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ABSTRACT

A study is presented of the geographical distribution and spatial and temporal variabilities of the western
China snow cover in the past 47 yr between 1951 and 1997. The data used consist of Scanning Multichannel
Microwave Radiometer (SMMR) 6-day snow-depth charts, NOAA weekly snow extent charts, and the daily
snow depth and number of snow cover days from 106 selected meteorological stations across western China.
Empirical orthogonal function was performed on the SMMR dataset to better understand the spatial
pattern and variability of the Qinghai-Xizang (Tibet) snow cover. A multiple linear regression analysis was
conducted to show the association of interannual variations between snow cover and snow season tem-
perature as well as precipitation. Further, the autoregressive moving average model was fitted to the snow
and climate time series to test for their long-term trends. Results show that western China did not expe-
rience a continual decrease in snow cover during the great warming period of the 1980s and 1990s. It is of
interest to note that no correlation was identified between temperature and precipitation in the snow cover
season. However, year-to-year fluctuation of snow cover responds to both snowfall and snow season
temperature. About one-half to two-thirds of the total variance in snow cover is explained by the linear
variations of snowfall and snow season temperature. The long-term variability of western China snow cover
is characterized by a large interannual variation superimposed on a small increase trend. The positive trend
of the western China snow cover is consistent with increasing snowfall, but is in contradiction to regional
warming. In addition, many constraints of the Qinghai-Xizang (Tibet) snow cover force the author’s
challenge of Blanford’s hypothesis.

1. Introduction

Snow cover is a vital water resource in western
China. The largest rivers of China, such as the Yangtze
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River, Yellow River, etc., have their headwaters there.
Agriculture and animal husbandry rely heavily on
snowmelt water to be sustained. Crop failure and har-
vest have traditionally been tied strictly to the winter
snow storage. Spring drought caused by snow scarcity
represents potentially the most serious impact to agri-
culture and the ecosystem. Sometimes it even results in
flow break off of the Yellow River. On the other hand,
heavy snowstorms often bring disaster to animal hus-
bandry in the Qinghai—Xizang (Tibet) Plateau, Xin-
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jlang, and Inner Mongolia. In the context of global
warming, changes in snow cover take on great signifi-
cance and have clear economic impacts in western
China.

The majority of the climatic community is convinced
of a pronounced reduction in seasonal snow cover in
response to CO,-induced global warming (Watson et al.
1996; Robinson and Dewey 1990; Groisman et al. 1994;
Brown et al. 1996; Aizen et al. 1997). However, there
are important regional exceptions (Moore et al. 2002;
Ye et al. 1998; Davis et al. 1998; Mosley-Thompson et
al. 1999; Vaughan et al. 1999; Ohmura et al. 1996; Li
1995). Many studies have shown that higher snowfall is
a characteristic of a warming climate in cold regions
(Houghton et al. 1996; Karl et al. 1993; Leathers et al.
1993). Up to now global snow cover monitoring has not
found any convincing evidence of the trend in snow
cover variations on global scale. How snow cover will
react to global warming is presently a controversial is-
sue.

South and East Asia experience the monsoon climate
that undergoes high-amplitude variability (Webster et
al. 1998). The effect of the Qinghai—Xizang (Tibet)
snow cover on the Asian monsoon is one intriguing
issue for climatologists (Blanford 1884; Walker 1910).
Despite diagnostic and modeling investigations that
have ascribed importance to the Qinghai—Xizang (Ti-
bet) snow cover (Hahn and Shukla 1976; Barnett et al.
1988, 1989; Yasunari et al. 1991; Vernekar et al. 1995),
the efforts to support Blanford’s hypothesis have left
nothing but variant conclusions and sharp contrasts
(Zwiers 1993) for lack of the ground truth of snow
cover distribution and variability over the Qinghai—
Xizang (Tibet) Plateau. So far, the open questions
about whether an apparent or a weak correlation (Li
1994), a negative correlation or a positive correlation
(Bamzai and Shukla 1999), is in existence between the
Qinghai-Xizang (Tibet) snow cover and the Indian
monsoon rainfall, and whether the albedo effect or hy-
drological effect of the Qinghai—Xizang (Tibet) snow
cover is the key mechanism affecting Asian monsoon
development, still elude us. Detailed and accurate in-
formation of Qinghai-Xizang (Tibet) snow cover is still
essential to test Blanford’s hypothesis.

The study area extends over the latitude—longitude
domain from 27° to 50°N, and from 70° to 105°E. West-
ern China is physiographically divided into two regions:
the Qinghai-Xizang (Tibet) Plateau and northwestern
China. The former, with an average elevation exceed-
ing 4500 m ASL and area of more than 2 X 10° km?,
was acclaimed as the “Roof of the World.” The Hima-
layas, the world highest mountains, provide a natural
screen in the southern frontier of the plateau. The latter
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is an arid region of China and is roughly encompassed
by high mountains and large basins, such as the Altai,
Tianshan, Pamirs, Karakoram, and Kunlun Mountains;
and the Tarim and Junggar basins.

2. Datasets

a. SMMR 6-day snow-depth data and their
adjustment over western China

Assessment of spatial distribution and seasonal prog-
ress in snow mass requires reliable snow-depth data
with a high spatial resolution and covering a sufficient
length of time. The microwave snow estimates have
been recognized as an efficient means of the large-scale
mapping of snow depth and snow-water equivalent
(SWE) with a high spatial density (Konig et al. 2001).
The intensity of microwave radiation thermally emitted
by snow cover is measured and expressed as brightness
temperature. The Scanning Multichannel Microwave
Radiometer (SMMR), on board the Nimbus-7, is a five-
frequency dual-polarized microwave radiometer. The
37-GHz frequency with a 25-km spatial resolution was
the sensor used for snow cover observation. The bright-
ness temperature was spatially averaged for each 0.5°
latitude X 0.5° longitude grid cell and was retrieved for
snow depth by the snow parameter retrieval algorithm
developed by Chang et al. (1987). The world SMMR
snow-depth charts were compiled for 6-day periods
from 1978 to 1987 on a continuous basis and in a con-
sistent manner. However, employing a single global al-
gorithm to extract snow depth from SMMR output sig-
nificantly overestimates the snow cover area in the
Qinghai-Xizang (Tibet) Plateau (Robinson et al. 1984)
because snow cover is predominantly shallow and
patchy, and is frequently of short duration. To calibrate
SMMR estimates Chang et al. (1992) thoroughly com-
pared SMMR data with Defense Meteorological Satel-
lite Program (DMSP) Operational Linescan System
(OLS) shortwave images and daily snow depths re-
ported by 175 weather stations over western China.
Then, western China—specific retrieval algorithms were
developed under the support of the Geographic Infor-
mation System (GIS) to account for the effect of the
atmospheric conditions and snow cover extent adjust-
ment for shallow and patchy snow area. The algorithms
were expressed as

SD =2.0(T g4 — T371) — 8.0 1)
for a plateau,

SD =2.0(T g1 — T371) — 6.0 2)
for high mountains, and

SD = 1.59(T g1y — T571) — 3.0 3)
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for rolling hills and basins. Here SD is the snow depth
in centimeters; T,gy and T35y are the horizontally po-
larized brightness temperature (K) for the SMMR 18-
and 37-GHz radiometers, respectively.

In this study, National Aeronautics and Space Ad-
ministration (NASA) 6-day SMMR snow-depth data
during the period between 1978 and 1987 have been
adjusted by using the western China algorithms.

b. NOAA weekly snow extent charts

Weekly snow extent charts produced by the National
Oceanic and Atmospheric Administration (NOAA)
from visible-band satellite imagery are the supplemen-
tary source of information for the Qinghai—Xizang (Ti-
bet) Plateau snow cover investigation. The charting im-
proved considerably in 1972 with deployment of the
AVHRR sensor and was digitized on an 89 cell X 89
cell Northern Hemisphere grid with spatial resolution
ranging from 16 000 to 42 000 km?. Presently, NOAA
weekly snow charts constitute the longest satellite-
derived snow cover dataset available on a continuous
basis and produced operationally. However, they are
limited by coarse resolution for the regional-scale study
and by cloudiness, which frequently obscures portions
of the plateau. Because the Tibetan Plateau has been
one of the most difficult areas for snow cover monitor-
ing, an efficient method by which to monitor the pla-
teau snow cover is to utilize comparatively various sat-
ellite-derived snow datasets and station snow cover
data. To minimize discrepancies between datasets,
NOAA weekly snow extent charts covering the period
from 1972 to 1989 were used to generate the plateau
snow area time series for comparison with SMMR, as
well as station-created snow time series.

c. In situ snow cover

To assess snow mass variability, particularly in light
of long-term variations and trends, the satellite data are
still far from sufficient length. Ground station data
could provide for longer time series generation. The
meteorological network of western China consists of
more than 200 synoptic stations. They report snow
depth daily and the number of snow cover days
monthly. Snow density is measured at primary stations
only every 5 days when snow depth = Scm. The data
span the period from 1951 to the present. Considerable
quality problems are inadequate spatial coverage and
varying length. The former case does not refer to the
irregularity of station spatial distribution, but to high
mountainous areas where snow cover is heavy and is
affected by large interannual variability, and the station
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Fi1G. 1. Distribution of stations used for creating long-term time
series of snow cover, temperature, and precipitation in snow sea-
son over western China: Tibetan Plateau (dark gray) and north-
west China (light gray).

is geographically sparse or virtually absent. For in-
stance, over the Qinghai—Xizang (Tibet) Plateau the
limited stations tend to be in an inhabited river valley
over the eastern plateau. In addition, it was only after
1956 that the Qinghai—Xizang (Tibet) network became
the very least bit dense to ensure any adequate spatial
coverage, except for western Tibet (Fig. 1). To mini-
mize the defects of station data two subsets of the net-
work were created in northwestern China and the
Qinghai-Xizang (Tibet) Plateau, respectively. The
former consists of 46 stations, of which 38 were selected
in such a way that only 1 station was chosen from each
grid cell of 2° latitude X 2° longitude. An additional
eight high-elevation (2000-4000 m ASL) stations were
added to account for orographic effects on snow cover
distribution and to improve data coverage in high
mountains. The station selection criteria included avail-
ability of a longest time series, with few missing records
and without site relocation. The station records were
used without further adjustments, and no attempt was
made to fill in a few missing data (Balling and Idso
2002). After the strict quality control the station point
records were integrated over the snow cover year (from
September to the following August) and space to derive
regional time series. With regard to large-scale area
averages, biases and errors associated with specific
point data were further minimized to such an extent
that a homogeneous and meaningful signal could be
extracted. Over the Qinghai-Xizang (Tibet) Plateau
the station network consisted of 60 primary stations, of
which 35 are located in Qinghai Province and only 25
are in the Xizang (Tibet) Autonomous Region.
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d. Climate data

Monthly temperature and precipitation from 1957 to
1992 for 60 stations over the Qinghai-Xizang Plateau,
and from 1951 to 1997 for 46 stations in northwestern
China, were obtained from the Central Meteorological
Bureau of China.

3. Methodology

The principal objective of this paper was to investi-
gate the spatial distribution and temporal variability of
snow cover over western China, and particularly over
the Qinghai—Xizang (Tibet) Plateau. The chief ap-
proaches used are briefly given below.

a. EOF analysis

Empirical orthogonal function (EOF) analysis is used
for compressing an initial huge quantity of information
and extracting the main dominant spatiotemporal
modes that capture the maximum proportion of initial
variance (Richman 1986). The decomposition in EOFs
follows:

F(x,0) = X a,f(x)g0), (4)

where f; and g; are two sets of orthogonal functions in
space and time, obtained by diagonalizing the covari-
ance matrix. The corresponding eigenvalues represent
the portion of the variance. In this study we did not use
rotation in the EOF analysis. The EOFs are based on
unnormalized SMMR snow-depth data that are not
converted to anomalies. It was performed on 10-yr
SMMR 6-day snow-depth field during the winter snow
maxima (January and February) over the Qinghai-
Xizang Plateau. Compressing the original 90 X 875 ma-
trix into a 90 X 9 matrix, the first two EOFs take into
account 60.4% of the total variance. The spatial distri-
bution of the loadings corresponding to the EOFs rep-
resents the spatial pattern of snow-depth distribution
and variability.

b. Multiple linear regressions

The linear regression used in this study is an ordinary
regression approach. Because we are interested in di-
agnosing snow cover sensitivity to winter temperature
and snowfall, a two-variable regression is described as
the following:

Os (T'sp — I'st’pr
S—-8Sy=—|——|(P—-P,
0 UP( 1_’"12°T )( 0)
Os (T'st — I'spl'pr
— | — (T —1T,), 5
UT( 1-]’%,T )( O) ()
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where S, P, and T denote snow cover, snowfall, and
temperature, respectively. Other notations, such as
means (S, Py, Ty), standard deviations (o, op, 07), and
regression coefficients (rgp, rg7, Fpy) are easy to under-
stand. Their determinations can be found in any stan-
dard statistics book. For each regression coefficients a
standard F test was performed with degrees of freedom
that were two less than the number of years were used
(Pollard 1981).

c. Trend test

At the core of trend testing is the ability of the model
to distinguish whether an observed trend in time series
is a random trend or a deterministic trend. In this study,
a statistical model consisting of a possible trend plus
correlated noise is fitted to the snow and climate time
series,

y,=a+bt+E, 6)

where y, represents snow and climate parameters in
year t; E, is the deviation from a straight line, and is
assumed to be a stationary zero mean process.

When E, is serially correlated, in order to detect a
deterministic trend for time series resulting from ran-
dom trend presence, an autoregressive moving average
(ARMA) model is appropriate for adoption (Wood-
ward and Gray 1993). The statistical significance of the
trends is evaluated by using the Student’s ¢ test with
following significance parameter:

t=rl(n =2y =17, )

where # is the total number of years, and r is correlation
coefficient.

4. Spatial pattern of snow depth over western
China

Figure 2 shows the spatial pattern of average snow
depth (cm) during the winter snow maxima (January
and February) between 1978 and 1987, estimated by
SMMR, covering 2500 cells of a 0.5° latitude X 0.5°
longitude grid over western China. It is characterized
by uneven geographical distribution. Altitudinal varia-
tion is surprisingly pronounced. Snow depths vary spa-
tially between large mountains and basins in northwest-
ern China. The highest snow depth is seen in the Altay
Mountains, the second highest occurs in the Tianshan,
Pamirs, Karakorum, and Kunlun Mountains. In addi-
tion, an appreciable snow cover is also noted in the
Elgis and the Ili Valleys. In contrast, snow cover is rare
in the Tarim basin, Lop Nur basin, and Badain Jaran
Desert. In the Junggar basin snow is predominantly
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FIG. 2. Spatial pattern of average snow depth (cm) in winter
snow peaks during the period between 1978 and 1987 estimated
by SMMR over western China.

thin, and frequently is of short duration. Aside from the
great distance to moisture sources, the blocking moun-
tains keep the basins very dry in snow cover.

Snow cover is far from a pervasive feature over the
Qinghai-Xizang (Tibet) Plateau. It was about 59%
snow covered in winter. Only in the peripheries, includ-
ing the Himalayas, Pamirs, Nyaingentanglha, and east-
ern Tanggula Mountains, is there heavy snow cover
present. In the vast interior, such as the Qaidam basin,
Yarlung Zangbo Valley, snow cover is rare, and in the
north of the Qinghai-Xizang (Tibet) Plateau snow
cover is thin and of a short duration.
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To better understand and interpret the structures of
the SMMR data, Fig. 3 shows the first EOF pattern of
10-yr SMMR 6-day snow-depth data during the winter
snow maxima from 1978 to 1987. It contains 44.7% of
the total variance and has uniform negative loadings
over the Tibetan Plateau, which is beyond the domain
of China territory. The two largest loadings occurred
along the eastern periphery and the western periphery
of the plateau, which represent the two heavy snow
cover areas. An apparent similarity between Figs. 3 and
4 indicates that the first EOFs represent an average of
the original 10-yr SMMR snow depth during the winter
snow maxima. Only in the peripheries over the Tibetan
Plateau, particularly in the eastern and the western pe-
ripheries, was a heavy snow cover noted. Unfortu-
nately, many diagnostic and modeling investigations as-
cribed the importance to the Qinghai—Xizang (Tibet)
snow cover acting as a huge elevated cool source on
atmosphere, but paid no attention to this key feature of
snow cover distribution.

S. Annual cycle of snow cover

The regularity of annual cycle of snow cover seems to
be ideal for agricultural practices. Large changes in tim-
ing, for instance, late or early spring snow cover dissi-
pation and ill-timed snow peak, would have the poten-
tial for significant societal consequences.

The normal annual cycle of snow-water equivalent in
northwestern China derived from the SMMR 6-day
snow-depth averages during the 10-yr observation and
pentad snow density area averages based on 36 primary
weather stations in northwestern China (Fig. Sa) dem-
onstrated that snow begins accumulating in the mid-
November, increases to a late February or early March
peak, followed by a rapid decline until early April. The
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FiG. 3. The first EOFs of 10-yr SMMR 6-day snow-depth data during the winter snow
maxima between 1978 and 1987 over the Qinghai—Xizang (Tibet) Plateau.
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FI1G. 4. Spatial pattern of average snow depth (cm) during the winter snow maxima
between 1978 and 1987 estimated by SMMR over the Qinghai—Xizang (Tibet) Plateau.

late peak and short ablation duration are beneficial to
humans for overcoming spring droughts. In some win-
ters the peak was delayed by about 1 month, and some-
times it appeared earlier by half a month. The broad
peak lasted for 72 days, while the sharp peak lasted for
only 30 days. The peak amounts of snow storage (snow

40

Sonw cover storage (SWE) (km)

Months

Sonw cover storage (SWE) (km’)

water equivalent) between the heavy snow winter and
the light snow winter have a difference of 70 X 10 m®.

Over the Qinghai-Xizang (Tibet) Plateau snow sea-
son normally begins in mid-September (Fig. 5b). Snow
cover growth is rapid in the first half of winter, with the
maximum occurring in January. This is followed by a
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FIG. 5. Annual cycles of snow storage (SWE) over (a) northwestern China and (b) the Qinghai-Xizang Plateau based on the
SMMR-derived 6-day snow-depth charts during the period between 1978 and 1987: normal snow year (solid line), heavy snow year

(dashed-dotted line), and light snow year (dashed line).
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F1G. 6. Comparison of the SMMR-estimated snow cover time series (solid line) and station-
derived snow cover time series (dashed line) during the overlapped period from 1978 to 1987

in northwestern China.

slow decline until June. The long snow season, early
snow peak, rapid snow growth, and slow snow decay
are evident. Of all snow seasons, winter (December—
January-February) has the greatest snow storage. The
winter, spring (March-April-May), and autumn (Sep-
tember-October-November) are represented by
45.2%, 28.0%, and 21.2% of the annual snow storage,
respectively. The largest variability of peak snow
amount is the most striking feature with great differ-
ences of as much as 300 X 10° m® between the heavy
snow winter and the light snow winter.

The highly variable nature of annual cycles is princi-
pally responsible for the anomalies in spring runoff as
well as seasonality of river flow in western China.

6. Interannual variability of snow cover

a. Station-derived snow cover time series
verification

Over northwestern China snow cover time series
were created from 46 of the best stations over the past
47 yr from 1951 to 1997. First, daily snow depth and the
monthly number of snow cover days are summed over
the snow cover season (September—August), respec-
tively, at a single station. Then, northwestern China
snow cover time series were generated by averaging the
annual snow cover data of 46 stations. To verify station-
derived snow cover time series we compared time series
of the annual number of snow cover days developed
from the 46-selected-station network with annual cu-
mulative 6-day snow storage estimated by SMMR in
northwestern China during the overlap period between
1978 and 1987 (Fig. 6).

It is of interest to note that any year-to-year fluctua-
tions experienced by the snow cover duration time se-
ries derived from station data showed up in the SMMR
snow storage time series as well. A strong correlation

(r = 0.59) exists between the two. The same also holds
true for the two station-generated time series of the
annual number of snow cover days and annual cumu-
lative daily snow depth, with a correlation coefficient of
0.72. It argues that long-term snow cover time series
constructed from station data have ability to represent
the ground truth of the interannual variation of snow
cover in northwestern China. Over the Qinghai—Xizang
(Tibet) Plateau three snow cover time series were gen-
erated from area-averaged annual cumulative daily
snow depths based on 60 primary stations, the SMMR
6-day snow-depth charts, and NOAA weekly snow
cover area charts, respectively (Fig. 7). It can be seen
that Tibetan station data do not have the ability to
perfectly represent the ground truth of snow cover. De-
spite the major similarities between the station- and
satellite-derived time series, for instance, heavy snow
cover in 1977/78 and 1988/89, light snow cover in 1984/
835, etc., some discrepancies could be found. An appar-
ent example was 1985/86. While both SMMR and
NOAA recorded a very heavy snow winter, the stations
failed to report it.

b. Characteristics of spatial and temporal variations
of snow cover

From the 10-yr SMMR 6-day snow-depth data, we
computed the anomaly, which is the difference in snow
depth during the snow pick period between the maxi-
mum (1985/86) and the minimum (1984/85) snow cover
years for every grid cell.

The spatial pattern of SMMR snow-depth ranges
showed that large interannual variability of snow depth
is the most striking feature over the Qinghai—Xizang
(Tibet) Plateau. The maximum and minimum area-
averaged snow depths were 21.3 (1985/86) and 10.4
(1984/85) cm, respectively, during the period of SMMR
operation. In fact, only the eastern part of the Qinghai—
























