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Abstract

Alpine snow is an important water resource in arid/semi-arid regions and

sensitive to climate change. However, the response of snow phenology to

climate change in different elevations remains unclear in mountain areas

because of limited observation stations. In this study, the vertical difference

of snow phenology and its response to climate change in high mountains

are explored by using multi-source remote sensing data from 2000 to 2019,

taking the north slope of Central Tianshan Mountains as the study area.

The results show that: (1) The temporal changes of snow cover days

(SCD), snow cover onset date (SCOD), and snow cover end date (SCED) in

different altitudes are various and contribute to the general change trends

of the extended SCD, the advanced SCOD, and the advanced SCED from

the hydrological year 2000 to 2018; (2) The snow phenology is significantly

related to the changed temperature and/or precipitation in most altitudes,

except for the SCD and SCOD in high altitudes, where the large temporal

changes of temperature and precipitation lead to the complicated correla-

tions in these altitudes; (3) The altitude threshold of 3600 m is identified to

separate the relative importance of temperature and precipitation for SCD

and SCOD, where the temperature shows a higher importance than precip-

itation below the altitude threshold, and neither temperature nor precipita-

tion shows constant higher importance above the altitude threshold. As for

SCED, the temperature is consistently more important than precipitation in

most altitudes.
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1 | INTRODUCTION

Mountainous areas account for approximate one fifth
of the earth's land area (Kräuchi et al., 2000). Moun-
tainous snow cover is sensitive to climate change and

plays a vital role in ecosystems and hydrological cycles,
as well as providing fresh water for the downstream of
mountain rivers (Groisman et al., 1994; Armstrong and
Brodzik, 1995; Cayan, 1996; Barry, 2002; Barnett
et al., 2005; Viviroli et al., 2011; Wang et al., 2013). In
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the context of global warming, snow phenology,
which includes the snow cover days (SCD), snow
cover onset date (SCOD), and snow cover end date
(SCED), is one of the sensitive indicators of climate
change and holds great significance in spring water
storage and summer flood disasters (Rango, 1997; Ye
et al., 2005; Wang and Xie, 2009). In addition, snow
phenology characteristics can affect terrestrial ecosys-
tems by changing soil temperature and frozen soil sta-
bility (Sinha and Cherkauer, 2008), and thus respond
to regional climate changes.

Generally, both ground-measured data and remote
sensing data were used to analyse the spatiotemporal
changes of snow phenology (Ye, 2001; Wang and
Xie, 2009; Chen et al., 2015; Ding et al., 2018). It is
noted that due to the scarcity of observation stations
in most mountainous areas over the world, it is diffi-
cult to adequately quantify the spatiotemporal vari-
ability of snow cover in the mountainous regions
purely by station data (Woo and Thorne, 2006; Pu
et al., 2007). The snow products of the Moderate
Resolution Imaging Spectroradiometer (MODIS) have
been widely used to describe the temporal and spa-
tial distribution of snow in mountain areas (Hall and
Riggs, 2007; Liang et al., 2008; Choubin et al., 2019),
showing that the altitude is an indispensable and
important factor influencing the temporal and spatial
distribution of snow phenology (Redpath et al., 2019).
For example, Li et al. (2018) analysed the temporal
and spatial distribution and the trend characteristics
of the snow cover fraction (SCF) in seven upstream
river basins on the Qinghai-Tibet Plateau, finding
that the distribution of snow cover is highly depen-
dent on elevations, with a higher SCF and a later
onset of snow melt at the higher elevation zones
than at the lowers. Sun et al. (2020) used MODIS
daily snow products and 1393 ground observation
stations to carry out the 2000–2016 Eurasian snow
cover spatiotemporal survey, including snow area and
snow phenology, finding that the latitude, longitude,
and altitude are important factors affecting snow
phenology.

In mountain areas, the formation of snow is closely
related to the temperature threshold of 0�C. The Inter-
governmental Panel on Climate Change (IPCC)
reported that the global temperature continues to rise
and is expected to rise by 1.5–5.8�C by the end of the
21st century (IPCC et al., 2018). It is generally believed
that snow cover is expected to decrease owing to the
global warming (Brown and Mote, 2009; Brown
et al., 2010; Harpold et al., 2012; Kapnick and
Hall, 2012). Studies in the past few decades have shown
that SCD, SCF, and snow depth (SD) in the entire

northern hemisphere are decreasing (Brown and
Robinson, 2011; Najafi et al., 2016; Hori et al., 2017).

However, the increased precipitation due to rising
temperatures (Räisänen, 2008), especially in high latitude
and attitude areas will complicate the response of snow
cover to global warming. For example, based on the
observation stations in the European Alps, it was found
that since the late 1980s, SD and SCD have generally
decreased, which is related to the increase of the temper-
ature (Scherrer et al., 2004). The ascent rate of tempera-
ture in the European Alps is twice the average rate in the
northern hemisphere (Auer et al., 2007), and the snow
cover changes at high altitudes become more complicated
due to the increased precipitation (Hammond
et al., 2018). In the Qinghai-Tibet Plateau, the ground sta-
tion data showed that both the SD and SCD presented an
increasing trend from 1961 to 1990, but reversed to a
decreasing trend after 1990 (You et al., 2011; Wang
et al., 2018). In the Tianshan Mountains of Central Asia,
which is an arid and semi-arid region. Aizen et al. (1997)
found that the maximum SD and SCD gradually
decreased from 1940 to 1991 according to the data from
110 stations. By contrary, Ding et al. (2018) showed that
the average and maximum SD increased from 1961 to
2013 in most stations of Tianshan Mountains, Xinjiang,
the spatial scope of which is a part of the study area by
Aizen et al. (1997).

For mountains with sufficient stations that are
continuously distributed in different altitudes, the
elevation-dependent response of snow cover changes to
temperature and precipitation was explored. Several stud-
ies have shown that the correlation between snow cover
and temperature in low-altitude areas is enhanced, while
in high-altitude areas, the correlation between snow and
precipitation is enhanced (Beniston et al., 2003). Scalzitti
et al. (2016) studied the correlation between spring snow
water equivalent (SWE) and temperature/precipitation in
the western mountain areas of the United States, show-
ing that the correlation with temperature decreases line-
arly with height and the correlation with precipitation
increases linearly with height. Besides, the SD of the
Swiss Alps (Mor�an-Tejeda et al., 2013) and the SWE and
SCD of the Rocky Mountains (Sospedra-Alfonso
et al., 2015) also have the similar law. Based on these
studies, it is determined that there is an elevation thresh-
old to determine the relative importance between tem-
perature and precipitation for snow cover (1580–2181 m
for mountain areas in the western United States,
1400 ± 200 m for the Swiss Alps, and 1560 ± 120 m for
the Rocky Mountains). Below the threshold, the negative
correlation with temperature is stronger, and the positive
correlation with precipitation is stronger above the
threshold. It is noted that the highest altitude involved in
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these studies is around 3000 m because of the limitation
of observation stations.

However, most mountains, especially those in the
developing countries, do not have sufficient observation
stations to record the snow information continuously in
different altitudes. Accordingly, remote sensing data pro-
vides another effective perspective to reveal the
elevation-dependent response of snow to climate change.
Bi et al. (2015) and Wu et al. (2019) adopted MODIS
snow cover data to explore the influence of temperature
and precipitation on SCF in different altitudes. Due to
the importance of snow phenology in mountain areas
and the scarcity of observation stations, the snow phenol-
ogy and its response to climate change in different alti-
tudes were explored from a remote sensing perspective.
The northern slope of Central Tianshan Mountains,
Xinjiang, China, is taken as the study area, which is
located in the hinterland of the Eurasian Continental, far
away from seas comparing with the study areas in the
previous related studies, for example, Alps, Rocky Moun-
tains. In addition, the highest elevation of our study area
is higher than 5000 m, which is beneficial from the
remote sensing data without the limitation of station
distribution.

The main objectives of this study are: (1) to validate
the feasibility of exploring elevation-dependent response
of snow phenology to climate change from a remote
sensing perspective; (2) to reveal the distribution charac-
teristics of snow phenology and its temporal
variations at different altitudes; and (3) to understand
the vertical difference of the response of snow phenol-
ogy to temperature and precipitation.

2 | STUDY AREA AND DATA

2.1 | Study area

The study area is located in the northern slope of Central
Tianshan Mountains in Xinjiang, Northwest China
(43�1'20"N–44�26'51"N, 83�24'27"E–87�42'19"E), with an
area of approximately 63,275 km2 (Figure 1). The altitude
ranges from 421 to 5012 m from north to south, and the
characteristics of vertical zonality are considerably clear
(Hu, 2004; Feng et al., 2018). It is the first mountain bar-
rier for Arctic water vapour to enter Central Asia and is
an ideal research area for studying climate change in
northern Central Asia (Aizen et al., 1997). The region is
located in the mid-latitude westerly zone with a typical
continental arid and semi-arid climate. In addition, since
the precipitation is limited, the mountainous snow in this
region serves as an important water source for the oasis
in the lower reaches of mountain rivers, especially in the

spring with large agricultural water consumption
(Hu, 2004; Feng et al., 2018). Hence, understanding the
snow phenology as well as its impactors is of great signifi-
cance to the local climate, water resources, and ecological
environment.

2.2 | Data

Due to the scarcity of observation stations, the remote
sensing data are adopted in this study to provide the
cell-wise information of snow cover, temperature, and
precipitation. To characterize the snow phenology, the
MODIS daily snow cover products MOD10A1 and
MYD10A1 (V6) from 2000 to 2019 are used. The daily
land surface temperature (LST) product MOD11A1 and
the China meteorological forcing dataset (CMFD) are
used to provide the temperature and precipitation infor-
mation, respectively. It is noted the study period of this
study is constrained by CMFD because it only provides
data until 2018. The daily snow depth in nine meteoro-
logical stations and daily temperature and precipitation
in three meteorological stations are used to validate the
accuracy of these products. In addition, 63 Landsat
Operational Land Imager (OLI) images, which cover all
the available Landsat OLI images with cloud cover
<10% in the study area from the hydrological year 2018
to 2019, are also used for validating snow cover data in
high altitude areas because most of the stations are
located in low altitude areas. The Shuttle Radar Topog-
raphy Mission (SRTM) digital elevation model (DEM) is
adopted to divide the study area into 45 altitude belts
with an interval of 100 m, where the region from 4800
to 5012 m is viewed as one belt because of the small
number of cells. Table 1 presents the detailed informa-
tion of each data.

The daily snow cover products MOD10A1 and
MYD10A1 are produced by the snow mapping
(SNOMAP) algorithm, which have been globally vali-
dated with high accuracy and temporal continuity, with a
spatial resolution of up to 500 m (Hall et al., 1995, 2002;
Hall and Riggs, 2007; Parajka and Blöschl, 2008; Huang
et al., 2011; Dietz et al., 2012). The mean LST error of
MOD11A1 is within ±0.6 K in 10 validate datasets
(Wan, 2014). CMFD is the high spatial–temporal resolu-
tion gridded near-surface meteorological dataset in
China, which was made through fusion of remote sensing
products, reanalysis datasets and in-situ station data (He
et al., 2020). We use daily temperature and precipitation
in three stations to verify the accuracy of the LST and
CMFD in our study area, and the results are shown in
Figure 2. The R2 between the LST and station tempera-
ture is 0.888, and that of precipitation is 0.337.
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TABLE 1 Details of the data used in this study

Type Name
Spatial
resolution

Temporal
resolution Time range

Snow cover MOD10A1/MYD10A1 500 m 1 day 1 September 2000 to
31 August 2019

Temperature MOD11A1 1,000 m 1 day 1 September 2000 to
31 August 2018

Precipitation China meteorological
forcing dataset

0.1� 1 day 1 September 2000 to
31 August 2018

Elevation DEM 90 m – –

Temperature &
precipitation

Meteorological
station

– 1 day 1 January 2003 to
30 September
2011

Snow depth Meteorological
station

– 1 day 1 September 2002 to
31 May 2019

– Landsat OLI 30 m 16 days 1 September 2018 to
31 August 2019

FIGURE 1 Location of the northern slope of central Tianshan Mountains in Xinjiang, Northwest China, as well as the elevation and the

location of meteorological stations in this region. S1–S9 record snow depth and S10–S12 record temperature and precipitation [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 2 Scatterplots of meteorological station records against MOD11A1 and CMFD precipitation [Colour figure can be viewed at

wileyonlinelibrary.com]
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3 | METHOD

3.1 | Snow phenology extraction

The snow phenology features of SCD, SCOD, and
SCED are calculated by the daily snow cover products
MOD10A1 and MYD10A1. Since the heavy cloud con-
tamination of the daily products would seriously affect
the accuracy of the extracted snow phenology, the
cloud removal method proposed by Gafurov and
B�ardossy (2009) is firstly applied to obtain cloud-free
products. This method is widely used for MODIS daily
snow products because of its good cloud removal effect
(Tong et al., 2009; Xie et al., 2009).

The cloud-free daily snow cover data are validated by
both Landsat OLI images and meteorological station
data. The SNOMAP algorithm is used to generate the
snow cover map by Landsat OLI images (Hall
et al., 1995). The NDSI threshold is set as 0.4 for both
Landsat OLI images and MODSI snow cover products.
Table 2 shows the confusion matrix by comparing the

cloud-removed MODIS daily products with the Landsat
OLI images and the daily meteorological station obser-
vations, where the station observation with snow depth
greater than or equal to 3 cm is viewed as snow (Yang
et al., 2015). The overall accuracy validated by 2457
station observations is 80.79%, where the main error
comes from the omission error because most of the
stations are located near urban area. The overall accu-
racy validated by Landsat OLI images is 82.67%, where
the main error comes from the commission error
because of the complex terrain in high mountains. The
snow cover maps from MODIS and Landsat OLI are
shown in Figure 3 to visually show the consistency
between them.

The SCD refers to the cumulative number of snow
cover days observed in a hydrological year (1 September
to 31 August of the following year) (Ke et al., 2016;
Notarnicola, 2020). We synthesized the cloud-removal
daily snow cover products into 8 days snow cover data
because of the omission errors validated by station obser-
vations as shown in Table 2. The synthesizing method is

TABLE 2 Accuracies of cloud-free

MODIS snow cover data validated by

meteorological station observations and

Landsat OLI images

MODIS

Landsat OLI

Total

Meteorological stations

TotalSnow Land Snow Land

Snow 268,479 426,838 695,317 661 12 673

Land 70,996 1,669,692 1,740,688 460 1324 1784

Subtotal 339,475 2,096,530 2,436,005 1121 1336 2457

Overall accuracy 82.67% 80.79%

FIGURE 3 Snow cover maps retrieved from MOD10A1, MYD10A1, cloud-free snow cover data, and Landsat OLI image [Colour figure

can be viewed at wileyonlinelibrary.com]
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same as that of producing the MODIS 8 days snow cover
product MOD10A2, in which a synthesized cell is identi-
fied as snow if there is snow in a cell for any day within
8 days. SCD is then extracted from the synthesized 8 days
snow cover data. It is noted that we do not directly use
the 8 days product MOD10A2 to calculate SCD because
the synthesized data from cloud-removed daily products
could achieve higher SCD accuracy. The calculation
method of SCD is as follows:

SCD=8
Xn
i=1

Sið Þ, ð1Þ

where Si represents a pixel value with 1 indicating
snow and 0 non-snow in the synthesized data, and
n represents the number of the synthesized data within
a hydrological year.

The SCOD and SCED are defined as the first day and
the end day of the continuous snow cover days observed
during a hydrological year, respectively (McKay and
Thompson, 1968; Gao et al., 2011; Chen et al., 2015; Sun
et al., 2020). It is noted that using the continuous multi-
day method can reduce the impact of short-term snow
cover on SCOD and SCED. Specifically, the continuous
5-days method is adopted to extract SCOD and SCED
(Choi et al., 2010; Peng et al., 2013; Chen et al., 2015; Sun
et al., 2020). SCOD and SCED are extracted from the
cloud-free daily snow cover products, and the calculation
method is as follows:

SCOD=min tf g j t� 0,m−4½ �and
X4
k=0

St+k=5

( )
, ð2Þ

SCED=max tf g+4 j t � 0,m−4½ �and
X4
k=0

St+k=5

( )
,

ð3Þ

where t indicates a date, m is the number of dates in a
hydrological year, and St represents the value of a pixel
with 1 indicating snow and 0 non-snow. Since the cloud
is not totally removed, the cloud pixel is viewed as snow
for the calculation if there is snow within 5 days, which
could reduce the negative influence of cloud pixels but
brings the additional risk of obtaining advanced SCOD
and delayed SCED.

3.2 | Temporal change trend analysis

The unary linear regression model is adopted for ana-
lysing the temporal change trend of snow phenology,

temperature, and precipitation, where the slope of the
regression line quantifies the temporal change rate
(Equation [4]).

Slope=
n×

Pn
i=1

i×Xi−
Pn
i=1

i
Pn
i=1

Xi

n×
Pn
i=1

i2−
Pn
i=1

i

� �2 , ð4Þ

where i is the serial number from 1 to 19 for the
hydrological years from 2000 to 2018, and Xi is the
pixel value in the ith year, representing the snow phe-
nology, temperature, or precipitation. The greater the
absolute value of slope, the faster the rate of change is
indicated.

3.3 | Mann–Kendall test

We use the nonparametric Mann–Kendall analysis to
test the trend significance (Hamed and Rao, 1998). It
does not require that the snow phenology data obey a
normal distribution, nor does it require that the
change trend is linear. The calculation formula is as
follows:

S=
Xn−1

i=1

Xn
j= i+1

sgn xj−xi
� �

, sgn xj−xi
� �

=

1, xj>xi
0, xj=xi
−1,xj<xi

8><
>: ,

ð5Þ

Z=

S−1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp ,S>0

0, S=0
S+1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Sð Þp ,S<0

8>>>>><
>>>>>:

，Var Sð Þ= n n−1ð Þ 2n+5ð Þ
18

ð6Þ

where xj and xi is the pixel value, n represents the
number of the years. At a given significance level α, when
jZj > jZ1-α/2j, it means that the temporal change trend is
significant.

3.4 | Correlation analysis

The correlation between the snow phenology and the
meteorological factors is calculated by the Pearson corre-
lation method. The Pearson correlation coefficient r is
defined as the product of the covariance of the two vari-
ables x and y divided by their standard deviation as
follows:
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r=
n
P

xyð Þ− P
xð Þ P

yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

x2−
P

xð Þ2� �
n
P

y2−
P

yð Þ2� �q , ð7Þ

where the variable x represents snow phenology,
y represents precipitation or temperature, and n is the
number of variables involved in the operation, which
equals to 18 in this study. The correlation analysis is per-
formed for each altitude belt to show the elevation-
dependent response of snow phenology to climate
change. The correlation coefficient r is tested at the 95%
significance level.

Considering the continuous influence of temperature
and precipitation on snow phenology, the accumulated
precipitation and average temperature in a certain period
from SCOD to SCED are calculated for correlation analy-
sis with the time step of 1 month. However, since we are
not sure which months are sensitive for snow phenology,
the correlation coefficients are compared among different
periods, and the largest r value is chosen as the coeffi-
cient and the corresponding period is viewed as the sensi-
tive period for snow phenology.

4 | RESULTS

4.1 | Validation of the extracted snow
phenology

The snow phenology (SCD/SCOD/SCED) extracted from
cloud-free MODIS snow cover data are evaluated by the
observed snow depth of nine meteorological stations
from 2002 to 2018. As shown in Figure 4, the average
SCD extracted by MODIS is roughly consistent with the
SCD extracted by the meteorological stations and
the average difference between them is approximately
10 days. It is noted that the average difference would

increase to 18 days if directly using the MOD10A2 for cal-
culating SCD. In addition, the average difference would
be 29 days if directly using the daily cloud-free MODIS
snow cover data for calculating SCD.

As for the SCOD and SCED, the data extracted by
the daily cloud-free MODIS snow cover data and the
meteorological stations are also consistent with the
average difference smaller than 4 days. In most cases,
the SCOD extracted by MODIS are later than that of
the meteorological stations and SCED are earlier,
which is mainly because the omission error and the
scale and time difference between station and remote
sensing data. Since the snow is sparsely distributed at
the beginning of snow accumulated period and in the
end of the snow melting period, the MODIS pixel may
not be recognized as snow because of the small snow
fraction while at the same time it is still recorded as
snow by the station, which results in the later SCOD
and the earlier SCED by MODIS than that by meteoro-
logical stations.

4.2 | Temporal change of snow
phenology

The temporal changes of snow phenology, temperature,
and precipitation in the whole region as well as in each
altitude belt from the hydrological year 2000 to 2018 are
calculated and presented in Figure 5.

As shown in Figure 5a, the average SCD in these
years is 160 days with the longest SCD of 177 days in
2010 and the shortest SCD of 139 days in 2001. SCD
shows an overall growing trend at a growth rate of
0.567 day�a−1. The growing trend of SCD in the whole
region is not significant because the SCD change direc-
tion in the middle altitudes is opposite to that in the low
altitudes, and the SCD in the high altitudes remains
almost unchanged, as shown in Figure 5f. The SCD in
the altitude belts between 2600 and 3500 m are signifi-
cantly extended (approximately 1.2 day�a−1).

The average SCOD is on 10 November with fluctua-
tion smaller than 10 days, as shown in Figure 5b. SCOD
is advanced at a rate of 0.429 day�a−1, which is because
the SCOD are advanced in most altitudes, especially in
the middle altitude belts between 1500 and 1900 m with
a significant changing rate of −0.7 day�a−1, as shown in
Figure 5g.

The average SCED is on 14 April with small fluctua-
tion smaller than 10 days, as shown in Figure 5c. The
SCED advances at a rate of 0.319 day�a−1, and the change
in each altitude belt is not significant. In addition, the
SCED in the low and high altitudes are almost
unchanged, as shown in Figure 5h.

FIGURE 4 Comparison of snow phenology between MODIS

and in-situ observations at nine meteorological stations, where the

SCD refers to the left y-axis, and the SCOD and SCED refer to the

right y-axis [Colour figure can be viewed at wileyonlinelibrary.com]
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The extended SCD, together with the advanced
SCOD/SCED may be related to the changed tempera-
ture and precipitation. The temperature in the whole
region significantly increases (0.046�C�a−1) and the

precipitation slightly decreases (−3.421 mm�a−1), as
shown in Figure 5d,e, respectively. This is because the
temperature increases in all altitudes, and especially at
low and high elevation, the change is significant, as

FIGURE 5 Temporal change of the snow phenology (SCD/SCOD/SCED), temperature, and precipitation indicated in the whole region

(a–e) and each altitude belt (f–j) from the hydrological year 2000 to 2018 [Colour figure can be viewed at wileyonlinelibrary.com]
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shown in Figure 5i. The precipitation increases below
1200 m and decreases above it, but the changes of pre-
cipitation in each altitude are all not significant, as
shown in Figure 5j.

Usually, the snow phenology indicated by meteoro-
logical station observation datasets, such as those by Ke
et al. (2016), Ma et al. (2020), and Peng et al. (2013),
shows that the SCD is shortened, the SCOD is delayed

FIGURE 6 Vertical change (a–e) and specialisation (f–j) of the multi-year average of snow phenology (SCD/SCOD/SCED), temperature,

and precipitation from the hydrological year 2000 to 2018 [Colour figure can be viewed at wileyonlinelibrary.com]
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and the SCED is advanced in Northern Hemisphere. It is
noted that most of the meteorological stations are located
at relatively low elevations. As shown in Figure 5f,g,h,
we could find the decreased SCD, delayed SCOD and
slightly delayed SCED in the low elevations by remote
sensing data. Hence, the opposite change trend of SCD
and SCOD in the whole study area may attribute to the
snow cover change in the middle and high elevations.
Similarly, Tang et al. (2017) found a similar change in
Tianshan Mountains by using the MODIS snow cover
products from 2001 to 2015, with an SCD increase of
9.36% and 7.47% in the Northern and Western Tianshan
Mountains, respectively. In addition, we also need to con-
sider the different time periods. For example, the above
three previous studies were from 1952 to 2010 (Ke

et al., 2016), 1970 to 2014 (Ma et al., 2020), and 1980 to
2006 (Peng et al., 2013), while ours is from 2000 to 2019.

4.3 | Vertical distribution of snow
phenology

The temperature and precipitation are changed with
the altitude, which result in the various snow phenol-
ogy at different altitudes. To reflect the vertical differ-
ences, we calculated the multi-year average values of
snow phenology, temperature, and precipitation in each
altitude belt, and the changing curves with altitude are
shown in Figure 6a–e. To further illustrate the spatial
distribution, the multi-year average snow phenology,

FIGURE 7 Sensitive periods for the response of snow phenology to temperature/precipitation in each altitude belt, where the sensitive

period is determined as that with the maximum correlation coefficient between snow phenology and temperature/precipitation. (a), (c), and

(e) are the sensitive periods for SCD, SCOD, and SCED to temperature, and (b), (d), and (f) are the sensitive periods for SCD, SCOD, and

SCED to precipitation [Colour figure can be viewed at wileyonlinelibrary.com]
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temperature, and precipitation are mapped and shown
in Figure 6f–j.

Figure 6a shows that the SCD continues to increase
from 108 to 132 days at a growth rate of 2.4 days�
(100 m)−1 below 1000 m, and almost unchanged between
1000 and 1500 m. There is a small valley in the SCD
curve between 1500 and 2500 m, indicating that the
SCD decreases compared with that in relatively lower
altitudes. This is mainly resulted from the decreased SCD
in the mountain valleys as indicated by Figure 6f, which
may be caused by the higher temperature of the valleys
than the surrounding area, as shown in Figure 6i. The
SCD increases quickly at the rate of 13.2 days�(100 m)−1

between 2600 and 4500 m, and then becomes stable
above 4500 m because of the permanent snow, which
should be related to the glaciers (Zhu et al., 2014), as
shown in Figure 6f. The cross-year fluctuations of SCD
decrease from 76 to 2 days with the increased altitude.

The SCOD generally tends to advance from Julian
day 338 (late December) to 243 (early September) with
the increased altitude but presents different advancing
rates at different altitudes, as shown in Figure 6b. The
advancing rate is only 1.4 day�(100 m)−1 below 1500 m. It
has a small peak between 1500 and 2500 m, which may
be also caused by the relatively high temperature in the
mountain valleys. Then the SCOD advances at the rate of
4.8 days�(100 m)−1 and finally achieves stable above
4500 m. As the altitude increases, the temporal fluctua-
tions of SCOD tends to increase at first, achieves the max-
imum of 54 d around 2700 m, and then turns to decrease
until 4500 m.

The vertical change of SCED is opposite to that of
SCOD. As shown in Figure 6c, the SCED is gradually del-
ayed from Julian day 433 (early March) to 608 (late
August) as the altitude increases. The delay of SCED with
altitude is relatively slow at the rate of 1.6 d�(100 m)−1

below 1000 m, and changes to advance between 1500 and
2500 m like SCD and SCOD. After the altitude of 2500 m,
the delay rate change to be quick at the rate of 8 days�
(100 m)−1 until 4500 m, and then the SCED also becomes
stable. The temporal fluctuations of SCED increase first
and then decrease from 69 to 4 days.

As the altitude increases, the temperature continues
to decrease as shown in Figure 6d. It is noted that the
vertical change rate of temperature for the entire altitude
is 0.6�C�(100 m)−1, and the average temperature is below
0�C above 2700 m. The precipitation gradually increases
with the altitude until 4000 m at the rate of 2.3 mm�
(100 m)−1, and turns to increase quickly above 4000 m at
the rate of 4.4 mm�(100 m)−1, as shown in Figure 6e. The
temporal fluctuations of the temperature tend to decrease
with the increased altitude, while those of the precipita-
tion tend to increase.

4.4 | Vertical difference of the response
of snow phenology to climate change

Since the snow phenology and temperature/precipitation
change with altitude, the correlation analysis between
snow phenology and temperature/precipitation is per-
formed at each elevation belt to reveal the vertical differ-
ence of the response of snow phenology to climate
change. As described in Subsection 3.3, the sensitive
periods for SCD/SCOD/SCED in each altitude belt are
determined as the continuous months with the maxi-
mum correlation coefficient to temperature/precipitation,
as shown in Figure 7. Since the SCOD advances and the
SCED delays with altitude, the sensitive period for SCD
extends from November–March to September–August
with the increased altitude, and the sensitive periods for

FIGURE 8 Correlation coefficients between the snow

phenology of SCD (a), SCOD (b), SCED (c) and temperature/

precipitation in each altitude belt, where the dashed line indicates

the correlation coefficient at the 95% significance level [Colour

figure can be viewed at wileyonlinelibrary.com]
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SCOD and SCED are various in different altitudes
because they are high dependent on the date of SCOD
and SCED, respectively. As for the SCOD, the sensitive
period to temperature/precipitation varies from
September to December as the altitude decreases, and the
most period lengths are only 1 month, as shown in
Figure 7c,d. In addition, the sensitive periods are similar
between temperature and precipitation in most altitudes.
As for the SCED, the length of the sensitive period for
SCED and temperature/precipitation ranges from
1 month to 3 months in different altitudes, and the
length tends to be longer in the middle altitudes, as
shown in Figure 7e,f.

Constrained by the sensitive periods, the correlation
coefficient values between snow phenology and tempera-
ture/precipitation in each altitude are calculated and
presented in Figure 8. In addition, to further illustrate

the influence of the changed temperature/precipitation
on snow phenology, the temporal change rates of temper-
ature/precipitation in the different sensitive periods at
each altitude belt are calculated and shown in Figure 9.

In Figure 8a, the SCD is negatively correlated with
temperature below 3600 m, while it is positively corre-
lated with precipitation below 4100 m. The negative cor-
relation between SCD and temperature indicates that the
lower temperature leads to the longer SCD, and the posi-
tive correlation between SCD and precipitation indicates
that the more precipitation leads to the longer SCD. The
correlations between SCD and temperature/precipitation
tend to decrease along with the increased altitude, which
are significant below 2600 m and not significant above that.
The nonsignificant correlation from 2600 to 3500 m is
because the SCD changes significantly in these altitudes
but at the same time the temperature/precipitation changes

FIGURE 9 Temporal change of the temperature (a, c, e) and precipitation (b, d, f) in the sensitive periods to snow phenology (SCD,

SCOD, and SCED from top to bottom) from the hydrological year 2000 to 2017 [Colour figure can be viewed at wileyonlinelibrary.com]
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are not significant, as shown in Figures 5f and 9a,b. In high
altitudes, the correlations turn to be abnormally positive
for SCD and temperature, and negative for SCD and pre-
cipitation, both of which are not significant. The abnormal
correlations may be caused by the slightly extended SCD
together with the significant increase of temperature and
the large decrease of precipitation in these altitudes.

As shown in Figure 8b, the correlations between SCOD
and temperature are positive in most altitudes except for
those above 4500 m, indicating that the lower temperature
contributes to advanced SCOD. It is noted that most of the
positive correlations below 3500 m are significant, which
may be caused by the decreased (increased) temperature
coincide with the advanced (delayed) SCOD in these alti-
tudes, as shown in Figures 5g and 9e. The correlations
decrease to be non-significant and even to be abnormally
negative above 3500 m, which is because the temperature
increases apparently while SCOD only changes slightly in
these altitudes. The correlations between SCOD and pre-
cipitation are negative in most altitudes and turns to be
abnormally positive in altitudes 2000–2500 m and 3000–
4100 m. The abnormally positive correlation in 2000–
2500 m may be caused by the mountain valleys, where the
temperature is higher than the surrounding area and pre-
vents to new fallen snow to be accumulated. The abnor-
mally positive correlation in 3000–4100 m may be caused
by the coincidence of the advanced SCOD and the
decreased precipitation in these altitudes.

Figure 8c shows that the correlations between SCED
and temperature are all negative, indicating that the
increased temperature contributes to the advanced
SCED. In most cases, the negative correlations are tested
to be significant. On the contrary, the correlations
between SCED and precipitation are almost all positive,
indicating that the decreased precipitation contributes to
the advanced SCED. The positive correlations are only
significant in the middle altitudes from 1600 to 2800 m.

5 | DISCUSSION

5.1 | What is the relation between the
changed SCD and the changed SCOD/SCED
in different altitudes?

We already know that the general change trend of SCD,
SCOD, and SCED in the study area by Figure 5, where
the extended SCD corresponds to the advanced SCOD
and the slightly advanced SCED. However, since the
change rate and the change direction of SCD, SCOD, and
SCED are various in different altitudes, we try to explore
whether the change of SCD in each altitude is mainly
related to SCOD or SCED or both of them.

In the low altitudes below 900 m, the SCD is short-
ened as shown in Figure 5f. Correspondingly, the SCED
is delayed in these altitudes as shown in Figure 5h that
should lead to longer SCD. However, as the SCOD is
advanced (Figure 5g), the SCD is correspondingly short-
ened. In this case, the shortened SCD could be mainly
related to the SCOD in these altitudes.

In the altitudes between 900 and 4500 m, the SCD is
extended. We can see that the SCD change rate in different
altitudes corresponds very well to the SCOD change rate,
where the larger SCOD advancement rightly corresponds
to the higher SCD increase significantly. This indicates
that the SCD change in these altitudes could also be
mainly related to the SCOD. The change of SCED in these
altitudes further supports the indication. The SCED is
slightly delayed between 900 and 1400 m, which has little
influence on the SCD. The SCED advances from 1400 to
4500 m, which should theoretically lead to the shorter
SCD, but the SCD is actually extended in these altitudes.

As for the high altitudes above 4500 m, the temporal
change of SCD is almost zero because of the permanent
snow, where the SCOD and SCED are also almost
unchanged as shown in Figure 5.

5.2 | Which is more important for snow
phenology in different altitudes:
temperature or precipitation?

According to the vertical distribution of snow phenology
and temperature/precipitation as shown in Figure 6, we
can know that, as the altitude increases, the extended
SCD, the advanced SCOD, and the advanced SCED coin-
cide with the gradually increased temperature and
decreased precipitation. In addition, considering the tem-
poral change of temperature and precipitation in the sen-
sitive period for each snow phenology measure, in most
altitudes, snow phenology, including SCD, SCOD, and
SCED, are significantly related to the changed tempera-
ture and/or precipitation, except for the SCD and SCOD
in high altitudes, where the precipitation apparently
decreases and the temperature apparently increases
together with the small changes of snow phenology,
which may result in the complicated correlation relation-
ship between snow phenology and temperature/
precipitation in these altitudes, as shown in Figure 8. A
remaining question is to discriminate the relative impor-
tance between temperature and precipitation for snow
phenology in different altitudes.

As for SCD, we could find that the temperature is
more important than precipitation below 3600 m indi-
cated by the larger correlation efficients. Above 3600 m,
the correlations between SCD and temperature/
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precipitation become complicated and neither of them
shows overwhelming importance than the other. Accord-
ingly, the 3600 m is assumed as an altitude threshold to
discriminate the relative importance of temperature and
precipitation for SCD, because both the temperature
and the precipitation changes above 3600 m become
larger than those below 3600 m (Figure 9a,b), which
result in the complicated correlations above 3600 m.

In terms of SCOD, the correlations to temperature are
significant and apparently higher than those to precipita-
tion below 3600 m, indicating the higher importance of
temperature in these altitudes. The correlations between
SCOD and temperature/precipitation also become com-
plicated above 3600 m and neither of them indicates con-
sistent higher importance than the other, which is also
caused by the larger changes of temperature and precipi-
tation above 3600 m (Figure 9c,d), similar to that for SCD
as described above. Accordingly, the 3600 m is also
assumed as the altitude threshold to discriminate the rel-
ative importance of temperature and precipitation
for SCOD.

As to SCED, the correlations between SCED and tem-
perature are significant in most cases and apparently
higher than those between SCED and precipitation in
almost all altitudes, indicating the more importance of
temperature in different altitudes.

As a whole, we identify an altitude threshold of
3600 m to separate the relative importance of temper-
ature and precipitation for SCD and SCOD, where the
temperature shows a higher importance than precipi-
tation below the altitude threshold, and neither tem-
perature nor precipitation shows constant higher
importance above the altitude threshold because the
correlations between SCD/SCOD and temperature/
precipitation become complicated. As for SCED, the
temperature is consistently more important than pre-
cipitation in most altitudes. The situation of separat-
ing the relative importance of temperature and
precipitation on snow phenology is somewhat different
to the previous studies, for example, by Mor�an-Tejeda
et al. (2013), Scalzitti et al. (2016), and Sospedra-
Alfonso et al. (2015), where they usually find a single
elevation threshold and indicate the higher impor-
tance of temperature below the threshold and the
higher importance of precipitation above the thresh-
old. The reasons for the difference could be as follow-
ing: (1) The different snow cover indicator between
snow phenology and snow mass; (2) The higher alti-
tude in this study and the different climate condi-
tions; (3) The special changes of temperature and
precipitation at different altitudes in this study area,
especially the larger increase of temperature and the
larger decrease of precipitation in high altitude areas.

5.3 | Uncertainty of data

The daily snow cover products MOD10A1 and MYD10A1
could be affected by many factors, for example, complex
terrain, cloud obscuration, and vegetation cover. Even
though the cloud contamination has been removed, there
are still omission errors in low altitude areas indicated by
meteorological stations and commission errors in high
altitude areas indicated by Landsat OLI data. MODIS
snow products may underestimate the snow in forested
areas (Hall and Riggs, 2007). There are several forest
areas in the middle altitudes of the study area, which
may bring additional errors to the calculated snow phe-
nology besides the cloud contamination. In addition, the
accuracy of the calculated snow phenology is not able to
be validated in high altitude areas because of the lack of
meteorological stations in these altitudes.

The accuracy of the daily surface temperature product
MOD11A1 has been globally verified, and the error could
achieve to be less than ±1 k (Bosilovich, 2006; Wan, 2014).
However, since the surface temperature could be affected
by topography, vegetation and other factors, even though
the surface temperature has been proved to be of signifi-
cant correlation with air temperature (Zheng et al., 2017),
the air temperature products with high-spatial and
-temporal resolutions are required for improving this
study. The CMFD precipitation products have strong tem-
poral and spatial continuity and high accuracy in China
(He et al., 2020), but the spatial resolution of 0.1� is still
coarser compared with other products used in this study.
Therefore, there is an urgently need for precipitation prod-
ucts with both high accuracy and high spatial resolution.

6 | CONCLUSIONS

Multi-source remote sensing data were used to explore the
elevation-dependent response of snow phenology to tem-
perature and precipitation in the north slope of Central
Tianshan Mountains, China. The vertical and temporal
changes of snow phenology (SCD/SCOD/SCED) and tem-
perature/precipitation were firstly analysed, and then the
correlation between snow phenology and temperature/
precipitation was analysed based on the sensitive periods to
reveal the elevation-dependent response as well as its verti-
cal difference. The results show that: (1) The SCD, SCOD,
and SCED tend to be extended, advanced, and slightly
advanced from the hydrological year 2000 to 2018, respec-
tively, but the temporal changes of them are various in dif-
ferent altitudes and contribute to the general change
trends; (2) The snow phenology is significantly related to
the changed temperature and/or precipitation in most alti-
tudes, except for the SCD and SCOD in high altitudes,
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where the large temporal changes of temperature and pre-
cipitation lead to the complicated correlations in these alti-
tudes; (3) The altitude threshold of 3600 m is identified to
separate the relative importance of temperature and precip-
itation for SCD and SCOD, where the temperature shows a
higher importance than precipitation below the altitude
threshold, and neither temperature nor precipitation shows
constant higher importance above the altitude threshold.
As for SCED, the temperature is consistently more impor-
tant than precipitation in most altitudes. Since the correla-
tion analysis method is mainly used to reveal the response
of snow phenology to climate change, the physical explana-
tions to the results are still not sufficient enough. The future
work would focus on applying a snowpack physical model
for explaining and projecting the changes of snow phenol-
ogy in high mountains.
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