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Abstract. A temporal variation and spatial distribution of the snow-covered area (SCA) over the
Tibetan Plateau (TP) are analyzed using moderate-resolution imaging spectrometer (MODIS)/
Terra 8-day snow cover products (MOD10A2) from 2001 to 2013 and the SCA is compared with
in situ snow cover days (SCD) from the meteorological network in the TP. Results show that at
monthly levels the minimum SCA occurs in July, followed by August, and the SCA increases
rapidly from September, reaching the maximum in March; on average, 2002, 2005, and 2008 are
snowy years, whereas 2001, 2003, 2007, and 2010 are less-snow years. Apart from strong sea-
sonal variations, the general trend of interannual snow cover variations from 2001 to 2013 is not
obvious, remaining at a relatively stable status. The snow cover over the TP is characterized by
uneven geographic distribution. In general, snow is abundant with a long duration in the high
mountains while it is less abundant and with a short duration in the vast interior of the TP. The
interannual variations of snow cover over the TP from ground-based meteorological stations
using SCD are very consistent with MODIS SCA, with a correlation coefficient of 0.80
(P < 0.01), indicating that MOD10A2 data have high accuracy to capture and monitor spatio-
temporal variations of snow cover over the TP. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JRS.8.084690]
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1 Introduction

Snow is an important component of the cryosphere with the largest seasonal variation in spatial
extent. Its accumulation and rapid melt are two of the most dramatically seasonal and environ-
mental changes of any kind on the Earth’s surface.! Snow cover is largely controlled by
atmospheric conditions. Snow cover anomalies may in turn potentially affect the large-scale
atmospheric circulation by changing heat and moisture fluxes. More importantly, snow cover
has the highest albedo of any naturally occurring surface on Earth? and the variations in snow
cover are significant indicators of climate changes.’* Snow-covered area (SCA) is one of the
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important parameters for studying both hydrology and climatology> and the variability in ter-
restrial SCA has a significant influence on water and energy cycles, as well as socioeconomic
and environmental consequences. Therefore, the study of snow cover trends is essential for
understanding regional climate change and managing water resources.® Over 49% of the
Northern Hemisphere (NH) is covered by snow in winter. Seasonally, the area covered by snow
in the NH ranges from a mean maximum in January of 45.2 x 10°® km? to a mean minimum in
August of 1.9 x 10® km?.78

Compared with other regions in the midlatitudes, seasonal snow cover over the TP is a unique
feature in global snow maps’ and is a vital fresh water source in western China and the
Himalayan regions. The largest rivers in Asia, such as the Brahmaputra (Yarlung Zangbo),
Salween, Mekong, Yangtze River, and Yellow River, have their headwaters there.'° In addition,
snow cover is also a significant indicator of climate condition in the TP and its surrounding areas.
Previous studies showed that winter snow cover over the TP has a strong link with general cir-
culation and monsoon systems over eastern and southern Asia during spring and summer.'"!?
Snow cover variability in the TP has also responded to global warming, making it an important
element in regional climate studies."

Recent study shows that the most persistent snow cover is located in the southern and western
edges of the TP within large mountain ridges and the duration for snow persistence varies at
different elevation ranges and generally becomes longer with increases in the terrain elevation.’
The study on snow cover dynamics of the four typical lake basins from 2001 to 2010 in the TP
based on the moderate-resolution imaging spectrometer (MODIS) snow cover products shows
that there is no obvious trend of snow cover change in the examined period.'* The study in Nam
Co Basin in the central TP also indicates that an alternating pattern of monsoon and autumn snow
cover exits in the western part of the basin, which corresponds to the biennial character of the
variations of the Indian monsoon. Areas with permanent snow cover and areas that were snow
free are both found to be relatively stable.'®

In the previous studies, scientists paid more attention to snow cover variations in the TP using
various satellite derived data and association with climate anomalies (such as rainfall) in China
and the surrounding areas. In contrast, there are a few studies on the comparison between tem-
poral variations of snow cover from satellite data and in situ observation data, or in sifu obser-
vation data used for validation and comparison of satellite data are too limited to adequately
describe the overall snow cover variations on the TP. Therefore, in this study, the temporal var-
iations of snow cover over the TP from 2001 to 2013 are examined in detail by using MODIS
snow products (MOD10A2), followed by the analysis of the spatial distributions of snow cover
over the TP; interannual variations of snow cover from MODIS snow products are then com-
pared with ground-based observation data from 98 meteorological stations.

2 Study Area

Tibetan Plateau (TP) is the highest and most extensive highland on the world with an average
elevation of over 4000 m. Located in southwestern China and often called “the roof of the
world,” the TP exerts a great influence on regional and global climate through thermal and
mechanical forcing mechanisms. Its global significance does not lie in its physical parameters,
but more importantly in the recognition that the plateau constitutes a significant forcing factor on
the intensity of the Asian monsoons. The TP has the largest cryospheric extent outside the polar
region. Snow cover can exit during all seasons over the high altitudes and its seasonal variation is
the most rapidly changing surface feature on the TP.

Since the TP is a large scale geographic location situated in the midlatitudes of Asia, there are
many different scopes and boundaries for the TP in terms of the different contexts of the study
requirements and data limitations. Some have defined the TP based on the elevation above
2000 m asl (above sea level)’'®!7 or above 2500 m asl;'®!? others just used administrative boun-
daries in western China, including the Tibet Autonomous Region (TAR), Qinghai province, and
the whole or parts of Sichuan and Yunnan provinces.’*!

In this study, we use the boundary defined on the basis of principles taking into account the
geomorphic characters as the main rule and also considering the integrity of the plateau.>
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Fig. 1 The geographic location of the Tibetan Plateau (TP) with elevation from the Shuttle Radar
Topography Mission (SRTM), meteorological stations, main mountain ranges, and rivers.

According to this scope definition, the TP within China starts from the Pamirs in the west and
reaches to the Hengduan Mountains in the east with a length of 2,945 km from west to east and
longitudes from 73°18’52"E to 104°46’59"E, and extends from the Himalayans in the south to
Kunlun Mountain in the north with 532 km from south to north and latitudes from 26°00’12"N to
39°46'50"N, covering an area of 257.2 x 10* km?. Administratively in China, it includes Tibet
Autonomous Region, Qinghai Province, western Sichuan Province, northern Yunnan Province,
and the western edge of Gansu and southern edge of Xinjiang Provinces. The geographic loca-
tion and terrain characteristics of the TP are shown in Fig. 1.

3 Data
3.1 MODIS Data

Observation from space by satellite is the only way to obtain surface features such as snow cover
at a regional to global level. In recent years, with the progress in satellite technology and algo-
rithm development, many snow cover products are available based on remotely sensed obser-
vations. Of these, snow cover products derived from the MODIS based on visible and infrared
bands are most widely used for large-scale snow cover detection and climate related researches,”
which is available since March 2000 and developed using a fully automated algorithm with
a 500-m spatial resolution, cloud detection, and frequent coverage.

NASA provides a hierarchy of snow products based on MODIS observations to satisfy the
needs of a variety of users. MODIS 8-day composite snow product (MOD10A2) is widely used
for snow cover variations in many regions, particularly at high latitudes and in mountainous
regions where conventional surface observation is limited or frequent cloud cover limits the
number of days available for satellite observations.

Liang et al. indicated that the overall accuracy of the MODIS/Terra daily snow cover map-
ping algorithm in clear sky conditions is high at 98.5% and ranges from 77.8% to 100% in the
northern Xinjiang area, China.>* In all weather conditions, the snow agreement of the MODIS/
Terra daily product is only 34% to 50%, while it is up to 80% to 90% for the Terra 8-day prod-
uct.”® Pu et al. evaluated the accuracy of the MODIS/Terra high-resolution snow cover data by
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comparing the data with in situ snow observations over the TP (Ref. 9) and found that the overall
accuracy of MODIS snow data is about 90%.

In this study, MODIS 8-day composite snow cover products from Terra (MOD10A2) are
used to describe the recent spatial distribution and temporal variations of snow cover on the
TP, since it has the highest spatial resolution and the least cloud contamination. The study
area includes 13 tiles of MOD10A2 for each 8—day period. All MOD10A2 data were obtained
from NASA Distributed Active Archive Center (DAAC) at National Snow and Ice Center (http://
nsidc.org/). The data mosaicking, projection transformation from the sinusoidal to the geo-
graphic, and data format conversion from HDF to GeoTIFF were implemented using MODIS
Reproject Tool (MRT).

3.2 In Situ Data

At present, there are 105 meteorological stations available in the TP operated by the China
Meteorological Administration (CMA). Most stations are situated in the inhabited, lower-
altitude river valleys in the south and east, while there are no or very few ground-based obser-
vation stations located in the northwest and west. Due to complex terrain, extreme environmental
conditions, the large extent and rapid seasonal variations of snow cover on the TP, the ground
observation of snow cover from current stations has difficulty capturing the spatial distribution
and temporal variation of snow cover. However, conventional in sifu measurements at meteoro-
logical stations are the only way to provide good and long-term snow observations such as SCD,
snow depth, and density in a certain area, and are vital ground controls for validating remotely
sensed estimations of snow cover and snow depth.

The SCD are manually measured on a daily basis in the TP and defined as the number of days
with snow cover at meteorological observation sites. All SCD data used in this study are obtained
from the China Meteorological Information Center, CMA and Tibet Meteorological Information
Center, and Tibet Meteorological Bureau. All data quality was manually well checked and veri-
fied. Since there are missing data in seven stations from 2001 to 2011, SCD data from 98
meteorological stations are used for snow cover comparison between MODIS and in situ obser-
vations. Figure 1 shows the geographic distribution of these meteorological stations.

4 Results
4.1 Temporal Variations of Snow Cover from MODIS

4.1.1 Eight-day composite snow cover changes

Figure 2 shows the time series of SCA changes from January 2001 to December 2013 over the
TP using MOD10A?2 products. The general patterns present a great seasonal variation of snow
cover with a large area in the 8-day composites during winter and spring and a small area in the
8-day composites during summer. The maximum SCA for 8-day composites occurs from
October 31 to November 7 in 2008 with an area of 111.16 x 10* km? and 44.32% of the
total TP area, followed by November 9 to 16 in 2002 and December 11 to 18 in 2006 with
around 43% of the total TP area, whereas the minimum SCA is found in an 8-day composite
MODIS image from August 13 to 20 in 2010 with only 5.51 x 10* km? and 2.20% of the total
TP area, followed by July 28 to August 4 in 2013 with 5.82 x 10* km? (2.32%). Then SCA in
8-day composites from August 5 to 12 both in 2010 and 2003 and July 4 to 11 in 2013 is also
around 5.94 x 10* km? and 2.37% of the total TP area.

If an SCA above 25% of the TP area in 8-day composites is used as a threshold for more snow
cover, all of these occur from October to May, with the top three months in autumn and spring
instead of the winter months. In detail, the most frequent months for snow cover above 25% are
November with 23 times, the second is March with 21 times, followed October with 19 times,
and the least frequency happens in May with seven times. Although based on the threshold for
less snow cover, less than 5% of the TP area, the most frequent months are July with 51 times,
followed by August with 32 times, and the least frequency occurs in September with six times
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Fig. 2 The time series of 8-day snow cover over the TP from 2001 to 2013 based on MOD10A2.

Table 1 The frequencies of SCA above 25% and below 5% of the TP area in MOD10A2 from
2001 to 2013.

SCA above 25% SCA below 5%

Month Frequency Month Frequency
October 19 June 9
November 23 July 51
December 10 August 32
January 17 September 6
February 16

March 21

April 15

May 7

(Table 1). Overall, mainly affected by atmospheric circulations and its seasonal variations over
the TP, the larger snow cover extent in an 8-day period is more frequent in November and March
during months of the transition seasons and the least snow cover extent in an 8-day composite
occurs in July.

In addition to prominent seasonal cycles of snow cover with a larger extent in 8-day com-
posites in autumn, winter, and spring and a smaller extent in summer, the linear trend analysis for
MODIS 8-day composite products indicates that there is no obvious interannual change trend in
SCA on the TP over the past 13 years and general snow cover extent remains a relatively stable.

4.1.2 Monthly changes

The monthly SCA is shown in Fig. 3, indicating that the minimum is reached in July in most
years followed by August, while with an increase in SCA from September, the maximum is
reached in November or March in most years from 2001 to 2013. The increasing trend
from December to February in the following years is not obviously clear, although the SCA
remains relatively high in these three winter months due to the early snow accumulation and
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Fig. 3 Monthly snow-covered area (SCA) over the TP from 2001 to 2013 based on MOD10A2.

low temperatures, which are very favorable for snow cover. The monthly SCA from 2001 to
2013 also shows that there is a slightly declining trend in SCA from 2001 to 2013, especially
in November 2008 the decrease in SCA is more obvious but statistically insignificant. As
described above, in addition to the strong seasonal variations, the SCA on the TP over the
last 13 years remains relatively stable.

The monthly mean SCA from 2001 to 2013 in Fig. 4 shows that the mean minimum SCA
occurs in July with 8.75 x 10* km?, which is only 3.49% of the total TP area, followed by
August with 10.03 x 10* km? and 4.00% of the TP area. The increasing trend of SCA is
rapid from September to November and the second monthly largest extent of snow cover is
reached in November, which is next to March (to 60.79 x 10* km?) in spring. In three months
of winter, the increase of SCA is not so much, but due to the early snow accumulation
and favorable low temperatures, the SCA maintains a relatively high status with above
47 x 10* km?. Along with a gradually increase in temperature after March, the SCA decreases
due to melting.

70 o

SCA(x10* km?)

Jan Feb Mar  Apr  May Jun Jul Aug Sep Oct  Nov  Dec

Fig. 4 Monthly mean SCA over the TP from 2001 to 2013 based on MOD10A2.
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4.1.3 Annual changes

The annual mean SCA for the TP is shown in Fig. 5. The average annual mean SCA from 2001 to
2013 is 41.93 x 10* km?, which is 16.72% of the total TP area. Thus, for the TP, the SCA of
42 x 10* km? or 17% of the TP area covered by snow at an annual mean level can be considered
as a snow cover indicator for a normal year. Figure 5 shows that 2002, 2005, and 2008 are snowy
years with 46.92, 47.84, and 47.05 x 10* km?, and 18.70%, 19.07%, and 18.76% of the total TP
area, respectively. Snow cover extent in these three years is larger by 5 to 6 x 10* km? than
the average from 2001 to 2013.

In contrast, the SCA for 2010 is the least with 35.36 x 10* km? and 14% of the TP area,
followed by 2001 and 2003 with 15% of the total TP area. As another less-snow year, the SCA in
2007 is 39.75 x 10* km? (15.85%), which is lower by 2.19 x 10* km? than the average SCA
from 2001 to 2013. In other years, the SCA ranges from 15.96% to 17.90% of the study area and
the differences in SCA from 13 years’ average are lower than 2.0 x 10* km?, presenting these
years as normal for snow cover extent. The standard deviation of SCA from 2001 to 2013 is
3.96 x 10* km? and the average absolute error is 3.07 x 10* km?, ranging from 0.09 to
6.58 x 10* km?. The relative error ranges from —15.69% to 14.09%. Therefore, interannual
differences and variations of SCA over the TP from 2000 to 2013 are not significant. As
shown in Fig. 5, a very slight declining trend exists from 2001 to 2013 and the linear equation
is y = —0.0866x + 42.54 (R?> = 0.0072), which means it is not statistically significant.

At a seasonal level, the maximum SCA is reached in spring with 54.28 x 10* km? and 22%
of the total TP area and the second is in winter with 53.80 X 10* km? (21%), followed by autumn
with 44.90 x 10* km? (18%). The minimum occurs in summer with only 6% of the total TP area.
The main patterns of SCA seasonal changes from March 2001 to December 2013 are that there is
a slight decreasing trend in SCA during the spring and winter and a more obvious decrease at
0.05 level of significance during the summer (figure not shown here), while an increasing trend
in the SCA is found in autumn, which is not statistically significant based on the linear trend
analysis.

4.2 Spatial Distributions of Snow Cover from MODIS Data

4.2.1 Annual snow cover distribution

The spatial distribution of snow cover on the TP is shown in Fig. 6 using the snow cover fraction
(SCF) derived from MOD10A2. Owing to high topography and complex terrain in combination
with the atmospheric circulation, the spatial distribution of snow cover represented by the annual
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Fig. 5 Annual mean SCA over the TP from 2001 to 2013 from MOD10A2.
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Fig. 6 Annual mean snow cover fraction (SCF) (a), mean SCF in spring (b), summer (c), autumn
(d), and winter (e) from 2001 to 2013 over the TP.

mean SCF from 2001 to 2013 over the TP, as shown in Fig. 6(a), is spatially very uneven.
Overall, snow cover is rich and its duration is long with more permanent snow in the high moun-
tains while snow cover and duration are limited in the vast interior of the TP except for some high
mountains. In detail, there are two highest snow cover concentrated areas in the TP. One is
Nyaingentanglha Mountain ranges and the surrounding high mountains in the southeastern
TAR; another is the west Himalayans, Pamirs, and Karakoram Mountains to the western
Kunlun Mountains. In addition to these two regions, more areas covered by snow are the
Himalayan regions in the south and Kunlun Mountain in the north due to favorable high terrain
conditions and low temperatures for snow accumulation. The largest area and the longest dura-
tion of snow cover in the interior of the TP occurs in Tanggula, Animaqing, Bayan Har,
Hengduan, and Qilian Mountain ranges, although snow cover in the vast interior of the TP
is limited. Snow cover in Qaidam Basin located in the northern TP and the river valleys of
southern TP is very rare and the duration is <10 days. Moreover, the snow cover in wide
areas in the north of Gangdise Mountain, Qinghai Lake valley, and east regions of Mt.
Animaging is also very small.

4.2.2 Seasonal snow cover distribution

The seasonal snow cover distribution is further analyzed on the basis of seasonal average SCF
over the TP from 2001 to 2013, as shown in Figs. 6(b)-6(e). As for the TP, spring is the most
snow-covered season and the area of SCF > 50% accounts for 12% of the total TP area. During
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this season, as shown in Fig. 6(b), the widespread snow cover is distributed in the
Nyaingentanglha Mountains, Himalayas, and Karakoram in the northwest, the Kunlun and
Altun Mountain ranges in the north, and the eastern plateau and Qilan Mountains in the north-
east, whereas the region where the SCF is <10% is mainly situated in Qaidam Basin, the southern
valley of Lake Qinghai, the Yarlung Zangbo River valley, and the broad region in the north of
the Gangdise Mountains, which is in accord with the annual mean distribution of snow cover
over the TP.

In summer, as shown in Fig. 6(c), the TP is least covered by snow and the area of SCF above
50% only accounts for 2% of the TP area. Since it is rainy season for the TP and the temperature
is above 0°C, there is no snow cover in most areas on the TP except for some high mountain
ridges where the temperature is lower than 0°C. Relatively speaking, more snow cover can
be found at the higher latitudes in the northern high mountain ridges such as Karakoram,
Kunlun, and Qilan Mountains compared to the lower-latitude mountain ridges such as the
Nyaingentanglha Mountains and Himalayas.

In autumn, the increase of snow cover over the TP represented by the SCF is obvious and the
area of SCF above 50% occupies 7% of the total TP area. In addition to the apparent increase of
snow cover in the high mountains such as the Nyaingentanglha, Karakoram, Kunlun, Tanggula,
and Qilan, the apparent feature of the snow cover distribution in autumn compared to other
seasons is that the increase of snow cover and SCF in the eastern TP, especially around
Tanggula Mountain and broad regions where Bayan Har and Anyemagen Mountain ranges
are located, are significant, as shown in Fig. 6(d). The increase of snow cover and SCF is
more obvious in the northern, central, and eastern TP. The location of SCF below 10% is similar
to that in spring or the annual average.

In winter, the snow cover extent over the TP is second only to the spring. The area of SCF >
50% is 11% of the TP area, which is slightly smaller than the 12% of spring. The main character-
istics of snow cover distribution in winter are that due to the decrease in temperature in the whole
TP, particularly at lower latitudes compared to the previous season, which is very favorable for
snow accumulation and maintenance, the increase in snow cover in the southeastern TP such as
the Nyaingentanglha Mountain ranges and surrounding area is the most significant, followed by
the Bayan Har and Anyemagen Mountain ranges and surrounding areas. On the other hand,
an increase in the snow cover extent in the west Himalayas is more obvious. However, the
increase in the snow cover extent in the northwest and north of the TP is not apparent, as shown
in Fig. 6(e). The location where the SCF is lower than 10% is in agreement with other seasons
like spring, autumn, and the annual average.

These spatial distributions of snow cover on the TP above are controlled by a combination of
spatially and temporally variable atmospheric forcing conditions and how those conditions inter-
act with relatively static local topography and vegetation distributions. Snowfall is a solid form
of precipitation and the only material source of snow cover. There is no snow cover on the sur-
face without snowfall. Snow cover is also very sensitive to temperature. Higher temperature will
cause precipitation falling as rain instead of snow or will make terrestrial snow cover melt and
make difficulty to form snow cover on the ground. The increase in temperature will lead to a
shortening of the duration of the snow cover and is not favorable to the maintenance of the snow
cover. The high topography of the TP is also an important condition for the spatial distribution of
snow cover. At the higher altitude regions, air temperature is lower and precipitation is more,
which is more favorable for the formation and maintenance of snow cover. This is why the most
persistent snow cover is located at the regions where the elevation is above 6000 m, whereas the
lower latitudes and elevations, because of higher temperatures, are not conducive to snowfall and
snow accumulation and there is no snow covered in many places. In the TP, the high mountains
and low lands are the most consistent with more and less snow cover distributions.?

4.3 Snow Cover Comparison Between MODIS and In Situ Data

The annual mean SCD over the TP from 2001 to 2011 is further studied using ground-based
observation data from 98 meteorological stations with nonmissing data to evaluate the accuracy
of the temporal variations of snow cover from MODIS snow data products (MOD10A2). As
illustrated by the MODIS snow cover data above, the spatial variability of SCD on the TP
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Fig. 7 Annual mean SCD from stations and SCA from MODIS over the TP from 2001 to 2011.

is remarkable from the low altitudes to the high mountain regions. In some high-altitude places
such as Qingshuihe, Chali, Shiqu, Whshaoling, and Dari stations located in the interior of the TP,
the annual mean SCD reaches above 100 days, and the maximum SCD on the TP is found at
Qingshuihe station with a total of 145 days. In contrast, SCD in Batang, Muli, and Gongshan
stations in the southeastern TP and Lhatse, Shigatse stations located in the middle regions of the
Yarlung Zangbo valley, is less than 3 days. Therefore, the averaged annual mean SCD on the TP
is relatively short with 31 days. The slightly decreasing trends in the SCD are found from 2001 to
2011, but this is not statistically significant. In detail, the SCD is in increase from 2001 to 2008
and is above or equal to the average from 2001 to 2011 except for 2007 which has only 26.5
days. The decrease in SCD is more obvious during the period from 2008 to 2011, with less than
the average from 2001 to 2011 for the most of the years. Particularly, the SCD in 2010 is 21.5
days which is lower by 9.5 days than the average, which is the minimum value from 2001 to
2011 at an annual level. Compared to 2010, there is a small increasing trend in the SCD in 2011,
reaching to 28.8 days, but it is still lower than the average from 2001 to 2011. As shown in Fig. 7,
it is clearly visible that 2002, 2005, and 2008 are relatively snowy years, and 2001, 2003, 2007,
and 2010 are less-snow years both on the basis of the SCD and SCA. It should be noticed that
since all these meteorological stations are located in relatively lower elevations and valleys, the
resulting SCD should be treated as the lower end of the SCD for the entire TP. However, the
interannual change patterns mapped by those stations should be representative of the SCD
change for the entire TP.

As shown in Fig. 7, the interannual variations of snow cover on the TP both from ground-
based stations using the SCD and from MOD10A?2 using the SCA are very consistent, showing
that there is a slight decreasing trend from 2001 to 2011 in general, but this trend is not sta-
tistically significant. The snow cover fluctuation in different years is also the same, characterized
by an increase of snow cover from 2001 to 2008 and a more obvious decline after that. In par-
ticular, both the SCD and SCA reach the minimum in 2010 and the maximum in 2008. It is also
evident on the basis of SCD and SCA that 2002, 2005, and 2008 are snowy years and 2001,
2003, 2007, and 2010 are less-snow years, respectively. Likewise, the linear regression analysis
shows that the correlation coefficient between the MODIS observed SCA and the ground mea-
sured SCD is 0.80 (P < 0.01), indicating that there is a statistically significant correlation
between the SCA and SCD.

Although the TP is characterized by extensive high mountains, complex terrains, and strong
variations of snow cover on the spatial and temporal scales, it is obvious that the MODIS snow
cover product (MOD10A2) has very high accuracy, is an effective way to spatially and tempo-
rally monitor snow cover variations over the TP, and can play an important role in snow-related
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disaster monitoring and mitigation as well as compensate for the response to snow caused disas-
ters by sparse ground-based observed stations.

5 Conclusions

1. At a monthly level, the minimum SCA occurs in July, followed by August. The SCA
increases from September and reaches the second highest level in November, second
only to March. At a seasonal level, the maximum SCA is reached in spring with
22% of the TP area, followed by winter (21%) and autumn (18%), respectively,
while only 6% of the total TP area is covered by snow during the summer. Except
for autumn, there is a slight decreasing trend in the SCA in other seasons.
Particularly, the decreasing trend of the SCA in summer is more obvious.

2. There is no significant interannual variation for snow cover over the TP over the last 13
years from 2001 to 2013 except for seasonal fluctuations. The general SCA change is
relatively stable, although a very slight decreasing trend is found for this period. For the
TP, the annual mean SCA from 2001 to 2013 is 42 x 10* km? and covers 17% of the TP
area, which can be considered as a snow cover indicator for a normal year.

3. The main features of snow cover distribution over the TP are spatially uneven and vary
with seasons. Generally, snow cover is rich and has a long duration on the surrounding
high mountains while snow cover is poor and the duration is short in the vast interior of
the TP. There are two richest snow covered regions over the TP. One is Mt.
Nyaingentanglha and the surrounding high mountains; another is the broad northwestern
mountain ranges from the western Himalayas, Karakoram, and Pamirs to the West
Kunlun Mountains in the northwestern TP. In contrast, the Qaidam Basin in the northern
TP and Yarlung Zangbo valley in the southern TP are poorest in terms of SCF.

4. Tt is found that the annual mean SCA derived from MODIS are very consistent with the
SCD measured at stations with a correlation coefficient of 0.80 (P < 0.01), which means
that MODIS snow cover products (MOD10A2) enable us to effectively obtain spatio-
temporal variations of snow cover over the TP, despite it possessing the most complex
terrain and highest mountains on the earth.

5. Snow cover on the TP is a unique and rapidly changing surface feature at the midlati-
tudes of the NH and a vital water source in western China and the Himalayan regions.
Meanwhile, the massive snow accumulation frequently causes disasters such as frost-bite
and the death of a large number of grazing animals due to food shortages and cold tem-
peratures in the winter and spring.”’ This seriously restricts the sustainable development
of animal husbandry. The MODIS 8-day snow products can be used to capture spatial
distributions and temporal variations with very high accuracy at regional to global
scales through minimizing cloud contaminations, particularly in remote mountainous
regions, such as TP, but there are still limitations for monitoring snow cover during
the periods of snow-caused disasters because of an 8§-day time lag, clouds, and
a lack of snow depth measurements. Therefore, with modern automatic technology
development, more ground-based automatic snow monitoring instruments can be
deployed to make up for the lack of multiday satellite snow products and cloudy weather
to meet the needs of real-time operations of snow cover monitoring and responses to
snow-caused disasters for decision-making.
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