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Abstract Variations in seasonal soil freeze/thaw state are important indicators of climate change and
influence ground temperature, hydrological processes, surface energy, and the moisture balance. Previous
studies mainly focused on the active layer and permafrost, while seasonally frozen ground research in
nonpermafrost regions has received less attention. In this study, we investigate the response of changes in
seasonal soil freeze/thaw state to changes in air temperatures by combining observations from more than
800 stations with gridded mean monthly air temperature data across China. The results show that mean
annual air temperature (MAAT) increased statistically significantly by 0.29 ± 0.03°C/decade from 1967 to 2013,
with greater warming on the Qinghai-Tibetan Plateau. There is a statistically significant decrease in the
freeze/thaw cycle (FTC) at 0.39 ± 0.05 cycles/decade. In addition, there are strong negative correlations
between FTC and MAAT. Estimating the soil freeze/thaw state classification based on the number of days in
the month, we find that changes of mean annual area extent of seasonal soil freeze/thaw state decreased
significantly for completely frozen (CF) ground, while the area extent of partially frozen (PF) and unfrozen (UF)
ground both increased. Changes in mean monthly area extent of seasonal soil freeze/thaw state indicate that
the extent of CF and UF area was decreasing and increasing, respectively. But for the extent of PF areas, both
increasing and decreasing trends were observed. Quantifying the spatial pattern of the seasonal soil
freeze/thaw, we find that CF and PF areas are located in northern China and the Tibetan Plateau from
December to March, and UF areas are located in southern China. The variations of mean annual area extent
departure of soil freeze/thaw states are consistent with MAAT changes in different land cover types
across China.

1. Introduction

The globally averaged combined land and ocean surface temperature rose 0.85 (0.65 to 1.06)°C from 1880 to

2012 according to the Intergovernmental Panel on Climate Change (IPCC) [Stocker et al., 2014]. It is very likely

that the number of cold days and nights has decreased, and the number of warm days and nights has

increased on the global scale [Stocker et al., 2014]. Concurrent with global warming, the seasonal soil

freeze/thaw state was also affected, as the annual soil freeze/thaw state is well coupled to the land surface

energy and moisture fluxes, and plays a key role in the climate system. Change of soil freeze/thaw state

can also significantly affect landscapes, ecosystems, and hydrological processes [Zhang and Armstrong,

2001; Zhang et al., 2003; Jorgenson et al., 2006; Gruber and Haeberli, 2007; Frauenfeld and Zhang, 2011;

Wang et al., 2015].

Changes of seasonal soil freeze/thaw state have an important effect on carbon exchange between the atmo-

sphere and the ground. Frozen organic soils potentially contain more than twice the amount carbon cur-

rently in the atmosphere [Tarnocai et al., 2009; Mu et al., 2015]. Permafrost thaw and seasonal soil

freeze/thaw processes may result in exposure of previously frozen carbon to microbial degradation and

release radiatively active gases such as carbon dioxide (CO2) and methane (CH4) into the atmosphere

[Zimov et al., 2006; Schuur et al., 2009; Wang et al., 2009, 2014; Zhang et al., 2014; Song et al., 2014; Mu

et al., 2015].
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The seasonal soil freeze/thaw state can influence hydrological processes, whereby the increasing thaw
depth leads to a decrease in surface runoff [Wang et al., 2014]. Soil freeze/thaw affects the soil water sto-
rage capacity, soil water infiltration capacity, and hydraulic conductivity and leads to a redistribution of
water in the soil profile. Consequently, seasonal variations in soil freeze/thaw state are the main cause
for seasonal changes in groundwater discharge and subsequent surface runoff [Wang et al., 2014]. Many
previous studies have reported the impact of soil freeze/thaw on surface runoff [Kuchment et al., 2000;
McGuire et al., 2002; Miyazaki et al., 2014; Yamazaki et al., 2006]. The influences are most evident in
Arctic permafrost regions, because of the pronounced soil freeze/thaw cycle and the presence of frozen
soil [Hayashi et al., 2003; McNamara et al., 1998; Streletskiy et al., 2015].

Most previous research focused on either the point scale or the regional scale. Point-scale studies emphasize
the timing and durational of the soil freeze state, such as freeze days, freeze/thaw cycle, and the freeze depth
[Frauenfeld et al., 2004; Zhang et al., 2014; Wang and Zhang, 2013; Henry, 2007; Sinha and Cherkauer, 2008;
Anandhi et al., 2013;Wang et al., 2015]. For example,Wang et al. [2015] used 1956–2006 ground surface tem-
perature data from 636 observational sites to analyze changes in the timing and duration of the near-surface
soil freeze/thaw status. Results indicated that overall during the study period, the first date of the near-surface
soil freeze was delayed by about 5 days in autumn, while the last date was advanced by about 7 days in spring.
As a result, the duration of the near-surface soil freeze was reduced by about 12 days, while the actual number
of the freeze day decreased about 10 days. However,Wang et al. [2015]mainly conducted trend analysis using
time series at individual stations and a composite time series using data from 636 stations across China. The
regional scale employs satellite remote sensing techniques, such as passive and active microwave remote
sensing. The main passive sensors generally used for this are the scanning multichannel microwave radio-
meter, Special Sensor Microwave Imager, Advanced Microwave Scanning Radiometer (AMSR), and the
enhanced version, AMSR-E [Zhang and Armstrong, 2001; Zhang et al., 2003, 2004; Smith, 2004; Zhang et al.,
2009, 2011; Li et al., 2012; Jin and Li, 2002; Jin Rui and Tao, 2009; Jin et al., 2015; Zhao et al., 2009], while synthetic
aperture radar is the primary active sensor [Way et al., 1994; Zhang et al., 2004; Liu et al., 2010, 2012; Chen et al.,
2013]. However, on the regional scale, the spatial resolution is still very coarse, and satellite products are not
well suited for areas where the surface is heterogeneous. This is particularly important for soil freeze/thaw
detection, because it is strongly affected by such heterogeneous surface conditions. Especially in complex
terrain, remote sensing methods are very limited.

In Peng et al. [2016], we employed the Stefan solution to investigate soil seasonal freeze depth in nonper-
mafrost regions across China using daily air temperature from 839 stations, soil temperature measured at
11 depths ranging from 0 cm to 320 cm from 845 stations, and monthly gridded air temperature. Results
demonstrate that the soil freeze depth decreased significantly, at �0.18 cm/year from 1967 to 2012, with a
net change of about 8.05 cm at the 839 sites. The spatial variability of soil freeze depth ranges between 0.0
and 4.5m across China. Air temperature, thawing index, and vegetation growth are significantly negatively
correlated with soil freeze depth, but no correlation exists between snow depth and soil seasonal freeze
depth [Peng et al., 2016]. While the Peng et al. [2016] study mainly focused on estimating the depth of sea-
sonal soil freeze, the near-surface (approximately 5 cm) soil freeze/thaw status is likely more directly
related to the overlying atmosphere and thereby critical for energy and moisture exchanges between
the soil and the atmosphere, plant growth, agriculture, and ecosystems as a whole. This near-surface soil
freeze/thaw status is therefore the focus of our current study. To improve the data resolution and consider
land cover impacts on soil freeze/thaw state, we classify soil freeze/thaw status for different land cover
types using more than 800 sites, to establish the relationship between monthly freeze days and mean
monthly air temperature. Because of the complex terrain and spatial heterogeneity across China, this
approach should improve the accuracy of soil freeze/thaw state classification. Unlike prior studies that
used only point measurements [e.g., Wang et al., 2015], we use a combination of station observations,
gridded data, and satellite remote sensing land cover type products to estimate seasonal soil
freeze/thaw state in the complex terrain of China. Here we define soil freeze/thaw status according to tem-
perature only and do not explicitly consider soil moisture. The specific goals are as follows:

1. To assess the spatial and temporal variations of the near-surface soil seasonal freeze/thaw status from
1950 to 2010 across China, incorporating a land cover classification. This is the first time that the seasonal
soil freeze/thaw state has been considered in conjunction with different land cover types.
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2. To quantify the variability of the daily near-surface soil freeze-thaw cycle until 2013.
3. To investigate the response of variations in seasonal soil freeze/thaw status to climate change across

China.

2. Data and Methods
2.1. Data

We analyze temperature changes and the seasonal soil freeze/thaw status for China using four types of tem-
perature data: (1) daily air temperature, (2) daily ground surface temperature, (3) mean monthly gridded air
temperature, and (4) daily soil temperature at 5 cm depth. All temperature data were obtained from the China
Meteorological Administration (CMA) except the gridded data. In addition, we use 1 km resolution digital ele-
vation model (DEM) and land cover data. All data sets are described below.
2.1.1. Daily Air Temperature and Ground Surface Temperature
We obtained daily air temperature and daily ground surface temperature measurements for 839 stations
located throughout China from the CMA (Figure 1). A number of standard procedures were applied by the
CMA to improve data quality. Based on the metadata document from the CMA, the ground surface tempera-
ture is measured at 0 cm. This data set was used to calculate the mean monthly and annual temperature. The
ground surface temperature was then also used to calculate the ground surface freeze days at 0°C. Some sta-
tions date back to the 1950s, and more than 800 began in the 1960s. While some station records end around
the 1990s, others are available through 2013. The spatial distribution is such that most stations are located in
east central China, and only a few sites are located in the west and in high-altitude areas such as the Qinghai-
Tibetan Plateau (Figure 1). In this study, the daily air temperature is used to estimate temperature changes
during 1967–2013 based on varying station numbers, ranging from 803 sites in 1967 to 839 sites in 2013.
2.1.2. The 5 cm Depth Soil Temperature
Daily soil temperature at 5 cm depth was used to calculate the soil freeze days at or below 0°C for 846 sites
across China, obtained from CMA (Figure 1). The period of record at these locations varies, with some stations
dating back to the late 1950s and some only to the 1970s. Some station records end around the 1990s, while
others are available through 2006 [Wang et al., 2015]. There are a total of 729 locations that have daily air,
ground surface, and soil temperature observations for this study.

2.1.3. Mean Monthly Gridded Air Temperature
Gridded air temperature was used to analyze soil freeze/thaw state at the regional scale across China. We
obtained mean monthly gridded air temperature (MMGAT) from the Terrestrial Air Temperature 1900–
2010 Gridded Monthly Time Series product (http://climate.geog.udel.edu/~climate/), with 0.5° × 0.5° spatial
resolution. This data set was produced by combining many observational station records over the world,
using a spatial interpolation method and spatial cross-validation process [Legates and Willmott, 1990;
Peterson and Vose, 1997; Peterson et al., 1998; Willmott et al., 1985; Willmott and Matsuura, 1995; Willmott
and Robeson, 1995]. In this research, the period 1950–2010 was chosen to analyze the seasonal soil
freeze/thaw state across China.
2.1.4. Digital Elevation Model
Considering the impacts of elevation and the complex terrain across China on air temperature, we also used
the GTOPO30 (https://lta.cr.usgs.gov/GTOPO30) digital elevation model (DEM) data in this study to further
improve the monthly gridded air temperature data resolution. GTOPO30 was derived from several raster
and vector sources of topographic information and has a 30 arc sec resolution. Across China, the elevation
ranges from�152 to 8752m (Figure 1). Based on the DEM data, we spatially interpolate the monthly gridded
air temperature data to 1 km resolution.
2.1.5. Land Cover Data
Land cover changes can influence local and regional climate by modifying the surface energy, water, and
momentum fluxes, as well as greenhouse gases. These changes can influence the soil freeze/thaw state
[Ran et al., 2010]. Thus, classifying soil freeze/thaw status for our analysis will be based on the land cover pro-
duct version 2.0 from theWest Data Center (http://westdc.westgis.ac.cn/), with 1 km spatial resolution in 2000
[Ran et al., 2010] based on the International Geosphere-Biosphere Program land cover classification system
and its 18 types (Table 1). Based on Zhang et al. [2005], we merged classes 1 to 9 as forest, type 12 and 14
as cropland, and type 16 and 18 as barren or sparsely vegetated. As a result, there are six classes (not counting
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water bodies or snow and ice) used here (Figure 2). This static land cover product from 2000 is used in our
paper for classifying soil freeze/thaw states. While land cover in general has, of course, changed across
China, the surface cover at the meteorological stations is preserved over time and has therefore remained
relatively consistent. Nonetheless, this is an important caveat to our results.

2.2. Methods

Missing data often present a potential problem for analyzing and averaging time series. Therefore, if fewer
than 5 days were missing in a given month, filling in missing daily air temperatures was based on highly cor-
related neighboring sites using linear regression. Missing daily mean ground surface temperatures were esti-
mated through linear regression with the daily mean air temperature at the same station. Based on the daily
air temperature, we also calculate the mean monthly air temperature. The monthly lapse rate is estimated by
the monthly air temperature and elevation of observational sites across China. The monthly lapse rate is sub-
sequently used for producing the 1 km resolution MMGAT.

To derive a 1 km resolution MMGAT from 0.5° × 0.5° data, spatial interpolation was used in conjunction with
the 1 km resolution DEM. Incorporating elevation influences through an average air temperature lapse rate
can increase the accuracy of spatially interpolated average air temperature [Willmott and Matsuura, 1995].

Figure 1. Map showing the location of soil temperature and air temperature stations available across China. The 845 green points represent the air and ground sur-
face temperature station. The 839 red points represent the soil temperature station. The color shading corresponds to surface elevation.
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The data processing steps are to (1)
bring each average monthly gridded
air temperature to sea level using
the average monthly lapse rate calcu-
lated at the meteorological stations,
(2) apply the traditional interpolation
to the adjusted-to-sea-level average-
monthly gridded air temperatures,
and (3) bring the gridded sea-level
air temperature back to the DEM-
gridded height. Based on the more
than 800 sites, we test the interpo-
lated MMGAT and observational
monthly air temperature and find
that the regression coefficient is gen-
erally 1.0, with a minimum of 0.98
in April.

We calculated the FD, from the daily
mean soil temperature at 5 cm depth,

Table 1. International Geosphere-Biosphere Programme Land Cover
Classification System

Number Class Name

1 Evergreen Needleleaf Forests
2 Evergreen Broadleaf Forests
3 Deciduous Needleleaf Forests
4 Deciduous Broadleleaf Forests
5 Mixed Forests
6 Closed Shrublands
7 Open Shrublands
8 Woody Savannas
9 Savannas
10 Grasslands
11 Permanent Wetlands
12 Croplands
13 Urban and Builtup Lands
14 Cropland/Natural Vegetation Mosaics
15 Snow and Ice
16 Barren
17 Water Bodies
18 Bare Soil

Figure 2. Spatial distribution of land cover in 2000 across China based on the land cover product version 2.0 from the West Data Center.
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based on when temperatures are at or below 0°C. We define a daily ground surface freeze/thaw cycle (FTC) if
the daily mean ground surface temperature switches from positive to negative temperature, or vice versa, in
the course of 1 day [Guo et al., 2011; Henry, 2007; Zhang et al., 2003]. FTC estimated from daily ground surface
temperature is used to explore the relationship with MAAT. FD estimated from daily soil temperature at 5 cm
depth is used to analyze the seasonal soil freeze/thaw state.

For the seasonal soil (at 5 cmdepth)monthly freeze/thawstatus,wedefine three classes (equation (1)): comple-
tely frozen (CF),when thesoil is frozen for theentiremonth, i.e., the freezedaysequal the total numberofdays in
themonth;partially frozen (PF),when thesoil layerexperiencesboth freezeandthaw,meaning that thenumber
of freeze days is less than the number of days in themonth, but greater than zero; and unfrozen (UF), when the
soil is thawed for the entire month, and the number of freeze days is thus zero in themonth [Peng et al., 2013].

FD ¼
¼ 30 CF

0 < FD < 30 PF

¼ 0 UF

8><
>:

(1)

In equation (1), a number of 30 days per month are used. We establish the relationship between mean
monthly air temperature (MMAT) and FD in each land cover type based on this method.

To characterize contemporary or recent climate change, high-quality observed climatological data are
required for a baseline period. The most widely used climatological baseline period is the nonoverlapping
30 year “normal” period, as defined by the World Meteorological Organization. We use 1971–2000 as the
baseline [Stocker et al., 2014] to calculate the temporal trends of seasonal soil freeze/thaw area extent in each
freeze/thaw category, estimate temperature changes, and the FTC departures.

Linear regression and spatial analysis are used to analyze the trends of air temperature, FTC, and the monthly
area extent of the three soil freeze/thaw states. Thus, the mean annual area extent of three different
freeze/thaw states can be calculated based on the monthly area extent.

To quantify the spatial distribution of the seasonal soil freeze/thaw state, we assign the CF, PF, and UF status
values of 1.0, 2.0, and 3.0, respectively, and calculate time series of the distribution of each soil freeze/thaw
state in each month.

For the trend estimation and change point detection in the climatic series and freeze/thaw state area extent,
we use the Pettitt and Mann-Kendall Change Point Test [Bates et al., 2012]. We choose a 95% confidence level
to assess significance for all statistical analyses.

3. Results
3.1. Variability of Freeze/Thaw Cycle

The ground surface soil freeze/thaw state is coupled to the timing and duration of cold/warm seasons and is
an important indicator of climate change [Zhang et al., 2001]. One of the most important factors is FTC, which
could reflect the climate change indirectly.

Figure 3 shows the spatial distribution of the climatological (1971–2000) FTC and corresponding trends at
each station. The spatial distribution of FTC seems to be mainly controlled by latitude and altitude. The high-
est values of FTC are on the Tibetan Plateau and across the northern reaches of China, and the smallest FTC
vales are in the southeast. Declined statistically significant decreasing FTC trend is observed across China at
262 sites, with magnitudes of �2.0 and 0.0 frequency/decade. However, increases are also evident at 14 sta-
tions, ranging from 0 to 2.0 frequency/decade. Most of the significant FTC trends are negative across China.

FTC is one important factor influencing the ground surface soil freeze/thaw state. It indicates a potential cli-
mate change trend toward warming across China over recent decades.

3.2. Seasonal Soil Freeze/Thaw State

The extent of seasonal soil freeze/thaw is mapped usingMMAT. To do so, a relationship between seasonal soil
freeze/thaw state and MMAT needs to be established [Zhang et al., 2003]. Based on previous research, seaso-
nal soil freeze/thaw is influenced by land cover [Zhang et al., 2005; Jin et al., 2015]. Excluding water bodies and
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snow and ice, the relationship between MMAT and the total monthly number of soil freeze days at 5 cm
depth in six different land cover classes was established.

Figure 4 shows the seasonal soil freeze/thaw state is different for different land cover types. Land cover types
have distinct surface properties and albedos, thus have different interactions with air temperatures and the
surface energy balance, and consequently have a different influence on the soil thermal regime. Taking crop-
lands as an example, the temperature range of the seasonal soil PF state is determined as the zone between
the �6.5°C and 5°C MMAT isotherms, and the temperature range of seasonal soil CF and UF states is deter-
mined as the zone below �6.5°C, and above 5°C MMAT, respectively. The temperature range of soil PF state
is as follows: between�7 and 6°C for barren or sparsely vegetated, between�9 and 4°C for forests, between
�8 and 4°C for grasslands, between �6 and 3.5°C for wetlands, and between �7 and 6°C for urban areas.

3.3. Spatial and Temporal Variations of Soil Freeze/Thaw State at 5 cm Depth

Based on the seasonal soil freeze/thaw divisions, meanmonthly and annual area extent of every status can be
estimated. Figure 5 represents time series of mean annual area extent of the 1950–2010 CF, PF, and UF soil
freeze/thaw departures from their climatologic mean (1971–2000). Mean annual CF area extent decreased
statistically significantly across China at a rate of 0.043 × 106 km2/decade. In contrast, a significant increasing
trend of 0.037 × 106 km2/decade was found in area extent of soil UF state. Based on a change-point analysis, a

Figure 3. Spatial distribution of FTC with respect the 1971–2000 mean and the rate of FTC change at the meteorological stations across China. Only statistically sig-
nificant (p< 0.05) trends in FTC are shown.
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Figure 4. Relationship between mean monthly air temperature and monthly total number of soil freeze days at 5 cm depth at observational stations in dif-
ferent land cover types across China. The dotted lines in each figure are the monthly air temperature thresholds to classify the different soil freeze/thaw
states.

Figure 5. Variation of annual area extent of soil freeze/thaw states across China from 1950 to 2010. Black, red, and blue
solid lines represent the area extent of soil CF, PF, and UF state, respectively. Also indicated are the trend analysis vari-
ables of slope, R2, and p values.
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statistically significant increasing trend of 0.032 × 106 km2/decade is evident in the area extent of PF state
from 1950 to 1993, followed by no trend from 1994 to 2010. Mean annual area extent of soil CF and UF state
exhibited much greater interannual variability and was more susceptible to outliers and leverage points.
Overall, the increases of UF and decreases of CF area extent primarily reflect a temperature rise that influ-
enced the soil freeze/thaw state.

Monthly area extent of soil freeze/thaw state shows substantial change from 1950 to 2010 across China
(Figure 6). The CF state departure was positive, ranging between 0.6 × 106 km2 and 0.9 × 106 km2 from
1950 to 1985 in January, February, March, November, and December, and negative after 1985. This suggests
that monthly area extent of soil CF state decreased statistically significantly in these months after 1985. In
contrast, the monthly area extent departure was near zero in the other months, indicating no significant
change. The winter area extent of soil PF state was negative before 1980 and positive thereafter. The lowest
monthly area extent departure of �0.83 × 106 km2 was in March 1957, and the maximum value of
0.83 × 106 km2 occurred in April 2010. The monthly area extent of UF soil state shows negative values before
1957 in winter, spring, and autumn, and positive after 1995, even reaching 0.9 × 106 km2 in some years. In
summer, the values were most above zero, especially after 2000. Interannual variations of monthly area
extent of soil freeze/thaw state also show significant trends (Figure 7). The CF soil change was negative in
all months. This indicates that the monthly area extent of CF soil state decreased from 1950 to 2010, in

Figure 6. The 1950–2010 changes in monthly area extent of seasonal soil freeze/thaw states at 5 cm depth over China for (left) CF, (middle) PF, and (right) UF.

Figure 7. Spatial variations of meanmonthly soil freeze/thaw values from 1950 to 2010 at 5 cm depth across China. CF state
is arbitrarily assigned a value of 1.0, PF state as 2.0, and UF state as 3.0.
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contrast to the UF soil state which is positive during each month. During the warm season, from May to
September, there was no variability in the changes of these states. PF values are negative from April to
October, illustrating a decreasing trend of monthly area extent of this state. When it was positive, from
November to March, this indicates an increasing trend in these months.

Figure 8 shows the spatial distribution of seasonal soil freeze/thaw state in each month. The areas with values
less than 1.4 (primarily CF and PF) are mainly in the north of China and the Tibetan Plateau from December to
March. The greatest values (UF) are primarily located in the south of China. From January to July, the fraction

Figure 8. Variations of mean annual area extent of soil freeze/thaw state ((left column) CF, (middle column) PF, and (right column) UF) for different land use types
from 1950 to 2010. The y axis is the land use type, where 1 is barren or sparsely vegetated, 2 is forests, 3 is croplands, 4 is grasslands, 5 is permanent wetlands, and 6 is
urban and buildup.
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increased from 1.0 to 3.0 with a maximum in July, indicating a transition from CF to UF. However, the values
decreased, and the area extent of lower values (CF and PF) increased from August to December. This distri-
bution of CF, PF, and UF areas agrees well with the spatial and temporal variations of mean monthly soil
freeze/thaw state.

3.4. Area Extent Variability of Soil Freeze/Thaw in Different Land Cover Types

Temperature directly influences soil freeze/thaw; however, the response of land cover to temperature is dif-
ferent. As in Zhang et al. [2005], we use land cover as the basis for classifying soil freeze/thaw states. Based on
the land cover classification from 2000, we calculated the mean annual area extent departure of soil
freeze/thaw state in different land cover types from 1950 to 2010 (Figure 9). Variations of mean annual area
extent of soil CF state were similar in some land cover types, such as barren or sparsely vegetated, forests,
urban, and buildup areas. The mean annual area extent departure of soil freeze/thaw state was greater than
the mean before 1985, and the maximum area was up to 0.05 × 106 km2. It was below the long-term mean
after 1985, and the minimum departure was as low as �0.05 × 106 km2. The mean annual area extent depar-
ture of soil CF state exhibited large interannual variability for cropland and grassland types. The mean annual
area extent departure of soil PF state ranges ±0.05 × 106 km2. For soil UF state, variability opposite to that of
soil CF state was found.

Based on mean area extent of soil freeze/thaw state for the six land cover types, the MAAT departure in dif-
ferent land cover types was calculated. Figure 10 indicates warming trends, statistically significant from 1950
to 2010 for every land cover type. The warming rate of MAAT was 0.22°C/decade for barren/sparsely vege-
tated areas, 0.12°C/decade for forests, 0.16°C/decade for croplands, 0.19°C/decade for grasslands, 0.25°C/dec-
ade for permanent wetlands, and 0.18°C/decade for urban and builtup areas, consistent with previous
research. This is likely due to the surface energy transfer into the atmosphere by latent heat or sensible heat
[Yang et al., 2009]. Across China, the overall warming rate was 0.18°C/decade during 1950–2010. Thus, the
consistent MAAT warming trend is a potential reason for the observed changes of freeze/thaw state and will
therefore be assessed next.

3.5. Relationship Between Air Temperature and FTC

Air temperature likely exhibits the most direct influence on the soil freeze/thaw state, and the relationships
between air temperature and FTC are therefore presented here. Figure 11 shows the MAAT changed statis-
tically significantly based on more than 800 sites across China from 1967 to 2013. We find a trend of 0.29
± 0.03°C/decade, or a statistically significant net change of 1.36°C for the 47 year period. In addition to this
overall long-term increase, the time series also indicates some interesting positive and negative departures.
Based on the objective change-point analysis, there was no change in MAAT until 1983, followed by a sharp
increase of 0.75°C/decade until 1998. From 1999 to 2006, MAAT indicates little change. A sharp decrease of

Figure 9. Time series and linear trends of MAAT departures for different land cover types from 1950 to 2010.
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MAAT appears from 2007 to 2012, at�1.8°C/decade. Thus, the overall 1967–2013 change is largely driven by
the increase during 1984–1998 period.

Figure 12 presents the linear trend of FTC and the relationship between FTC and MAAT during 1967–2013.
Overall, FTC decreased statistically significantly across China, at a rate of about �0. 39 ± 0.05 cycles/decade.
The significant correlation coefficient between the FTC and MAAT is �0.65, indicating that 42% of the var-
iance in FTC can be accounted for by changes in MAAT. The negative correlation illustrates that as air tem-
peratures increased, FTC decreased from 1967 to 2013.

4. Discussion

In this research, we analyzed temperature changes and soil freeze/thaw status across China. Compared with
previous studies [Wang et al., 2015; Henry, 2007; Jin et al., 2015; Kim et al., 2011, 2012; Kimball and McDonald,
2008], we found similar temperature changes. But this is the first study to quantify changes in areal extent,
including for different land cover classes, of the seasonal soil freeze/thaw status in China.

Figure 10. Linear trend of MAAT departures (black line, open black circles) during 1967–2013 based on all available stations across China. Included also is the overall
significant trend (black bold line), 1984–1998 trend (red bold line), and 2007–2012 trend (blue bold line).
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IPCC AR5 indicates that the global average combined land and ocean surface temperature rose about
0.85°C over the period 1880 to 2012 [Stocker et al., 2014]. Chen and Frauenfeld [2014] reported that surface
air temperature increased by 0.45°C across China during the twentieth century based on 20 Coupled
Model Intercomparison Project (Phase 5) models, especially in the Tibetan Plateau region where a stronger
increase of 0.54°C was found [Chen and Frauenfeld, 2014]. In our research, we combined all available obser-
ving sites and found that the greatest positive trends are also for stations located on the Tibetan Plateau
(not shown), of similar magnitude as reported in Frauenfeld et al. [2005]. Except for this region of acceler-
ated warming, temperature rise was also observed in many other regions [Li and Zhao, 2011; Han et al.,
2013; Zhao et al., 2013]. Combined with all available sites, MAAT increased statistically significantly by
0.29°C/decade across China from 1967 to 2013, consistent with Piao et al. [2010].

Figure 11. Linear trend of FTC departure and relationship between MAAT and FTC from 1967 to 2013 based on available
stations across China.

Figure 12. Rate of changes in monthly area extent in seasonal soil freeze/thaw states (CF, PF, and UF) at 5 cm soil depth
from 1950 to 2010 across China.
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FTC changed statistically significantly at a rate of �0.39 from 1967 to 2013 across China (Figure 11).
Similar results have also been found in other regions [Wang and Zhang, 2013; Zhang et al., 2014; Li
et al., 2012; Henry, 2007; Anandhi et al., 2013]. However, other factors such as soil carbon and nutrient
losses could also influence the FTC [Schimel and Clein, 1996; Larsen et al., 2002; Yanai et al., 2004],
although soil microorganisms may be relatively insensitive to FTC in some systems [Grogan et al., 2004].

Generally, greenhouse gases play an important role in global warming; however, the impact of landscape
changes must also be assessed. In some cases, the influence of variations in land cover contributes more
to climate warming than greenhouse gases [Gao et al., 2007; Lawrence and Chase, 2010]. We estimated the
seasonal soil freeze/thaw state in different land cover types and found that the area extent of CF decreased
and increased for UF during 1950–2010 (Figure 7). However, the area extent of PF state increased from
November to March and decreased in the other months. Possible explanations are that in winter, rising tem-
perature forced the soil CF state to transition to the PF state, and resulted in the increasing area extent of soil
PF state. In summer, the air temperature was already relatively high, and the soil was therefore mainly in the
UF state. However, there were still some areas under a PF state where the temperature was really low. With a
temperature rise, some soil PF areas developed into the UF state, which means the area extent of soil PF state
decreased in summer. Few studies have reported the soil freeze/thaw state at a monthly resolution, although
similar results were also found for the Qilian Mountains in the northeastern Tibetan Plateau, where perma-
frost is present and the MAAT was about �2°C [Peng et al., 2013].

Given a temperature rise, the seasonal soil freeze/thaw state is important for ecosystems, hydrological
processes, and the carbon cycle. The FTC of near-surface soils influences the ground thermal and hydro-
logic characteristics, which have a significant impact on the surface energy and moisture balance.
Considering the difference in thermal conductivity between frozen and unfrozen soil, changes of
freeze/thaw state affect soil heat flux significantly. In addition, frozen soil water reduces the hydraulic con-
ductivity, leading to either more runoff due to decreased infiltration or higher soil moisture content due
to restricting drainage [Zhang et al., 2001].

5. Summary and Conclusions

This study analyzed the response of changes in seasonal soil freeze/thaw to temperature change from 1950
to 2010 in China concurrent with 1967–2013 air and ground temperature changes. We investigated seasonal
soil freeze/thaw area extent changes and also establish the connections between air temperature and FTC.
The main conclusions can be summarized as follows:

1. Temperature increases across China have been significant in the past 47 years. The warming trend was dif-
ferent for different time periods and in different regions. The increase in MAAT on the Tibetan Plateau was
higher than in other areas. There was an overall statistically significant increase of 0.29 ± 0.03°C/decade
from 1967 to 2013. However, a sharp increasing MAAT trend of 0.75°C/decade is evident from 1984 to
1998.

2. From 1967 to 2013, there was decrease trend in FTC, at a statistically significant rate of�0.39 ± 0.05 cycles/
decade. Furthermore, a negative correlation between FTC and MAAT was evident across China.

3. Based on the relationship between monthly air temperature and monthly soil freeze days, we divide the
temperature range of the soil freeze/thaw states into three types, CF, PF, and UF in different cover types.
The temperature range of soil freeze/thaw state is between �7 and 6°C in barren/sparsely vegetated
areas, between �9 and 4°C in forests, between �6.5 and 5°C in croplands, between �8 and 4°C in grass-
lands, between �6 and 3.5°C in permanent wetlands, and between �7 and 6°C for urban areas.

4. Changes in area extent of seasonal soil freeze/thaw state are somewhat different and complicated com-
pared to temperature trends. The mean annual area extent of soil CF state decreased statistically signifi-
cantly at a rate of�0.043 × 106 km2/decade from 1950 to 2010. For the soil UF state, the mean annual area
extent increased significantly by about 0.037 × 106 km2/decade. However, the mean annual area extent of
soil PF state increased statistically significantly by 0.032 × 106 km2/decade from 1950 to 1993 and exhib-
ited no change from 1993 to 2010.

5. The monthly area extent of CF state decreased statistically significantly for all months of the year but
decreased significantly for the UF state. The PF state showed a complex pattern, increasing during the
cold season (November–March) and decreasing in the other months.
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6. During 1950–2010, the freeze status value decreased statistically significantly from winter to summer and
increased from spring to summer. The fraction value was larger in summer than in winter. Spatially, the
maximum status value was mainly located in the south of China. The minimum value was in the north
of China and on the Tibetan Plateau.

These findings have implications for engineering applications, livestock, and agriculture in China. A tempera-
ture rise will further reduce the CF area extent, and increase the area of PF, and UF state, which can promote
plant growth. Seasonal soil freeze/thaw state is one of the most fundamental characteristics for estimating
seasonally frozen ground. Thus, the results will be useful to advance understanding of seasonally frozen
ground dynamics, such as the impacts to ecosystems and hydrological processes.
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