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Abstract
The spatiotemporal pattern of precipitation is significantly changing with global

climate change. Snowfall is a solid phase of precipitation and an important water

resource. With two gridded data sets of APHRO (Asia Precipitation-Highly-Resolved

Observational Data Integration Towards Evaluation of Water Resources) and CN05.1,

this study analyses the changes in the spatiotemporal pattern of snowfall in a snow-

dominant region of China from 1961 to 2015. The results indicate the significant

increasing trend of winter snowfall in horizontal and altitude dimension in snow-

dominant regions, but the winter snowing season length shortened. For the frequency

of snowfall intensity level, light, and heavy snowfall and snowstorms increased, but

moderate snowfall showed no change. However, the intensity of extreme snowfall in

once-in-a-century was decreasing in all of the snow-dominant regions. In the altitude

dimension, the increasing trend in snow-dominant conditions was not uniform, which

may be related to change in air temperature and water vapour through the vertical

atmospheric levels. The upwards trend in snowfall may be caused by the increase of

atmospheric water content rather than the change of snowy weather conditions. In

addition, the change values of climate indices can also contribute to snowfall increas-

ing in snow-dominant regions.

KEYWORD S

northeast China, precipitation phase, Qinghai-Tibet Plateau, warming, Xinjiang

Received: 21 August 2018 Revised: 21 May 2019 Accepted: 29 May 2019 Published on: 28 June 2019

DOI: 10.1002/joc.6182

5702 © 2019 Royal Meteorological Society Int J Climatol. 2019;39:5702–5719.wileyonlinelibrary.com/journal/joc

https://orcid.org/0000-0002-2354-7880
mailto:shicx@cma.gov.cn
http://wileyonlinelibrary.com/journal/joc


1 | INTRODUCTION

Snowfall is one of the solid phases of precipitation that affects
the ecological environment and hydrological processes in
mountainous areas (Barnett et al., 2005; Jonas et al., 2008)
and water resource management (Duethmann et al., 2014;
Mankin et al., 2015). Furthermore, snowfall supplies the gla-
cier, streams, and groundwater (Zhang et al., 2014; Zhang
et al., 2016b) and impacts surface energy balance processes,
heat and water transportation in soil (Fu et al., 2018), spatio-
temporal patterns of vegetation (Chen et al., 2015; Li et al.,
2015), and climate evolution in the following warm season
(Davis et al., 2005; Dash et al., 2006).

Under climate change, studies focused on spatiotemporal
pattern of snowfall in China began with in situ observations.
After 1980, the precipitation phase is not labelled (Ding
et al., 2014). The long-term spatiotemporal pattern of snow-
fall is studied using snowfall data series after partitioning the
precipitation phase (Liu et al., 2012b; Sun et al., 2012;
Zhang et al., 2016a). However, the surface meteorological
observation network is relatively evenly distributed in east-
ern China and sparsely distributed in western China. More-
over, snowfall occurs more frequently in western China than
in eastern China (e.g., the Qinghai-Tibet Plateau). Thus, the
analysis of the spatiotemporal pattern of snowfall with in
situ observations has great spatial uncertainty in western
China. Following the development of retrieval algorithms
for snowfall–emission reflection (Fujiyoshi et al., 1990;
Borys et al., 2003), Doppler Weather Radar (DWR) had pro-
vided a snowfall product with high temporal and spatial res-
olution. However, although there are 199 DWRs in China,
which are evenly distributed as surface meteorological obser-
vation network in eastern China, the provision of data for
western China remains limited. In China, there is no snow
data assimilation system with a clear mechanism like the
U.S. Snow Data Assimilation System (SNOWDAS; National
Operational Hydrologic Remote Sensing Center, 2004). Thus,
a high spatiotemporal resolution snowfall product is not yet
available for related research. However, the gridded precipita-
tion (including rainfall and snowfall) extrapolated by rational
hypothesis is a potential gridded observation with less uncer-
tainty and more rational spatial pattern than that obtained
directly from in situ observation (Shen and Xiong, 2016).

Numerical weather models contain a cloud microphysics
scheme, which describes the water vapour exchange process
between cloud water and cloud ice. Thus, global climate
models (GCMs), the numerical weather prediction (NWP)
model, and reanalysis data sets with the atmospheric data
assimilation technique can directly output the snowfall vari-
able. Therefore, the long-term gridded snowfall is typically
taken from coarse grid reanalysis data sets, such as ERA40
(Uppala et al., 2005), JRA55 (Kobayashi et al., 2015),

NCEP/NCAR (Kalnay et al., 1996), NOAA-CIRES (Compo
et al., 2006), and ERA20C (Poli et al., 2016), for which tem-
poral coverage is more than half a century. However, these
reanalysis data sets have coarse resolution and thus cannot
describe the micro-atmospheric processes caused by the
complex terrain in snow-dominated regions of western
China. Although there are several regional atmospheric data
assimilation data sets with high spatiotemporal resolution
(Maussion et al., 2014; Ma et al., 2016), the snowfall has
different spatiotemporal patterns even in the same simulation
region, which is affected by atmospheric forcing and cloud
microphysics process. This increases the uncertainty of esti-
mations of snowfall spatiotemporal evolution. The Global
Precipitation Measurement (GPM) Mission, which is the
subsequent mission of Tropical Rainfall Measuring Mission
(TRMM), was launched in 2014 and has the ability to detect
the snowfall with dual-frequency precipitation radar (Hou
et al., 2014). However, snowfall from GPM precipitation
data set has higher spatial and temporal resolution than
reanalysis data sets, and the snowfall retrieval algorithm
depends on empirical and statistical equation and humidity
from reanalysis data sets. Therefore, the GPM snowfall
product needs more evaluation in China before it can be
used in application.

Previous studies related to snowfall in China are mainly
concerned with the climatological trend, the ratio between
snowfall and rainfall (Laternser and Schneebeli, 2003), and
the change of its spatiotemporal pattern (Li et al., 2012; Sun
et al., 2012; Liu et al., 2012b; Zhu et al., 2014; Jiang et al.,
2016; Zhang et al., 2016a). They do not provide a hypothesis
for changes in spatiotemporal pattern of snowfall change
under climate change. Furthermore, these studies' areas are
mainly focused on western China (e.g., Xinjiang and the
Qinghai-Tibet Plateau), and few studies systematically study
the entire snowcover-dominated regions in China. It has been
shown that snowfall has a significant change on spatial pat-
terns in alpine regions and plains (Laternser and Schneebeli,
2003; Marty, 2008; Yamaguchi et al., 2011). The studies
focused on the Qinghai-Tibet Plateau (Wang et al., 2016a;
Deng et al., 2017) also lack the examination of altitude
dimension.

In this study, we focused on analysing the changes in
spatiotemporal pattern of snowfall in both horizontal and
altitude dimensions with gridded snowfall data sets, and
identifying possible reasons accounting for the changes in
snowfall under over 50 years. The remaining parts of this
paper are organized as follows: section 2 introduces the data
sets and the methods. Section 3 contains the analysis of
changes in snowfall spatiotemporal distribution and inten-
sity, and analysis of possible reasons for these changes.
Section 4 discusses the results and section 5 provides the
key conclusions of this research.
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2 | METHODOLOGY AND
DATA SETS

2.1 | Study area

China has three stable periodically snow-dominated regions,
northern Xinjiang (XN), northeast China (NE), the Qinghai-
Tibet Plateau (TP; Sun et al., 2010a; Liu et al., 2012c). The
elevation range of these three regions on the grid of 0.25�

(Figure 1) is 310–3,830 m, 50–1,180 m, and 2,700–5,500 m,
respectively.

The transitional views consider the sub-alpine region
between 1,000 and 3,500 m a.s.l., and plain regions between
500 and 1,000 m a.s.l. Thus, no sub-alpine and plain regions
in Qinghai-Tibet Plateau. To avoid this problem, the percentile
method was applied to discretize the elevation range into three
zones in the snow-dominant region. This approach uses the
lower and upper percentile of areas of 33.3 and 66.6% of the
total area, respectively. This approach was taken rather than
the clustering method because the clustering method would
lead to areas with few in situ sample points and thus some
zones with less representation. The elevation (DEM) data
comes from the GTOP30 DEM dataset (http://www1.gsi.go.jp/
geowww/globalmap-gsi/gtopo30/gtopo30.html), which hori-
zontal resolution of 1 km and is resampled into a 0.25� grid. A
detailed description of elevation zones is shown in Table 1.

2.2 | Data sets

In this study, several gridded data sets (Table 2) were employed
for generation of the gridded snowfall data, comparison of the
significance of snowfall change at multiple scales, and the

analysis for possible reasons accounting for snowfall change.
These data sets are described in detail in this section.

2.2.1 | Gridded in situ observations

The CN05.1 data set, generated and maintained by the
National Climate Center, Chinese Meteorological Adminis-
tration, was extrapolated by the thin plate spline method
using more than 2,400 in situ stations across China for
1961–2015 (Wu and Gao, 2013). Furthermore, these data
sets have already been used in TP (Wang et al., 2018). In
this study, daily mean temperature, daily relative humidity,
and daily precipitation were used. The Asia Precipitation-
Highly-Resolved Observational Data Integration Towards
Evaluation of Water Resources (APHRO) dataset covers the
whole of East Asia and has temporal coverage of 1961–2007
(Yatagai et al., 2012), including the variables of daily mean
temperature and daily total precipitation. Furthermore, a flag is
provided for the precipitation phase in APHRO to assist in the
separation of precipitation into snowfall. In general, the number

FIGURE 1 The topography of
mainland China and subregions. The
rivers are drawn in blue lines. The
shaded regions are snow-dominated
regions. XN, TP, and NE indicate for
northern Xinjiang, the Qinghai-Tibet
Plateau, and northeast China,
respectively [Colour figure can be
viewed at wileyonlinelibrary.com]

TABLE 1 Description of the boundaries of elevation zones
in snow-dominant regions (units: m)

Regions Zone 1 (Z1) Zone 2 (Z2) Zone 3 (Z3)

Qinghai-Tibet
Plateau (TP)

2,700–4,180 4,180–4,840 4,840–5,550

Northeast
China (NE)

50–400 400–650 650–1,180

Northern
Xinjiang (XN)

310–1,060 1,060–1,780 1,780–3,830
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of in situ stations used in APHRO for China is approximately
800 less than CN05.1. This may reduce the accuracy of
APHRO-based snowfall data relative to that of CN05.1. How-
ever, both data sets have high horizontal resolution of 0.25�. In
addition to APHRO and CN05.1, this study employs well-
known long-term climatic datasets including CRU (The Cli-
matic Research Unit) (Harris et al., 2014), WM (global [land]
precipitation and temperature: Willmott & Matsuura, Univer-
sity of Delaware) (Willmott and Matsuura, 2001), and GPCC
(GPCC Global Precipitation Climatology Centre monthly pre-
cipitation dataset) (Rudolf et al., 1994) to compare the trend of
winter precipitation/snowfall in the Northern Hemisphere and
China for centennial periods.

2.2.2 | Other gridded data sets

The NCEP/NCAR reanalysis data set (Kalnay et al., 1996),
which has temporal interval of 6 hr in 1948–2017 with a
spatial grid of 2.5�, is used in analysis of snowfall change
from thermodynamic process. The air temperature, specific
humidity (Q), geopotential height, U wind, and V wind were
selected at standard isobaric level of 1,000, 925, 850,
700, 600, and 500 hPa. In addition, the partial correlation
analysis was calculated with the R software package with
bootstrap method.

2.2.3 | Climate indices

Except for mesoscale weather systems (Front, Cyclone, Tough,
etc.), which can induce and affect the snowfall process, large-
scale weather systems can also affect the snowfall's spatiotem-
poral pattern (Seager et al., 2010). Thus, in this study four
climate indices are collected, namely the North Atlantic Oscil-
lation Index (NAO) in 1950–2018 (CPC—Monitoring and
Data: Daily North Atlantic Oscillation Index 2004), Arctic
Oscillation Index (AO) in 1950–2018 (CPC—Teleconnections:
Arctic Oscillation, https://www.cpc.ncep.noaa.gov/products/
precip/CWlink/daily_ao_index/ao.shtml [accessed 8th March
2019]), Antarctic Oscillations Index (AAO) in 1979–2018

(CPC—Teleconnections: Antarctic Oscillation, https://www.
cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/
aao/aao.shtml [accessed 8th March 2019]), and Multivariate
ENSO Index (MEI) in 1950–2018 (Team, https://www.esrl.
noaa.gov/psd/enso/mei/index.html [accessed 8th March
2019]). To analysis the teleconnection relationship between
climate indices and snowfall in China (including the snow-
dominated regions), Pearson correlation coefficient is used
to calculate climate indices and snowfall in cold season in
1961–2015.

2.3 | The method for partition of precipitation
phase

Precipitation has two main phases: solid precipitation
(e.g., snowfall) and liquid precipitation (e.g., rainfall). At
present, most rain gauges in China do not have the ability to
measure solid precipitation. However, the related scientific
research fields concerning precipitation usually require par-
titioning of the precipitation into solid phase and liquid
phase because the precipitation in solid phase does not con-
tribute immediately to runoff and is stored as snow cover
until the air temperature becomes high enough to melt it into
liquid water. In this study, snow sublimation was ignored.
Thus, for snow science models and hydrological models
within a land surface model, the parameter to partition pre-
cipitation is a key optimization goal. With respect to previ-
ous studies, two typical methods were applied for this study.
The first method, atmospheric temperature profile analysis
(Rauber et al., 2001; Thériault et al., 2006), considers the
precipitation as snowfall when the air temperature is below
0�C at a specified isothermal height. The second method is the
temperature threshold method (Yang et al., 1997; Chen et al.,
2014; Ding et al., 2014), which involves distinguishing precipi-
tation based on the surface air temperature or surface wet bulb
temperature threshold. When surface temperature decreases
under the temperature threshold, the precipitation is distin-
guished as snowfall.

TABLE 2 The datasets used in this study

Data sets
Temporal
coverage/resolution

Spatial
resolution Variable Usage

1. CN05.1 1961–2016/daily 0.25� Temperature, precipitation Making gridded snowfall data sets

2. APHRO 1961–2007/daily 0.25� Temperature, precipitation Making gridded snowfall data sets

3. CRU 1901–2012/monthly 0.5� Precipitation Long-term trend analysis

4. WM 1901–2015/monthly 0.5� Precipitation Long-term trend analysis

5. GPCC 1901–2015/monthly 0.5� Precipitation Long-term trend analysis

7. NCEP/NCAR
reanalysis data set

1948–2017/6 hr 2.5� Temperature, U and V wind,
specific humidity, geopotential height

Analysis for cause of snowfall
change in snow-dominant regions

BAI ET AL. 5705

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/aao.shtml
https://www.esrl.noaa.gov/psd/enso/mei/index.html
https://www.esrl.noaa.gov/psd/enso/mei/index.html


In this study, two temperature threshold methods were
used (presented in section 3.5). In other sections, however,
the only one temperature threshold called temperature–rela-
tive–humidity threshold method was used. Here, tm and
rh-tm represent the single temperature threshold method
(Equation (1)) (Yang et al., 1997) and temperature–relative–
humidity threshold method (Equation (2)) (Yasutomi et al.,
2011), respectively. The detailed description of snowfall
detecting algorithm is as follows:

Psnowfall =
P,T≤T threshold

0,T>T threshold

�
, ð1Þ

where T is the daily mean air temperature at 2 m height of
the ground surface, Tthreshold is the threshold for partitioning
the rainfall and snowfall in single temperature threshold
method. Normally, Tthreshold is set from −1 to 4�C by experi-
ence. In this study, the calculation is based on a grid scale,
not in situ. According to a previous study on grid scale
(Yang et al., 1997), Tthreshold is 2�C,

RHcri =92:5−7:5T , ð2Þ

where RHcri is the daily mean relative humidity threshold
for partitioning the rainfall and snowfall in temperature–rela-
tive–humidity threshold method. When the daily relative
humidity is greater than RHcri, the current precipitation
phase is considered as snowfall.

2.4 | The definition of the hydrological period

With reference to the temporal coverage of XN, NE, and TP
in a year, the winter time (the cold season) was defined from
previous November–March. When calculating the amount of
annual snowfall, this study used the hydrological year
(September 1 to August 31) as statistical window in sections
3.1 and 3.2. The snowfall statistics and snowy season length
calculation were based on hydrological year. The first and
final days of snow were the date of first snowfall occurring
and the date of the last snowfall, respectively. Julian date
was used for convenience of calculation in section 3.4.

2.5 | The snowfall intensity

According to previous studies (Liu et al., 2012c) the snow-
fall was divided into four intensity bins. In the statistical
temporal 24-hr windows, the snowfall intensity was classi-
fied as light snowfall (<2.5 mm/day), moderate snowfall
(2.5–4.9 mm/day), heavy snowfall (5.0–9.9 mm/day), and
snowstorm (>10 mm/day).

2.6 | The return period of extreme snowfall

The Gumbel distribution is an Extreme I type distribution.
This distribution can reflect the extreme probability characteris-
tics of some meteorological variables (Matti et al., 2016). The
probability distribution function is shown in (Equation (3)).The
extreme snowfall calculation using the Gumbel distribution
was conducted according to (Equations (3)–(8)),

F xð Þ=exp −exp −α x−βð Þ½ �f g, ð3Þ

where α > 0 is the scale parameter, β is the location parame-
ter, and x is the snowfall.

In the parameter estimation, this study used the L-moment
estimation method, which is a linear combination of probabil-
ity weight moments. The sample data were sorted in des-
cending order. Finally, an unbiased estimate was obtained for
each order,

br=
1
n

Xn−r

j=1

Cr
n− j

Cr
n−1

xj: ð4Þ

Next, Equation (4) is linearly combined to obtain the
L-moment estimate,

μ̂1=b0, ð5Þ

μ̂2=2b1−b0: ð6Þ

Therefore, Gumbel distribution parameters can be
obtained from formula below:

α̂= ln
2
μ2

, ð7Þ

β=μ1−
c
α̂
, ð8Þ

where c = 0.57722 is the Euler constant, α̂ is the estimated

value of the scale parameter, and β̂ is the estimated value of
the location parameter. For smoothing, an 11-year time win-
dow was adopted for calculation of winter extreme snowfall
intensity in once-in-a-century.

3 | RESULTS

3.1 | Spatial pattern and trend of snowfall

Through the period 1961–2007, the climatological spatial
pattern of winter snowfall in APHRO and CN05.1 has
mainly remained the same, but with different snowfall inten-
sity. In XN and the mountainous regions on the TP, the
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CN05.1 (Figure 2b) showed more snowfall than APRHO
(Figure 2a). In XN and NE, the winter snowfall in mountain-
ous regions was greater than that in basin or low-elevation
zones. In the TP, the eastern part and Himalayan Mountains
had more snowfall than the interior regions. Moreover, in the
snow-dominant regions, there was a snowfall of approxi-
mately 50 mm in mountainous regions (e.g., Taihang Moun-
tains [113.6�E, 37.4�N] and Qingling Mountains [108.6�E,
33.65�N]).

The tendency of snowfall in most of mainland China is
upwards (Figure 2c,d), which is confirmed by in situ obser-
vation (Sun et al., 2010a; Xu, 2011; Songzhu et al., 2014);
in particular, northeastern and northwestern China exhibit a
strikingly positive linear trend (Sun et al., 2012). A signifi-
cant increasing linear trend in XN was found in both of the
snowfall datasets. In Xinjiang, the snowfall shows an
increasing trend in 1961–2013 with sparse in situ observa-
tion (Wang et al., 2017). Moreover, the snow depth had
increased, especially in the Tianshan Mountains (84�E,
43�N) (Liequn et al., 2013). As snow depth is an indicator
of snowfall's change, it indirectly illustrates that snowfall
has increased.

However, the patterns in TP and NE were not consistent. In
CN05.1 (Figure 2d), the snowfall shows a strikingly increasing

trend (>5 mm/10 years) in eastern part of NE, which contrasted
with a slightly increasing trend (<2.5 mm/10 years) shown by
APRHO (Figure 2c). The previous study with observation in
situ shows that mountainous regions in NE including the Great
Khingan Mountains (122�E, 47�N) and Lesser Khingan Moun-
tains (125�E, 47�N) had an upwards trend of snowfall in
1960–2005 (Sun et al., 2010b). This is well consistent with the
grid analysis result in this study. The previous study also points
out that the snowfall in the Changbai Mountains (125�E,
40�N) has declined (Sun et al., 2010b). Snowfall in APRHO
(Figure 2c) shows a declining trend, but CN05.1 shows a
strong increasing trend.

The APHRO data set (Figure 2c) indicated a declining trend
in western TP and rising trend in the eastern TP. However, the
CN05.1 dataset (Figure 2d) revealed a slight declining trend in
the TP. One study based on a grid of 0.5� also shows the down-
wards tendency of snowfall (Wang et al., 2016b). Meanwhile,
a study with gauge observations, reanalyses, and satellite
retrievals increasing trends in spring and winter, which also
uses the APHRO precipitation dataset (Tong et al., 2014). Even
in eastern TP, the snow line of the Qilian Mountains retrieved
by the satellite snow product of MODIS has been declining,
which reveals that winter snowfall in the cold season has
increased (Wang, 2008). Additionally, there are some regional

FIGURE 2 Multiyear mean spatial distribution of snowfall (mm/year) in APHRO (a) and CN05.1 (b), and the trend of winter snowfall
(mm/year) in APHRO (c) and CN05.1 (d)
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studies showing that snowfall tends significantly increase
mostly in the TP area (Ke et al., 2009; Deng et al., 2017).
Therefore, the winter snowfall trend showed great uncertainty
in TP and NE, which comes from the origin of the APHRO and
CN05.1 datasets.

3.2 | Trend of snowfall amount

The decadal change of winter snowfall in snow-dominant
regions of China is associated with global winter precipita-
tion change under global climate change. We should there-
fore compare the winter precipitation or snowfall trend in
the boreal hemisphere (NH), China, and snow-dominant
regions to reveal the possible linkage to these changes.
Based on CRU, WM, and GPCC (Figure 3a), it was found
that the winter precipitation anomaly in the NH changed in a
small fluctuation in 1901–2012. After 1950, the winter precipi-
tation anomaly increase in China agreed with the change in the
NH. Nevertheless, the winter precipitation anomaly in China
remained in positive phase, except for a short period in
1961–1980 compared to the reference period of 1961–1990. In
the NH, the uncertainty of winter precipitation anomaly was
larger than that in China. After the 1960s, the winter precipita-
tion anomaly uncertainty in China decreased, which CRU,
WM, and GPCC's ensemble means could reveal a similar trend
in the winter precipitation anomaly.

In the 1980s and 1990s, the winter precipitation anomaly
in China reached the peak and subsequently decreased. Pre-
vious study shows snowfall has significantly increased in
snow-dominated regions of China (Sun et al., 2010a; Zhang
et al., 2016a). This illustrates that the winter snowfall con-
tributes to the increase of the winter precipitation in China.

In Figure 3b, the analysis with grid data sets in this study
also shows that the snowfall in snow-dominant regions
exhibits a strong rising trend without complex fluctuation.
From mid-1960 to mid-1970, NE's snowfall was in a short-
age state. In subsequent times, snowfall began to increase
(Li et al., 2008; Zhao et al., 2009; Sun et al., 2010a; 2010b).
For XN, snowfall showed an increasing trend in the last
50 years (Peiji, 2001). Thus, the anomaly in NE and XN,
which show a significant upwards tendency, agrees with the
temporal pattern in previous studies. In TP, anomalies in the
late-1970s, late-1980s, late-1990s, and mid-2000s are in a
positive phase, which is in agreement with in situ observa-
tion studies (Jiang et al., 2016).

The altitude distribution of snowfall in snow-dominant
regions could indicate the change of atmospheric tempera-
ture and water vapour in the vertical dimension. In general,
the snowfall in snow-dominant regions displayed a rising
trend in all altitude zones. In the TP, the anomaly switched
into positive phase from negative phase in 1972–1973, and
the anomaly in Zone 1 and Zone 2 was higher than that in
Zone 3 (Figure 4a). The same phenomenon occurred in NE
(Figure 4b) and XN (Figure 4c). It was thus assumed that
the snowfall is increasing at some specific altitude, rather
than uniformly increasing in all altitude zones. This may be
caused by the water vapour and change in the air tempera-
ture on vertical atmospheric levels. Previous study has indi-
cated that the high-altitude zone in the TP is experiencing a
warming process (Norris et al., 2015), which could result in
water vapour change according to Clausius equation. This
could cause the water vapour redistribution at both the spa-
tial and temporal scale in the TP and consequently, redistri-
bution of the snowfall.

FIGURE 3 The trend of the winter precipitation anomaly in the Northern Hemisphere and China. The blue and the red lines indicate the
winter precipitation anomaly averaged over the Northern Hemisphere and China, respectively. The anomaly's reference period is 1961–1990 and the
analysis period is 1901–2012. TP, NE, and XN represent Qinghai-Tibet Plateau, northeast China, and northern Xinjiang, respectively. The snowfall
anomaly is calculated from the snowfall data set derived from CN05.1. The line is smoothed by a 3-point filter. The shadow area indicates the
anomaly's standard deviation [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3 | Change of snowfall intensity

Snowfall intensity is one of the key indicators for extreme
snowfall in winter time, the fluctuations of which could
affect the winter snowfall amount. It is observed from sur-
face weather observation that snowfall intensity in the north-
ern NE and eastern TP exhibits a remarkable upwards trend
(Yulian et al., 2013). For snowfall intensity on grid scale,
the frequency for all snowfall intensity levels (Figure 5) was
higher in 1991–2015 than in 1961–1990, in both APHRO
and CN05.1 snowfall data sets. In winter, light snowfall in
the common months (November and December, January and
March) across snow-dominant regions had a higher fre-
quency in February. The average frequency of light snowfall
in TP, NE, and XN is 3, 5, and 6 times, respectively. There
was no significant change in moderate snowfall between the
two periods, and the frequency of moderate snowfall on
November is higher than 8 times. Heavy snowfall (Figure 5),
which occurred less than once per month, was mainly concen-
trated in December. Snowstorms (Figure 5) mostly occurred
in January. In XN, all snowfall intensity levels have been
more frequent in the cold season of 1991–2015, especially for

moderate and heavy snowfall (Zhao et al., 2011; Wang et al.,
2013; Songzhu et al., 2014). In NE, the snowstorms occurred
more frequently in January during 1991–2015 than during
1961–1990. This is consistent with the conclusions of a previ-
ous study, in which snowstorm frequency increased signifi-
cantly at over 90.4% of the weather stations in eastern NE
(Zhou et al., 2017). Overall, the CN05.1 snowfall data set had
a greater frequency of snowfall intensity increase than
APHRO. The average frequency of snowfall intensity in TP
was lower than in the other two regions because of the larger
area of TP. The increased snowfall frequency at different
intensities is thus one reason for the snowfall increase.

Figure 5 indicates that the frequency of all snowfall
intensity levels had an increasing tendency over the study
period, especially light snowfall. The values in Figure 5 are
the mean of regional area, which suggests that if the values
are more than 1, the same snowfall intensity level occurs in
all grids in that region.

Based on extreme value theory, the extreme snowfall in
snow-dominant regions was smoothed using dynamically
rolling 11-year windows. Figure 6 shows the extreme snowfall
intensity in once-in-a-century. In the TP, the extreme snowfall

FIGURE 4 The change of winter snowfall anomaly in the Qinghai-Tibet Plateau (a), the northeast China (b), and the northern Xinjiang (c). z1,
z2, and z3 indicate the Zone 1, Zone 2, and Zone 3, respectively. The temporal coverage is 1961–2015. The reference period is selected in
1961–1990. The y-axis is the anomaly of snowfall amount (mm). The line is smoothed by a 3-point filter [Colour figure can be viewed at
wileyonlinelibrary.com]
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in December showed a downwards trend before 1986. Extreme
snowfall in December in NE and XN showed a consistent
downwards trend throughout the study period. In XN and NE,
extreme snowfall reached maximum in January and was mini-
mum in November. In general, the temporal pattern of extreme
snowfall in XN and NE mainly showed a decreasing trend.
However, the extreme snowfall of the TP was distinct from the

other areas. The TP extreme snowfall in November, December,
and January had a more complex tendency.

3.4 | Temporal change of snowfall

The first and ending date of snowy season (FDSS and
EDSS, respectively), duration of the snowy season (DSS),

FIGURE 5 Changes of snowfall intensity frequency in snow-dominant regions. The rows are light snowfall (Level 1), moderate snowfall
(Level 2), heavy snowfall (Level 3), and snowstorm (Level 4), respectively. The columns are Qinghai-Tibet Plateau (TP), northeast China (NE), and
northern Xinjiang (XN). The unit is number of times [Colour figure can be viewed at wileyonlinelibrary.com]
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and total number of snowy days (TNSD) are statistical met-
rics and indicators for climatological snowfall change. In
XN and TP, APHRO and CN05.1 (Figure 7a,b) both showed
the FDSS in the mountainous regions was on 245th day
Julian day (August). In interior and western part of TP,
CN05.1 presented an earlier FDSS than APHRO. Junggar
Basin (87.3�E, 45.5�N) in XN and Qaidam Basin (93.1�E,
37.5�N) in the TP have the FDSS on 330th day (Figure 7a,
b). The mountainous regions in NE had the FDSS on the
270th day (September). The EDSS in NE was around 100th
day (March) in both APHRO and CN05.1 (Figure 7c,d). In
XN, the EDSS in the plain area was about 90th day (March)
and EDSS in the Tianshan Mountains was approximately
180th day (June). Furthermore, the EDSS over most of the
TP was the 180th day (June).

In Figure 7e,f, the mountainous regions in NE had a DSS
of over 180 days. DSS in mountainous regions in TP and
XN was typically over 270 days. Previous study with in situ
observation also shows that DSS in western NE (Great
Khingan Mountains) is more than 210 days and that DSS in

eastern TP is even over 300 days (Yulian et al., 2012). The
analysis with gridded data sets in this study has less DSS than
one with in situ observation. The spatial pattern of TNSD in
CN05.1 and APHRO was almost the same (Figure 7g,h), but
CN05.1 showed more TNSD in XN and TP than in NE, espe-
cially in mountainous regions. In general, the regions with
complex terrain had more snowy days.

Both APRHO and CN05.1 showed a warming signal. In
1991–2015, the FDSS was postponed by 1–4 days in all of the
snow-dominant regions, compared with that in 1961–1990
(Table 3). The EDSS came early by 3–8 days compared with
that in 1961–1990. The DSS was shortened by 3–8 days in the
latter period. In APHRO, TNSD slightly increased between
the two periods, whereas it decreased in CN05.1, except for
NE. However, a decreasing trend of DSS is observed in XN
(Liequn et al., 2013). APHRO failed to reveal this process. In
general, the statistical values in CN05.1 showed a stronger
warming signal than APHRO. This may be related to the
APHRO's temporal coverage of 1961–2007, which is shorter
than that of CN05.1.

FIGURE 6 The winter extreme snowfall intensity in once-in-a-century in the Qinghai-Tibet Plateau (a), northeast China (b), and northern
Xinjiang (c). The line is smoothed by a 3-point filter [Colour figure can be viewed at wileyonlinelibrary.com]
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3.5 | Possible reasons for snowfall change

The transportation of water vapour in the atmosphere is the
source of winter snowfall, in which water vapour content and
wind speed are the controlling factors for water vapour transpor-
tation. In the NCEP/NCAR reanalysis data set, air temperature at

1,000–500 hPa showed a strong warming trend (Table 4) in
snow-dominant regions during 1961–2015, which indicates that
the whole atmosphere is in the warming state. Snowfall in differ-
ent elevation zones, however, presented the increasing trend.
The thermal process could not explain snowfall change in
snow-dominant regions. The geopotential height of 500 hPa

FIGURE 7 The statistical temporal information of snowfall in APHRO and CN05.1 snowfall data sets. The left column and right column is
APHRO's information and CN05.1's information, respectively. The rows are the first day of snowy season, the end day of snowy season, the
duration of the snowy season, and the total snowy day, respectively
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(Table 4) has increased in height in snow-dominant regions dur-
ing 1961–2015. This demonstrates that the geopotential height is
in an uplift state, leading to fewer weather systems (e.g., Toughs
and Fronts) conductive for snowfall occurring in winter. Thus,
the dynamic process could not explain snowfall change in snow-
dominant regions.

Satellite observations, blended with numerical weather
model simulation and satellite remote sensing data, have indi-
cated that water vapour is increasing in Europe and the north-
eastern United States, which is mainly caused by the shrink of
Arctic sea ice area (Liu et al., 2012a). The eastern China
extreme snowfall in 2008 is associated with the changes of
water vapour transport (Nan and Zhao, 2012). Analysis with
long-term data shows that the snowfall in northeastern China
is mainly affected by the local atmospheric water vapour
amount before the snowfall arrivals (Sun and Wang, 2013).
Therefore, the changes in atmospheric water vapour will affect
the temporal and spatial patterns of snowfall. However, this is
only one of the mechanisms that could explain the physical
process of the changing pattern in snowfall.

The Q values on 1,000–500 hPa showed an increasing
trend in XN and NE, but not on the TP. Hence, the near-
surface atmospheric boundary layer has contained more
water vapour over the last 55 years, which is conductive to
increasing the local snowfall. Excluding the TP, the U wind
and V wind at 1,000–500 hPa also showed a weakly increas-
ing trend in snow-dominant regions. This phenomenon illus-
trates the strengthening intensity of near-surface water
transportation. The increased water vapour from the northern
Atlantic Ocean and the Arctic Ocean arrived in the snow-
dominant regions with the westerlies (Yang et al., 2010; Liu
et al., 2015). The change in TP was a decrease trend in Q,
U wind, and V wind, which indicates less water vapour than
the other regions. It was assumed that the local water cycle
increased in response to the striking increase of snowfall.
Nerveless, the water vapour might come from the surface
evaporation in the melting of surface seasonally frozen soil,
snow cover, and retreat of a glacier (Zhao et al., 2004;

Cheng and Wu, 2007; Yao et al., 2012). A previous study
has shown the snowfall increase in NE is mainly affected by
the atmospheric water vapour content before snowy days
(Sun and Wang, 2013). Therefore, it could be assumed that
the increased snowfall in snow-dominant regions was mainly
affected by water vapour increase. Furthermore, the wind
would strengthen the water vapour transportation for snow-
fall. Besides, the temperature effect illustrated from Claudius's
equation.

In addition to the atmospheric analysis, the frequency of
snowfall occurrence by partitioning should be taken into
consideration for comprehensive analysis. In this study, two
approaches (surface air temperature induced method and rela-
tive humidity induced method) were employed to partition
the rainfall and snowfall. The trend analysis for 1961–2015
(Table 5) showed frequencies of Tcri and RHcri occurrence,
indicating the snowy weather condition satisfied the algo-
rithm's threshold, and showed a downwards tendency. The
trend of Tcri frequency in TP, NE, and XN was −0.39 times/10
years, −0.46 times/10 years, and −0.76 times/10 years, respec-
tively. The RHcri frequency is −0.04 times/10 years, −0.30
times/10 years, and −0.44 times/10 years, respectively. These
findings indicate that appropriate conditions for snowfall have
decreased, which cannot explain the cause of the observed phe-
nomenon of snowfall increasing. It only illustrates the snowfall
intensity increase in accordance with the increased snowfall
amount.

Overall, considering both the changes caused by local atmo-
sphere and the change of snowy weather conditions, only water
vapour transportation showed an increasing state and thus it
could be assumed that water vapour transportation was the
main cause for snowfall increase in snow-dominant regions.
However, the explanation to this phenomenon remains open.
In terms of Clausius's equation, the air temperature warming
also could increase local water vapour content. It is therefore
difficult to distinguish which is the main cause for increased
snowfall in snow-dominant regions. Further studies should

TABLE 3 Statistical table of statistical snowy day data between APHRO and CN05.1 in snow-dominant regions, China

APHRO CN05.1

TP NE XN TP NE XN

First snowy date (FDSS) 1961–1990 265.11 287.14 273.96 251.16 281.83 276.22

1991–2015 268.76 288.39 275.21 256.99 285.28 280.86

Last snowy date (EDSS) 1961–1990 150.22 110.66 126.03 166.20 115.52 119.23

1991–2015 144.48 105.32 125.30 158.28 111.19 116.22

Snowy season duration (DSS) 1961–1990 261.90 177.99 216.49 282.18 187.98 207.42

1991–2015 255.58 172.70 216.81 274.39 183.44 204.52

Snowy days (TNSD) 1961–1990 62.03 56.09 64.84 93.16 60.21 92.62

1991–2015 63.67 58.56 70.91 87.83 61.54 91.76
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focus on analysing which factor is the main cause of the
increasing trend of snowfall amount in snow-dominant regions.

Besides, large-scale weather systems, such as the North
Atlantic Oscillation (NAO), the Arctic Oscillation (AO), and the

El Niño–Southern Oscillation (ENSO), has a correlation rela-
tionship with winter snowfall in TP (Shaman and Tziperman,
2005; Xiaoge et al., 2010; Cuo et al., 2013; Wang et al., 2018).
These climate indices indirectly indicate the atmospheric circula-
tion change and water vapour transportation. In Figure 8, four
climate indices are used to calculate the linear correlation coeffi-
cient (CC) with cold season month snowfall in CN05.1 during
1961–2015. It is found that CCs in AO (Figure 8b) and in NAO
(Figure 8d) have a similar spatial pattern, with a higher CC
(>0.1) in eastern TP and lower CC (<−0.1) in northern
XN. This spatial pattern is distinct from others. It is found that
snowstorms in 1961–2014 have a negative CC with NAO
(−0.47) and AO (−0.53) in northern China (latitude >35�N),
which basically agree with Figure 8b,c (Wang and Zhou, 2018).
However, CC in TP is positive, especially eastern TP and further
inland of TP. Therefore, whenAO andNAO are at positive (neg-
ative) phase, snowfall would be more (less) in TP and less
(more) in XN and NE. For MEI, CC in XN and TP, especially
western TP, is relatively higher than in NE and eastern TP. This
means that XN and TP would get more snowfall whenMEI is at
a positive phase. For AAO (Figure 8a), CC in XN and most of
NE is slightly less than −0.07. In western NE, CC is more than
0.14. In some areas of western TP, CC is less than−0.14.

TABLE 4 The tendency of atmospheric variable in
snow-dominant regions at 1,000–500 hPa

TP NE XN

Ta (K/year) 0.273* 0.314* 0.172

HGT (m/year) 6.766* 4.465 5.309*

Q (kg kg−1 year−1) −0.006 0.005 0.020

U wind (m s−1 year−1) −0.089 0.059 0.055

V wind (m s−1 year−1) −0.056 0.130 0.183*

Note. The asterisk denotes significance at p values <.01. In TP, the variables are
calculated at 700–500 hPa.

TABLE 5 The tendency of thresholds for partitioning
precipitation (unit: times/10 years)

TP NE XN

Tcri −0.39* −0.46* −0.76*

RHcri −0.04 −0.30* −0.44

Note. The asterisk denotes significance at p values <.01.

FIGURE 8 The spatial pattern of CC between monthly snowfall and climate index. The subplots (a–d) are the CC of AAO, AO, MEI, and NAO,
respectively. The areas inside contour lines means that the CC is significantly (p < .01) [Colour figure can be viewed at wileyonlinelibrary.com]
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As monthly snowfall has a relationship with four climate
indices, the climate indices' trend should be analysed for
1961–2015. In Table 6, it is found that all four climate indi-
ces have an upwards trend. However, the trend of climate
indices has a different relationship in different periods. For
AO and NAO, the trend of climate indices in the late cold
season is higher than that in the early cold season and the
whole cold season, which exhibits a slight change. For MEI,
the trend of climate indices in the late cold season is 0.031
(0.589%), but decreases to 0.011 (0.218%) in the early cold
season. Overall, these three climate indices exhibit great
changes in the early cold season than those in the late cold
season. For AAO, a great reversal occurs, which has higher
values of 0.069 (1.214%) in the late cold season than values
of 0.031 (0.589%) in the early cold season. Thus, with the
knowledge that monthly snowfall is related to climate indi-
ces, the increasing trend of climate indices indicates more
snowfall in snow-dominant regions. Nevertheless, which cli-
mate indices mainly effect the increasing process of snowfall
is not clear. It should be further studied.

4 | DISCUSSION

At present, the precipitation phase partition algorithm is
originated from empirical experience, regardless of whether
the application is satellite product, numeric weather predic-
tion model or gridded data set extrapolated from in situ
observations. However, the parameter fitted by in situ obser-
vations may not be coordinated with numeric model grids
because of scale problems, especially in complex terrain
with large mountains in coastal regions. For example, in the
beginning of cold season, Urumqi (87�E, 40�N, elevation:
730 m) located at the foot of Tianshan Mountains, which is
a transition zone between plain and alpine terrain, has a 2 m
air temperature of 10�C. Assuming Urumqi is located in the
centre of a 0.25� grid, the south edge will reach the Tianshan
Mountains with elevation 1,500 m, for which 2 m air tem-
perature might be 5�C or lower. When this grid is labelled
with rain, if the air temperature dependent partitioning algo-
rithm is employed, it is labelled with rainfall, for which the
threshold is normally 2–3�C. However, the high land in
Urumqi is more likely to receive snowfall than rainfall and

thus, the grid or sub-grid cannot describe the detailed actual
information. The same situation occurs in coast regions
(e.g., Liaodong Peninsula [122.5�E, 40�N] and Shandong
Peninsula [121�E, 37�N]). Although this study uses high res-
olution precipitation data (Figure 2), it still cannot solve the
scale problem, which is the key limitation in this study. Fur-
thermore, in snow-dominated regions, this scale problem usu-
ally occurs in transient season at beginning and ending of cold
season. There was no significant difference among partition
algorithms in other parts of the cold season. In southern China,
snowfall is ordinarily considered as an extreme climate event,
and the scale problem is more complicated. Thus, the scale of
parameterization in precipitation phase partition will be key to
improve the performance of gridded snowfall data sets in
future.

In this study, the horizontal resolution of both APHRO
and CN05.1 was 0.25� and thus most grids in the TP do not
have sufficient in situ observation to fill the boxes. For this
reason, great uncertainty exists in this region (Zhao et al.,
2014). In Figure 2, the multiyear mean snowfall amount in
CN05.1 was higher than that in APHRO, especially in the
Tianshan Mountains (84�E, 43�N) and TP. First, APHRO
uses no more than 800 stations for extrapolation in China
against 2,400 stations in CN05.1. Second, APRHO uses the
inversed distant weights algorithm to make raw gridded pre-
cipitation, whereas the plate spline algorithm is used in
CN05.1. In most of NE (see Figure 7h), there was a half cir-
cle in CN05.1, which may be caused by the extrapolating
algorithm. The two gridded data sets have drawbacks related
to the original in situ observations and their extrapolating
algorithm. Data blending and data assimilation are promis-
ing techniques with which to solve the problem in the future.

NCEP/NCAR and other long-term Reanalysis data sets
have poor performance in the TP region (Wang and Zeng,
2012), which is another uncertainty factor for this study
analysis. However, Chinese Reanalysis Datasets (CRA40),
which include more achievement of the TP's scientific experi-
ments, and the new generation of reanalysis data set ERA5,
could enhance the performance of reanalysis data set in the
TP. Recently, snow assimilation techniques have great achieve-
ment (Sun et al., 2004; Slater and Clark, 2006), which produce
snow water equivalent data with high data quality, especially

TABLE 6 The linear trend of four climate indices in 1961–2015 (units: /10 years)

AO AAO NAO MEI

Cold season (Nov–Mar) 0.030 (0.388%) 0.031 (0.541%) 0.037 (0.588%) 0.009 (0.174%)

Early cold season (Nov–Dec) 0.061 (0.784%) 0.040 (0.697%) 0.084 (1.354%) 0.031 (0.589%)

Late cold season (Jan–Mar) 0.056 (0.725%) 0.069 (1.214%) 0.064 (1.034%) 0.011 (0.218%)

Note: Fraction number in parentheses is the trend over the range between climate indices' maximum and climate indices' minimum. The trend of AAO is calculated for
1979–2015.
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for mountainous areas and snow covers. Some researchers have
used the hydrological models (Shrestha et al., 2014) and the
snow water equivalent-snowfall models (Broxton et al., 2016)
to produce a simulated spatiotemporal pattern of snowfall that
is closer to that of the natural environment.

5 | CONCLUSIONS

With two gridded snowfall datasets, this study analysed the
snowfall spatiotemporal change, change in snowfall inten-
sity, and the possible reasons for the change of snowfall in
snow-dominant regions of China. The main conclusions are
summarized below.

1. In snow-dominant regions, the mountainous regions had
more snowfall than the plains regions. The snowfall data
set derived from CN05.1 showed more snowfall than the
APHRO snowfall data set. The difference between the data
sets was possibly caused by the difference in the number of
meteorological stations for each data set. Both the APHRO
and CN05.1 snowfall data sets showed similar and dra-
matic increasing trend in most snow-dominant regions.
However, a significant difference in the spatial pattern of
the increasing trend was observed in the TP.

2. Comparison of the winter precipitation in indicated a sig-
nificantly stronger increasing trend in the winter precipi-
tation anomaly in China than in the NH with small
uncertainties. The snowfall in winter also presents a
sharply rising trend, and it was assumed that the winter
snowfall contributed to the increase of the winter precip-
itation in China. To consider the topographic factor, the
snowfall also illustrated a striking rising trend in snow-
dominant regions. However, the intensity of increasing
trend was not uniform in all of the altitude zones. The
higher elevation zones (Zone 3) in snow-dominant
regions usually had smaller rate of increase than middle
elevation (Zone 2) and lower elevation zones (Zone 1).

3. In snow-dominant regions, the frequency of light snowfall
significantly increased from 1961–1990 to 1991–2015,
but there was little change in moderate snowfall intensity.
There was also an increased frequency of heavy snowfall
and snowstorms. However, the intensity of extreme snow-
fall intensity in once-in-a-century decreased overall in all
of the snow-dominant regions. Therefore, the increase of
frequency of different snowfall intensity contributes more
to the increase of snowfall compared to extreme snowfall
intensity in once-in-a-century.

4. Overall, the first snowy day in snow-dominant regions
was postponed and the end snowy day came earlier.
This has the length of the snowy season to be short-
ened. Considering the pattern on altitude direction, the

mountainous areas had more snowy days than other
snow-dominant regions.

5. The increase of winter snowfall in snow-dominant regions
wasmainly caused by the increase in atmospheric water con-
tent rather than the increase of frequency of weather condi-
tions conducive to snowfall. Furthermore, monthly snowfall
in XN and TP has a negative relationship with NAO and
AO.Monthly snowfall in TP has a positive relationship with
MEI, AO, and NAO. The values of these climate indices
having an increasing trend illustrates the Westerly strength-
ened, which could bring more water vapour into snow-
dominant regions from oceans. It may be one reason for the
snowfall increasing process in snow-dominant regions.
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