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1.  INTRODUCTION

Frozen soil is the product of energy exchange
between the atmosphere and lithosphere and is one
of the most important components of the cryosphere.
Frozen soil is not only susceptible to, but also ampli-
fies, climate change and environmental variability
(Zhang et al. 2001). Globally, China is the country
with the third-largest area of frozen soil. Seasonally
frozen soil and permafrost cover approximately 76.8%
of all land in China. The seasonally frozen soil is mainly
distributed across areas above 27° N. The permafrost
includes high-latitude and high-altitude permafrost;
the former is mainly located in northern Northeast
China, and the latter is mainly distributed in the
Tibetan Plateau and high mountain areas in eastern

and western China (Zhou et al. 2000). The variability
in frozen soil affects the allocation and exchange of
energy and water between different soil layers and
between the land and atmosphere, ultimately influ-
encing summer precipitation changes in China and
even climate change on a large scale (Shukla &
Mintz 1982, Gao et al. 2005). The variability in frozen
soil also has a significant impact on the water re -
source balance and could affect the ecosystem bal-
ance because the high-cold ecosystem depends on
the existence of frozen soil (Nelson et al. 2001, Nelson
2003). In addition, many engineering projects exist in
the frozen soil regions of China, including the Qing-
hai−Tibet railway and the China−Russia crude oil
pipeline project. The processes of freezing and thaw-
ing are accompanied by frost heaving and thaw col-
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ABSTRACT: Long-term changes in the soil freezing−thawing depth are an important indicator of
climate change. Based on data from 764 meteorological stations across China, we analysed the cli-
matology and variability in the seasonal freezing depth (SFD) during 1965−2013 and investigated
the connections among changes in the SFD, meteorological factors (temperature, precipitation,
snow depth, freezing index and thawing index) and atmospheric circulations (East Asian winter
monsoon [EAWM] and North Atlantic Oscillation [NAO]) in each of 4 sub-regions: northwestern
China (W), the Tibetan Plateau (TP) and eastern China (E1 and E2). In addition, the contributions
of 2 different factors to variation in the SFD were quantified. The results revealed that during
1965−2013, the SFD noticeably changed from positive to negative anomalies in approximately
1988 for all of the studied regions, exhibiting a significant decreasing trend at rates (mean ± SE)
of 0.23 ± 0.03, 0.08 ± 0.01, 0.26 ± 0.03 and 0.24 ± 0.03 cm yr−1 in E1, E2, W and TP, respectively.
The air freezing index was strongly correlated with the SFD in the E2 and TP regions, and
accounted for 82.6 and 84.9% of the change in SFD, respectively. Snow depth showed a signifi-
cant association with the variability in SFD only in the E1 region. Compared to the NAO, the
EAWM plays an important role in changes in SFD. These findings have implications for further
understanding the mechanisms of cold environment changes across China.
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lapsing deformation, threatening the safety of engi-
neering construction. Therefore, research related to
frozen soil variability across China has been a focus
and has significant implications for making policies
to adapt to changes in climate and environment.

During the past few decades, numerous studies
related to changes in the near-surface freeze/thaw
state have been carried out. Most studies defined the
changes in the first date, last date and duration of the
soil freeze by using the observational daily/monthly
air/soil temperature or mean gridded air tempera-
ture. Based on such data, the soil freeze depth was
estimated according to the 0° C isotherm or calculated
by the Stefan solution to investigate the response of
the soil freeze depth to climate change (Li & Chen
2013, Luo et al. 2014, Park et al. 2014, Wang et al.
2015, Peng et al. 2016, 2017). In fact, the actual soil
freezing−thawing process has no fixed freeze−thaw
critical temperature, and when the soil begins to
freeze or thaw is related to the soil texture, soil water
content and soil/air temperature (Xia et al. 2011).
Therefore, the use of the observational soil freezing
depth data is much closer to reflecting the real soil
freezing/melting state. However, few studies have
used daily/monthly observational freezing depth data
due to the sparse observational stations (Shiklo-
manov 2012, Chen & Li 2008, Wang et al. 2019,
Zhang et al. 2019). For instance, Chen & Li (2008)
and Wang et al. (2019) used approximately 320 and
350 stations across China, respectively, to investigate
the spatial distributions and temporal variations in
the near-surface soil freeze states.

In addition, 2 other methods have been applied
to estimate and predict long-term changes in the
near- surface soil freeze/thaw cycle at the continen-
tal or global scale. One method is numerical simu-
lation by statistical or physical models (Flerchinger
& Saxton 1989, Slater & Lawrence 2013, Cuo et al.
2015). However, due to the complexity of the phys-
ical processes within permafrost and frozen ground,
it remains difficult to accurately simulate soil tem-
perature and moisture during freeze−thaw periods
(Nicolsky et al. 2007, Dankers et al. 2011, Rawlins
et al. 2013). The other method involves satellite-
based remote sensing measurement. In particular,
passive microwave re mote sensing has high tem -
poral resolution and all-weather capabilities (Zhang
et al. 2011, Zhao et al. 2011, Li et al. 2012, Singh
et al. 2013), but it is strongly affected by the hetero-
geneity of the surface, especially that of complex
terrain.

Although the methods used by previous re -
searchers are different, the qualitative conclusions

of frozen soil variations over China are consistent
with each other. However, the quantitative results
show fairly large discrepancies and thus need to
be verified by more ‘true’ seasonal freezing depth
(SFD) data. For example, Peng et al. (2017) em -
ployed the Stefan solution and the observational
air temperature from approximately 730 stations
across China during 1967−2012 and found that the
rate of decrease in the SFD is 0.18 cm yr−1. Wang
et al. (2019) used the ob servational maximum
SFD from approximately 350 stations in China
and concluded that the SFD de creased at a rate of
0.41 ± 0.06 cm yr−1 over 1961− 2010, which is a
much higher rate than that reported by Peng et
al. (2017).

In addition, in previous studies the causes of
near-surface freeze/thaw state changes across China
were attributed to environmental and meteoro-
logical factors, such as air temperature, latitude,
altitude, vegetation growth and urbanization (K.
Wang et al. 2015, Peng et al. 2016, X. Wang et al.
2019). Although many studies have shown that
snow depth (SND) in Russia has an important influ-
ence on the SFD (e.g. Frauenfeld et al. 2004, Park
et al. 2015), Peng et al. (2017) found that the SND
has no relationship with the SFD across China due
to the high spatial heterogeneity of the SFD and
SND, so it is necessary to further divide China into
different regions for analysis. Furthermore, many
meteorological factors are driven and integrated by
atmospheric circulation. Frauenfeld & Zhang (2011)
found that the strong decrease in the SFD of the
Eurasian high latitudes during the 1970s to 1990s
has a strong relationship with the North Atlantic
Oscillation (NAO). Meanwhile, in China, the East
Asian winter monsoon (EAWM) is one of the most
pronounced climate systems and a major factor in
modulating wintertime surface air temperatures.
However, few studies have examined the correla-
tion between large-scale atmospheric circulation
(NAO/EAWM) and SFD across China.

The primary aims of this study were to (1)
analyse the variability in SFD in each of 4 sub-
regions across China during 1965−2013 by using
the observational maximum freezing depth data
from much denser ground-based stations compared
to previous work and provide quantitative results
of changes in SFD, and (2) comprehensively ana-
lyse the correlations of changes in SFD with obser-
vational meteorological factors (temperature, pre-
cipitation, SND, freezing index and thawing index)
and atmospheric circulation, and quantify the con-
tributions of different factors to SFD.
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2.  DATA AND METHODS

We used observational data of the monthly maxi-
mum SFD from the China Meteorological Adminis-
tration (CMA). SFD monitoring was conducted
once per day (08:00 h Beijing Time) by trained pro-
fessional technicians at all meteorological stations
across China with established and uniform guide-
lines provided by the CMA (2007). During the
freezing period, SFD was measured with a frozen
soil apparatus that was buried in the ground and its
inner tube filled with distilled water. The length of
the standard tube varied from 50 to 450 cm accord-
ing to the maximum SFD that may appear locally.
The upper and lower depths at which the water
freezes into the ice are documented as the daily
SFD. The monthly maximum SFD was derived from
all of the daily SFD data for each month. Observa-
tions are available from 2479 stations located
throughout China; the observational period ranges
from when the station was first built to 2013. The
period of records at each station varies: that of the
oldest observatory dates back to 1951, while that of
the newest starts in 2012, and most stations were
built between 1950 and 1960. Additionally, consid-
ering the history of the observational stations, the
periods of data collection at the stations are not
consistent, which may be caused e.g. by removing
stations or because the observational records ex -
ceed the maximum range of the standard frost tube
etc.. For the period 1965−2013, the number of sta-
tions without missing values is 626, and there are
approximately 150 stations with values missing
only in summer (June, July and
August) of each year. Among these
150 stations, ca. 10 stations are
located in the Daxing’an and Xiao -
Xing’an Mountains. According to
Wang et al. (2019), the latest last
date of the soil freeze occurs in the
Daxing’an and XiaoXing’an Moun-
tains in about June or July, while for
other seasonally frozen soil areas
across China, SFD generally equals 0
in summer; thus, it was considered
acceptable to include these stations in
a calculation of the long-term mean.

Strict data quality control was per-
formed to ensure the consistency and
reliability of the results by station and
year. First, we identified the outliers
at 3 standard deviations from their
long-term mean monthly data as

questionable data and then compared the outliers
with the data from the surrounding stations within
200 km. The questionable data were removed from
the time series when all the data in the neigh-
bouring stations were classified as normal; other-
wise, the questionable data were retained if at least
2 or more neighbouring stations also had data
points ≥3 standard deviations from the mean
(Polyakov et al. 2003, Park et al. 2014, Wang et al.
2015). Second, SFD anomalies were calculated rel-
ative to the average over the 1965−2013 period for
each month to remove the annual cycle; this
approach could avoid problems caused by using
absolute values, which are influenced by the differ-
ent station locations and methods used to calculate
the monthly or annual mean values. If all observed
monthly maximum SFD values equal 0 from
1965−2013 at a station, then this station was con-
sidered to have no seasonal frozen soil and was
removed from the data set. To ensure that the
entire cold season is captured in the calculation,
the annual mean SFD was computed from July of
one year to June of the next year (Frauenfeld et
al. 2007). Meanwhile, in order to facilitate the com-
parison between different variables, the variables
were normalized, i.e. standardized with respect to
their mean and standard deviation. Finally, for the
1965−2013 period, 764 stations were screened, and
their distribution is shown in Fig. 1. Many observa-
tional stations are located in central and eastern
China, and few stations are located west of the
Tibetan Plateau and in northern Tibet. Therefore,
this work is mainly fo cussed on the seasonally
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Fig. 1. Distribution of ground-based stations (black circles) and 4 frozen
ground regions across China. The 4 regions are located in northwestern
China (W), the Tibetan Plateau (TP) and eastern China (E1 and E2) (consistent 

with Zhou et al. 2000a)
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freezing depth variations distributed in these
regions across China.

To compare the regional difference in variability of
the SFD, the whole study region was divided into 4
sub-regions according to the Geocryological Region-
alization and Classification Map of the Frozen Soil
in China provided by the Tibetan Plateau Data Center
(Zhou et al. 2000b). One region is located in north-
western China (abbreviated as W; 90 stations), and
the second region is in the Tibetan Plateau (TP; 51
stations). The last region is located in eastern China
and is further divided into E1 (195 stations) and E2
(428 stations) according to whether the SFD is more
than 1 m (Fig. 1).

In addition, we also used observational data of air
temperature (Temp), precipitation (Pre) and SND,
which were processed in the same manner as the
SFD data. The freezing index (FI) and thawing index
(TI) were also calculated according to the observa-
tional data of Temp. The FI (TI) is defined as the
cumulative degree-days of air temperatures below
(above) 0°C in the course of a cold (warm) season; the
cold season spans 1 July of one year to 30 June of the
following year to keep the FI calculated in a continu-
ous cold season, while the warm season spans 1 Jan-
uary to 31 December (Frauenfeld et al. 2007, Wu et
al. 2011). To explore the effect of atmospheric circula-
tion on the SFD variability across China, we used
NAO and EAWM data. Based on the regional poten-
tial vorticity intrusion on the 300 K isentropic surface,
an index of the EAWM (EAWMI) was obtained (Huang
et al. 2016). A larger EAWMI indicates a strong cold
air and a lower air temperature, which is beneficial
to thick frozen soil. Furthermore, the NAO winter
index is calculated according to the difference in
normalized pressures between Lisbon, Portugal,
and Stykkisholmur, Iceland (Hurrell 1995).

The Mann-Kendall test for monotonic analysis of
trends together with nonparametric Sen’s slope esti-
mator was used to investigate the trends in the SFD.
This method has been used in detecting monotonic
trends in hydrometeorological time series (Sheffield
& Wood 2008, Dorigo et al. 2012). In addition, to quan-
titatively assess the contributions of 2 drivers to the
SFD change, a widely used method was adapted
(Cheng et al. 2015, Wang et al. 2016). We first consid-
ered the influence of each factor on the change in
SFD, and then chose the factors that have largest cor-
relation with SFD, and little correlation with other
chosen factors. This resulted in the selection of FI and
SND/Pre for different regions (details in Section 3.2).
Based on a multiple linear regression, the SFD can be
approximately expressed as follows:

SFD’ = a × FI + b × SND + c (1)

where FI and SND are the time series of the annual
mean freezing index and snow depth, a and b are the
regression coefficients, and c is a constant. SFD’ is
the regressed SFD, which can be roughly determined
as the SFD caused jointly by FI and SND/Pre. The
first term on the right of Eq. (1) can roughly serve as
the FI-induced component. The contribution of the
change in the FI to the change in the SFD was calcu-
lated using equation (2):

C_FI = (a × ΔFI)/ΔSFD’ × 100% (2)

where FI and SFD’ are the changes in the mean FI
and SFD’ between the first and last 5 yr. The contri-
butions of the changes in the SND/Pre to the changes
in the SFD (C_SND or C_Pre) can be obtained in the
same manner. The contribution is relative, which
means that the sum of C_FI and C_SND/C_Pre is
equal to 100%. The SFD component solely forced by
FI (or SND/Pre) can be obtained by using a simple
linear regression between SFD and FI (or SND/Pre).
Pearson correlation analysis was used to calculate
the correlation coefficients among SFD and other
variables (Temp, Pre, SWD, FI and TI).

3.  RESULTS AND DISCUSSION

3.1.  Climate state and inter-annual variability

With the retreat of the summer monsoon and the
invasion of cold air, soil in the eastern Tibetan
Plateau, north of northwestern and northeastern
China, begins to freeze in autumn (Fig. 2c). As the air
temperature continues to drop, the freezing depth
increases and is more than 1 m in northeast China.
At the same time, the range of frozen soil further ex -
pands and reaches a maximum. The southern bound-
ary can reach the Yangtze River region in winter
(Fig. 2d). As the air temperature gradually increases
in spring, the southern boundary of the frozen soil
retreats north of the Yellow River, and the maximum
SFD decreases in most regions except northeastern
China (Fig. 2a). As the summer ap proaches, the
range of frozen ground further decreases, and the
areas of thawing reach a maximum. Only north-
northeast China still has some frozen soil (Fig. 2b),
slightly more than in autumn. 

Soil freezing and thawing processes are generally
accompanied by phase transitions of soil water and
result in the release and absorption of latent heat
(Yang et al. 2007). During summer months, both rain-
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fall and air temperature in northeastern China reach
the maximum of the whole year. The frozen soil con-
tinues to melt, which requires a large amount of
energy and thus restrains the rise in soil tempera-
ture. In addition, the increase in rainfall increases
the surface wetness and soil moisture, which results
in much more energy consumption for evaporation
and cooling the ground surface and soils. Therefore,
the thawing of the frozen soil slows. In contrast, dur-
ing the autumn months, rainfall and air temperature
in northeastern China decrease greatly, and evapora-
tion is almost negligible. The soil begins to freeze and
releases the latent heat of fusion, which restrains the
soil temperature and slows the freezing of the soil.
Therefore, the magnitude of the freezing depth in
northeastern China is larger in summer than in
autumn. In general, the frozen soil in eastern China
shows zonal distribution characteristics, and the frozen
soil in northwestern China exhibits an obvious verti-
cal zonality due to the complex and diverse terrain.

Fig. 3 shows the trends in SFD (cm yr−1) at each
observing station during 1965−2013. The SFD ex hib -

its a decreasing trend over most of China, with a
greater decreasing trend north of northeastern China,
north of northwestern China and at a few stations in
the Tibetan Plateau. Southeastern China has the low-
est decreasing trend, and a few stations even have a
weak increasing trend (Fig. 3).

For the whole period, the SFD in the 4 different re-
gions exhibits an obvious change from positive to
negative anomalies in approximately 1988 (Fig. 4).
The SFD shows a significant decreasing trend at a
confidence level of 99%, and the rates of de crease in
the 4 sub-regions of E1, E2, W, and TP are (mean ±
SE) 0.23 ± 0.03, 0.08 ± 0.01, 0.26 ± 0.03 and 0.24 ± 0.03
cm yr−1, respectively. The results agree with those of
Peng et al. (2017), except in the E2 region. divided
China into 5 zones according to temperature, precipi-
tation and other parameters. Four of the 5 zones are
roughly similar to our studied sub-regions, and the
decreasing trend reported by Peng et al. (2017) was
0.27, 0.01, 0.26 and 0.22 cm yr−1, corresponding to our
sub-regions of E1, E2, W and TP, respectively. In con-
trast, Wang et al. (2019) re ported a decrease in SFD of
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Fig. 2. Spatial distribution of the seasonal freezing depth (SFD; cm) across China in (a) spring, (b) summer, (c) autumn and 
(d) winter during 1965−2013
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approximately 0.34 cm yr−1 in W, 0.47 cm yr−1 in the
TP and 0.41 cm yr−1 in E1 and E2 together, which was
significantly higher than our results.

Table 1 shows a comparison between our re search
and that of Peng et al. (2017) and Wang et al. (2019)
in the methods of obtaining the SFD data, the num-
ber of observational stations used and the study peri-
ods. A previous study verified that the estimated SFD
from the Stefan solution has a high correlation with
the observations (Wang et al. 2019). Therefore, the

large differences in the results among the 3 studies
may be related to the density of the observed data.
Greater station density provides more representative
observations (Table 1).

3.2.  Driving factors of SFD variability

The correlations of SFD with potential factors,
including the winter/summer Temp (Temp_win

126

Fig. 3. Trends of the seasonal freezing depth (SFD; cm yr−1) at each observing station from 1965−2013. (a) Significant and (b) 
non-significant trends at the 95% confidence level

Fig. 4. Inter-annual variations in the maximum seasonal freezing depth (SFD) in regions (a) E1, (b) E2, (c) W and (d) TP (see
Fig. 1 for locations). The black solid lines represent 5 yr running means, the black dotted lines represent trends, and the red 

and blue bars represent annual means
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and Temp_sum), winter/summer Pre
(Pre_win and Pre_sum), winter SND
(SND_win), FI and TI, were cal cu -
lated to analyse the potential drivers
of SFD variability in regions E1, E2,
W and the TP during 1965−2013.

An evident warming trend is ob -
served in all 4 studied regions, and
the warming ratio is greatest in win-
ter (Table 2). Temp_win had a more
significant negative correlation with
SFD than did Temp_sum (Table 3),
especially in the E2 region. The cor-
relation between SFD and Temp_win
reached −0.9, and Temp_win ac -
counted for 78.9% of SFD variability.
This means that SFD decreased with
increasing winter air temperature.

Both the FI and TI are based on tem-
perature. Specifically, the FI (TI) re-
flects the combined magnitude and
duration of air or surface temperature
below (above) freezing during a cold
(warm) season. The FI has a high rela-
tion with the absolute Temp_win, and
the TI is connected closely with the
Temp_sum (Table 3). Meanwhile, the
FI shows a significant decreasing trend
during 1965−2013 (Table 3), for the
shortened duration of the near-surface
soil freeze across China (Wang et al.
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Reference                SFD source                                                                                                                  Number of stations  Study period

This study               Observed monthly SFD                                                                                                           764               1965−2013
Peng et al. (2017)    Stefan solution based on the observed daily air temperature and soil temperature         729               1950−2009
Wang et al. (2019)  Observed daily SFD                                                                                                                351               1961−2010

Table 1. Comparisons among 3 studies on seasonal freezing depth (SFD) data sources, the number of observational stations 
and study periods

Variable E1 E2 W TP

SFD (cm decade−1) −2.31*** −0.79*** −2.55*** −2.40***
Temp_win (°C decade−1) 0.51 ± 0.09*** 0.47 ± 0.05*** 0.48 ± 0.08*** 0.45 ± 0.04***
Temp_sum (°C decade−1) 0.34 ± 0.03*** 0.11 ± 0.03*** 0.26 ± 0.03*** 0.33 ± 0.03***
Pre_win (mm decade−1) 0.31 ± 0.06*** 0.25 0.71 ± 0.08*** 0.12 ± 0.04***
Pre_sum (mm decade−1) −0.97 0.36 0.91 ± 0.18*** 0.36 ± 0.16*
SND_win (cm decade−1) 0.47 ± 0.08*** −0.19 ± 0.05*** 0.79 ± 0.12*** 0.00
FI (°C d yr−1) −6.56 ± 1.03*** −2.53 ± 0.31*** −5.60 ± 0.78*** −5.52 ± 0.41***
TI (°C d yr−1) 6.14 ± 0.62*** 6.05 ± 0.91*** 8.43 ± 0.83*** 7.87 ± 0.61***

Table 2. Trend in seasonal freezing depth (SFD) and 7 potential forcing variables (± SE where applicable) during 1965−2013 in
regions E1, E2, W and TP (see Fig. 1 for locations). The symbols *** and * are the significances of the correlations at the 99 and
90% confidence level, respectively. Temp: temperature, Pre: precipitation, win: winter, sum: summer, SND: snow depth, 

FI: freezing index, TI: thawing index

Region       Temp_win  Temp_sum  Pre_win   Pre_sum  SND_win       FI              TI

E1                                                                                                                                       
SFD             −0.68***      −0.45***     −0.32**       0.25*       −0.36**    0.73***    −0.47***
Temp_win                         0.35**          −0.04             −0.21           0.24*     −0.94***       0.26*
Temp_sum                                              −0.09             −0.17               0         −0.49***    0.67***
Pre_win                                                                     −0.09       0.76***       0.02               0.19
Pre_sum                                                                                      0.01             0.19               −0.10
SND_win                                                                                                       0.22               0.36
FI                                                                                                                                     −0.27*

E2                                                                                                                             
SFD             −0.90***            −0.37              −0.36           0.04              0         0.91***    −0.45***
Temp_win                         0.32**          0.18           0.04        −0.29**   −0.97***    0.44***
Temp_sum                                             0.01           −0.16            −0.14           −0.26*       0.83***
Pre_win                                                                    0.18      0.67***       −0.19               0.05
Pre_sum                                                                                      0.09             −0.10               −0.13
SND_win                                                                                                       0.22               −0.19
FI                                                                                                                                 −0.37***

W                                                                                                                              
SFD             −0.81***       −0.32**     −0.36**   −0.41***        −0.20       0.84***    −0.38***
Temp_win                            0.15            0.15         0.31**          −0.13       −0.95***         0.17
Temp_sum                                             0.04             0              0.09         −0.30**      0.79***
Pre_win                                                                  0.33**    0.79***       −0.12           0.33**
Pre_sum                                                                                    0.25*      −0.34**          −0.03
SND_win                                                                                                       0.20           0.37**
FI                                                                                                                                     −0.26*

TP                                                                                                                             
SFD             −0.88***      −0.64***        −0.13           −0.08           0.17      0.92***    −0.74***
Temp_win                       0.60***        −0.04           0.02       −0.29**   −0.98***    0.75***
Temp_sum                                             0.04           0.19           −0.12      −0.69***    0.82***
Pre_win                                                                    0.18      0.86***       −0.10               0.11
Pre_sum                                                                                     0.14            −0.03               0.05
SND_win                                                                                                     0.27*             −0.13
FI                                                                                                                                 −0.80***

Table 3. Correlation coefficients among the seasonal freezing depth (SFD) and
7 potential forcing variables and among the 7 potential forcing variables in re-
gions E1, E2, W and TP (see Fig. 1 for locations). The symbols ***,**, and *
are the significances of the correlations at the 99, 95 and 90% confidence 

level, respectively. Variables are defined in Table 2
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2015) and warming trend in the Temp_win, which is
not beneficial to the preservation of frozen soil. There
are much higher positive correlations between the FI
and SFD, for which the correlation co efficients are
more than 0.7 and even up to 0.9 in E2 and TP (Table 3).
The FI accounted for 82.6 and 84.9% of the SFD vari-
ability in E2 and TP, respectively.

SND_win exhibits a decreasing trend (−0.19 ± 0.05
cm decade−1) in E2 and a clearly increasing trend in
E1 (0.47 ± 0.08 cm decade−1) and W (0.79 ± 0.12 cm
decade−1). The TP region shows almost no trend.
There is a significantly negative correlation between
SND_win and SFD in E1 (Table 2), and approxi-
mately 13% of the SFD variability can be accounted
for by SND_win, which indicates that the SFD de -
creased as the SND_win increased in the E1 region.
As Zhang (2005) suggested, the snow insulating
effect would increase with snow thickness until the
snow thickness reaches 40 cm. In the E1 region, the
SND_win is generally <40 cm. Therefore, with thicker
snow, the snow insulating effect will increase, resulting
in a warmer soil surface, which will ultimately lead
to a decrease in the SFD. However, SND_win has no
notable dependence on SFD in the E2, W and TP
regions. PRE_win has a strong positive correlation with
SND_win in all 4 regions; meanwhile, in the W region,
Pre_win has a notable negative correlation with SFD
and accounts for nearly 11% of the SFD variability.

The variation in SFD may be the combined result of
several factors, so we checked the combined effect of
these variables (Temp_win, Temp_sum, Pre_win,
Pre_sum, SND_win, FI and TI) on SFD. In E2 and TP,
just the contribution of FI to the change in SFD
reaches 82.6 and 84.9%, respectively, so FI is the
main impact factor in E2 and TP. In E1, SND_win and

FI account for 81.7% of the variability in SFD, and
the contribution of SND_win to the variability in SFD
is the largest (51.8%), followed by that of FI (48.2%),
according to Eqs. (1) and (2). Thus, increased SND_win
almost doubles the decrease in SFD caused by in -
creasing FI. However, in W, the main factors that
affect changes in SFD are Pre_win and FI, which
account for 76.8% of the SFD variability. FI (67.6%) is
the main contributor to the change in SFD, followed
by Pre_win (32.4%). Previous work (Wang et al. 2015,
Peng et al. 2017) showed that SND_win has almost no
relationship with SFD across China, but our results
indicate that the influence of SND_win and snowfall
on SFD is not ignorable for the snowy areas (E1 and
W). SND_win not only has strong correlations with
SFD, but plays the primary role in changes in SFD
over the E1 region and may be related to the high
spatial heterogeneity of SND and SFD across China.
Therefore, it is necessary to divide China into differ-
ent regions to analyze and predict changes in SFD.

In general, both the magnitude of temperature
below 0°C and its duration during the cold season are
the main factors for the change in the SFD in the
TP and E2 regions. For E1, SND_win plays a leading
role in changing SFD, while FI is secondary. How-
ever, both FI and Pre_win are crucial for the SFD
variability in the W region, with FI accounting for
most of the difference.

3.3.  Large-scale circulations

Fig. 5 shows the spatial distributions of the correla-
tion between SFD and EAWMI and NAO. SFD has a
positive correlation with EAWMI at 484 of the 764
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Fig. 5. Spatial distributions of the correlation coefficients between the SFD and (a) the East Asian winter monsoon index 
(EAWMI) and (b) the North Atlantic Oscillation (NAO) at the 95% confidence level
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stations at the 95% confidence level, with 120 sta-
tions located in E1, 292 stations in E2, 57 stations in
W, and 15 stations in TP, separately accounting for
61.5, 68.5, 62.6 and 29.4% of total stations in each
region, respectively. Most of the correlation coeffi-
cients are approximately 0.3−0.5, but some reach 0.7.

For each region, correlating the SFD time series with
EAWMI produces a positive correlation in E1 (R =
0.54), E2 (R = 0.58), W (R = 0.50) and TP (R = 0.29) at
the 95% confidence level (Fig. 6). Significantly, dur-
ing 1965−1999, the correlation coefficients of EAWMI
with SFD exceed 0.65 in all research regions except
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Fig. 6. Time series of standardized seasonal freezing depth (SFD; black line) and standardized East Asian winter monsoon in-
dex (EAWMI; left column, red line) and North Atlantic Oscillation (NAO; right column, red line) indicating the correspondence
over 1965−2013 for regions (a1,a2) E1, (b1,b2) E2, (c1,c2) W and (d1,d2) TP (see Fig. 1 for locations). 1 and 2 indicate the 

EAWMI and NAO, respectively
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the TP. Especially in the E2 region, the correlation
reaches 0.78, and EAWMI accounts for 52% of SFD
variability in E2. In addition, EAWM shows a transi-
tion from a relative strong to a weak regime around
1986/1987, which is consistent with previous studies
(Jhun & Lee 2004, Wang & Chen 2014, Yun et al.
2018) and the SFD series. Numerous studies have
shown that the weakening of EAWM around the mid-
1980s coincides with the rapid warming of winter
temperatures over East Asia, and considered the
global warming and the interdecadal variations in
the ocean as the most important factors influencing
the weakening of EAWM, which may be the reasons
for the shift of SFD around the same time (Hori &
Ueda 2006, Ding et al. 2014). As described in Section
3.2, FI is the main factor for the change in SFD in
most regions. The stronger (weaker) EAWM with a
colder (warmer) winter temperature corresponds to
relatively large (small) FI; therefore, there are strong
correlations between the EAWM and SFD in all
studied regions.

We further examined the relationship between the
winter NAO and SFD from spatial and temporal
scales. The result shows that the winter NAO has
negative correlations with SFD, with 241 stations
passing the 95% confidence test, i.e. nearly half the
number of stations showing significant correlations
with the EAWM (Fig. 5). The correlation coefficients
of the winter NAO with SFD during 1965−2013 are
−0.40, −0.29 and −0.35 in the E1, E2 and W regions,
respectively, while there are no significant correla-
tions in the TP region (Fig. 6). Compared to EAWM,
the winter NAO has weaker correlation with SFD.
Previous studies have suggested that the winter
NAO directly influences the winter temperature in
the region north of 35° N in East Asia, especially the
northeast and northwest of China, which is probably
why NAO has relative stronger correlations with SFD
in E1 and W than in E2. Meanwhile, NAO also indi-
rectly influences the winter air temperature through
impacting the Siberian high and EAWM (Wu & Wang
2002, Pokorná & Huth 2015). This may be one of the
reasons for the EAWM having a greater impact on
SFD than NAO in China.

4.  CONCLUSIONS

This study analysed the climatology and variability
in SFD in seasonally frozen regions of China during
1965−2013 by using observational data of the maxi-
mum SFD. We also investigated the connections
between changes in SFD and meteorological factors

(Temp, Pre, SND, FI and TI), and atmospheric circu-
lations (EAWM and NAO) in each sub-region (E1, E2,
W and TP). The main results can be summarized as
follows.

Against a background of global warming, SFD in
each sub-region exhibits a significant decreasing
trend, namely 0.23 ± 0.03, 0.08 ± 0.01, 0.26 ± 0.03 and
0.24 ± 0.03 cm yr−1 in E1, E2, W and TP, respectively,
reflecting regional disparities. In addition, SFD has
an obvious change from positive to negative anom-
alies in the mid-1980s in all studied regions, which is
consistent with the EAWM.

One of key findings of this study is that the impact
of SND_win on the SFD variability across China is
spatially heterogeneous, which necessitates dividing
the country into different regions to analyse and pre-
dict the changes in SFD. SND_win has no relation-
ship with SFD changing in W, E2 and TP, while it
shows a significant association in the E1 region,
where SND_win and FI together account for 81.7%
of the variability in SFD. The contribution of SND_win
and FI to changes in SFD in E1 illustrates that
increasing SND_win almost doubles the decrease in
SFD caused by in creasing FI. However, in the W
region, Pre_win and FI account for 76.8% of the SFD
variability, with FI (67.6%) being the main contribu-
tor. For E2 and TP, FI has a strong correlation with
SFD, accounting for 82.6 and 84.9% of the change in
the SFD, respectively, which indicates that the mag-
nitude and duration of air or surface temperature
below freezing during a cold season play a dominant
role in changing SFD for E2 and TP regions. In addi-
tion, our research shows that EAWM has a greater
correlation with SFD than NAO does. The correlation
coefficient of EAWMI with SFD reaches 0.78 in E2
during 1965−1999, and accounts for 52% of the SFD
variability. These findings, which indicate that SFD is
susceptible to climate change, have implications for
further understanding the mechanisms of cold envi-
ronment changes across China.
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