effect on the change in SCF after it reaches its peak in
SSP, leading to insignificant correlations between SCF
and temperature and precipitation. The correlations
between temperature and SCF in SAP and SMP are sig-
nificantly negative and higher than those between pre-
cipitation and SCF, suggesting that temperature
changes during the two periods would accelerate or
retard snow accumulation and melting. Since the

95U8017 SUOWIWOD SA[IE8ID) 3|dedl[dde au Aq peusenob ae sooiLe VO ‘88N Jo S9N J0j AIq1T 8UUO A8]IAA UO (SUOTPUOD-PUE-SUIB)/LID™AB | 1M Aed 1jeulUOY//SANY) SUORIPUOD Pue SWiS 1 81 88S *[2202/TT/Tz] Uo Ariqiaulluo A8|im ‘Aisienlun euyoH Aq 0v92 00 (/200T 0T/10p/woo A3 1m Aiqijpuljuo'siew//sdny Wwolj papeojumod ‘¥T ‘220z ‘8800.60T


http://wileyonlinelibrary.com

QIN ET AL. International Journal 7223
of Climatology
—— SCF Temperature —— Precipitation
100 30 75 _ 60
20 J

0L 50
80 \ s G 65 G T
( 710 87205 8,40§
g 00 £1.5 &% . 2 10 5
L o ®115% W ce %0
O 40 ] = O o =
n ~ Q o ] s Q a
€ 410 9 AL g 420 5
108 @ 50—;—&"'“'/‘ y 5 © o
-10 F a : - [ APk 1, a

20 -5 45| : -{10

OL v vt dogg Jo 40 vttt 1 410 ;0

Sep Nov Jan Mar May Jul 200320062009201220152018
Month Year
FIGURE 9 Monthly mean (a) and annual-mean (b) SCF, temperature, and precipitation over the study area from 2002 to 2020 [Colour

figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Pearson correlation coefficients between the
monthly mean SCF and temperature and precipitation from 2002

to 2020

Month Temperature Precipitation
September —0.64* 0.66*
October —0.54** 0.37
November —-0.74* 0.46
December —0.54** 0.18
January —-0.37 —0.52%*
February —0.37 0.52%*
March —0.84* 0.11
April —0.78* 0.01
May —0.50%* 0.33
June —0.16 0.35
July -0.15 -0.05
August -0.29 0.06

Note: * and ** indicate statistical significance at the 0.01 and 0.05 levels,
respectively.

TABLE 6
mean SCF and temperature and precipitation of different periods

Pearson correlation coefficients between the annual-

Period Temperature Precipitation
SAP -0.39 0.57**

SSP -0.24 0.42

SMP —0.54** 0.31

SFP —-0.27 0.31

SCP —0.74* 0.74*

Note: * and ** indicate statistical significance at the 0.01 and 0.05 levels,
respectively.

interannual change in SCF is mainly caused by the SCF
in SAP and SMP, temperature could play a major role
in the SCF change.

6 | DISCUSSION

6.1 | Impact of terrain on snow cover
fraction

We already know that there is significant spatiotemporal
heterogeneity in the distribution of snow cover over the
study area. The fluctuation trends of SCF at different ele-
vations and subregions are similar to the overall trend in
the study area, but their extreme values and starting and
ending dates in various snow cover periods are different.
The percentage of different slope zones and aspect zones
in each elevation zone is calculated to explore the physi-
cal mechanisms that influence the distribution of snow
cover, as shown in Table 7.

The higher the elevation in the four elevation zones,
the higher its annual minimum and interannual-mean
SCF, showing a correlation between the overall SCF and
elevation in the study area (Figure 4). As shown in
Figure 7a,b, the SCF of different slope zones increases
with increasing slope. Correspondingly, the percentage of
slope zones in higher elevation zones shows a similar pat-
tern. In this case, the SCF in slope zones correlates with
its elevation percentage.

The differences in the annual-mean SCF in different
aspect zones are small, as shown in Figure 7c, which cor-
responds to the smaller differences in their percentages
in the higher elevation zones. In the SAP and SMP, the
differences between northeast and southwest aspects are
larger than in other periods of the year, which may be
because snow cover accumulates (melts) faster (slower)
in the higher elevation zones than in the lower elevation
zones, and also that northeast aspects have a higher share
in higher elevation zones than southwest aspects.

Among the interannual changes in SCF in different
zones, the SCF in 2010 shows anomalously high values.
As shown in Figure 9b, the phenomenon is caused by
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TABLE 7 Area proporti f
Slope zone Aspect zone ea proportions (%) o
the three slope zones and the four
Elevation zone <5° 5°-15° >15° North East South West aspect zones in the four elevation zones
A 72.69 7.53 1.35 15.67 16.03 34.24 26.94
B 16.44 33.46 22.30 28.01 27.40 23.22 23.47
C 6.56 33.59 31.75 30.28 29.89 20.95 22.80
D 4.31 25.42 44.60 26.04 26.67 21.59 26.79

elevated precipitation, which in turn is due to the com-
bined effect of the westerly blowing action and the
greater precipitation in the western part of the study area
in 2010 than in the previous 2 years (Yi et al., 2016),
which is consistent with the conclusions on the correla-
tion between SCF and precipitation in this study.

6.2 | Comparison with previous studies
The results obtained in the study are compared with
those of previous studies, and the potential reasons for
their consistency and inconsistency are discussed. The
maximum and minimum SCFs in the Altai Mountains,
according to our research, occur in the winter and spring,
respectively. Several studies have shown that the highest
and lowest SCFs in the Tianshan Mountains occur in
January-February and August, respectively (Tang
et al., 2017), while the two maximum and relative mini-
mum SCFs in the Tibetan Plateau occur in spring and
autumn and winter (Tang et al., 2013; Li et al., 2018a;
Zhong et al.,, 2021a). This illustrates the regional differ-
ences in climate and topography between the Altai
Mountains and the Tibetan Plateau. Despite their large
latitudinal differences, there are parallels between the
Tianshan Mountains and the Altai Mountains, which are
both mountain areas.

A previous study showed a decrease in snow cover
duration at the meteorological station on the KalaErzis
River (Zhang et al., 2017), whereas the SCF in the lower
elevation zone of the KalaErzis River showed a slightly
increasing trend in our study. The difference between the
two results may be explained by the scale difference
between the data used in the two studies. The results
obtained from the analysis of meteorological station data
would be more consistent with the ground conditions of
the meteorological station but less applicable than those
obtained using remote sensing data, making it difficult to
comprehensively analyse the distribution and change
in SCF.

Another study found that in Altai Mountains, leeward
slopes are more likely to accumulate snow, especially on
north-, east-, and southeast-facing slopes (Zhong

et al., 2021b), which helps to explain the distribution of
SCF in different aspect zones in our study. It was found
that impurities such as soot and dust aerosols indirectly
lead to the accelerated reduction of snow cover over the
western China mountains (Li et al., 2021), and this phe-
nomenon has also been found in the eastern part of Altai
Mountains, China (Zhang et al, 2019a; Zhong et
al., 2021a), but more data are needed to analyse the effect
on the whole study area.

The negative correlation between temperature and
SCF is consistent with the findings in other areas (Tang
et al., 2013; Li et al., 2018a; Schoner et al., 2019); how-
ever, both temperature and SCF in the Altai Mountains
show increasing trends from year to year over the study
period. The studies show that the effect of temperature
change on SCF depends on the correlation between win-
ter temperature and precipitation. When the winter tem-
perature is well below freezing, the change trend of SCF
is more influenced by precipitation than by temperature
(Ye and Mather, 1997; Qin et al., 2006).

6.3 | Limitations and further study

The snow recognition accuracy of the daily snow cover
products MOD10A1 and MYD10A1 may be affected by
many factors, such as complex terrain and cloud cover.
In the area except for zone B, the P of the cloud-removed
snow cover product decreases as the elevation increases,
while R increases. Since the cloud-removal method is
based on snow cover information, the cloud-removal
effect is not obvious in SFP, and there is still a small
amount of cloud cover in the cloud-removed snow cover
product. Remote sensing data with less cloud cover and
at finer spatial resolution can be used in further studies
to analyse the snow cover in the study area.

Two meteorological stations could be found in the
study area, and it was discussed whether the spatial rep-
resentation of the stations was appropriate to represent
the study area. We calculated the correlations between
SCF and meteorological data at different elevations, and
the results show that those correlations are significant in
the study area. A study also showed that the Altay station
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is somewhat spatially representative (Wang et al., 2011).
Moreover, the site data have higher accuracy than
reanalysis data (Hu et al., 2019; Zhang et al., 2019b),
which show significant underestimation in northern
Xinjiang (Shan et al., 2020). Additionally, the spatial reso-
lutions of the reanalysis data are coarser than those of
the snow cover products wused in this study
(Wu et al., 2016). Therefore, meteorological station data
are selected to analyse the correlation between SCF and
meteorological data in this study. More data on tempera-
ture and precipitation at the higher elevation zones in
the study area will be collected in further studies, either
by collection or measurement.

7 | CONCLUSION

In this study, the spatiotemporal characteristics and
change trends of SCF in Altai Mountains, China, from
September 1, 2002, to August 31, 2020, are analysed
based on the MODIS snow cover product, and the rela-
tionships between SCF and temperature and precipita-
tion are also investigated. The distribution of SCF
exhibits large spatiotemporal heterogeneity over the
study area. The maximum (98.6%) and minimum (8.7%)
SCFs occur in January and July, respectively. The mean
SCF in the snow cover period shows an increasing trend
at 0.09%-annum . However, the SCFs in SAP and SMP
show increasing (0.5%-annum " significantly) and
decreasing (—0.2%-annum™") trends, respectively. This
shows that the interannual increasing trend of SCF over
the study area is closely related to the speed of snow
accumulation or melting.

A significant positive linear correlation between SCF
and elevation in SCP is found at 0.02%-m™'. The SCF
decreases in zone A at —0.08%-annum ™" but increases in
zones B, C, and D at 0.14, 0.31%-annum " significantly,
and 0.14%-annum™" significantly, respectively. The influ-
ence of slopes on SCF is based on elevations. The SCF
shows a similar pattern and change between the north
and east aspects as well as between the west and south
aspects but an apparent difference between the northeast
and southwest aspects. Furthermore, the order of the
mean SCF over watersheds is consistent with the propor-
tion of watersheds in the area above 1,200 m, indicating
that elevation is the dominant factor that affects the dis-
tribution of SCF over the study area.

The SCF over the study area shows a significant nega-
tive correlation with temperature (r = —0.74) and a signif-
icant positive correlation with precipitation (r = 0.74). In
SAP and SMP, the temperature is the major factor
influencing the changes in the annual-mean SCF. The
change trends of the two climate factors in these periods

of Climatology

will affect the processing of snow accumulation and snow
melting in the study area and may increase the occur-
rence of snow disasters or decrease the occurrence of
snowmelt floods.
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