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1.  INTRODUCTION

Climate change has become an important issue for
agriculture and forestry in recent decades. Global
surface temperatures have increased by ~0.2°C
decade−1 over the past 30 yr (Hansen et al. 2006). Air
temperatures at high latitudes have increased at a
faster rate (Zhang et al. 2005). Most empirical re -
search on climate change has focused on changes in
air temperature and precipitation, but variations and
trends in soil temperature have attracted more atten-
tion in recent years (e.g. Hu & Feng 2003, Zhang et
al. 2005, Chudinova et al. 2006, Chichirez et al. 2013,
Yeşilırmak 2013).

Changes in soil temperature under global warming
may affect atmospheric circulation, terrain and
hydrologic conditions; the distribution and growth
of vegetation; root activities; soil organic carbon

decomposition; and CO2 emissions from the soil to
the atmosphere (Zhang et al. 2005). In turn, soil
 temperature has been shown to be influenced by
changes in mean air temperature as well as precipi-
tation (García-Suárez & Butler 2006), solar radiation
and vertical heat transfer (Yeşilırmak 2013) and by
a number of other indirect factors, including atmo -
spheric circulation, cloud cover and atmospheric dust
particles (Subedi & Fullen 2009).

Because of the effects of soil temperature, it is
important to understand soil temperature variations
so that farming technology and management strate-
gies can be improved to reduce climatic risks and
to sustain production in the changing environment
(Hu & Feng 2003, Zhang et al. 2005).

This is especially true for Northeast China, where
the economy depends heavily on agriculture and
forestry. Previous studies in other parts of China have
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shown varying rates of warming soil temperatures
(see Zhou et al. 2012 for Guangxi province; Zhang et
al. 2012 for Xining, Qinghai province; Du et al. 2007
for Lhasa, Tibet Autonomous Region; and Dai et al.
2011 for Dezhou, Shandong province). The aim of
this paper is to examine the spatial and temporal
change characteristics of soil temperature at various
depths in Northeast China from 1960 to 2007 and to
illuminate the response of soil temperature to changes
in other phenomena.

2.  METHODS

2.1.  Data sources and quality control

The dataset used for this study was provided by the
China Meteorological Administration. It includes daily
mean soil temperature (ST), daily mean air tem pera -
ture (AT), sunshine duration and daily precipitation
records from 45 stations for the period 1957−2007.
Fig. 1 shows the standard configuration of equipment
in the meteorological stations.

We obtained ST at 5 depths, referred to here
as ST0, ST5, ST10, ST15 and ST20 for soil tempera-
tures at 0, 5, 10, 15 and 20 cm, respectively. ST at
each depth was measured 4 times per day (02:00,
08:00, 14:00 and 20:00 h) with a surface thermometer
at 0 cm and an L-shaped (bent-stem) mercury ther-
mometer below the surface. The measurements were
taken on bare ground, which is affected directly by
solar radiation unmediated by vegetative cover, mak-
ing the soil temperatures more sensitive to changes

in climate conditions. (In prac tical terms, the meas-
urements on bare ground are more representative of
newly tilled agricultural land early in the growing
season and less representative of forests or other
 naturally vegetated areas.)

Air temperatures were recorded in a standard
 temperature shelter at a height of 1.5 m, and meas-
ured at the same times as soil temperatures. The
daily average soil and air temperatures are the aver-
age of the 4 observations each day. Sunshine dura-
tion is observed using a sunshine recorder, measur-
ing the time during which direct solar irradiance
exceeds 120 W m−2. Precipitation was measured twice
a day, at 00:00 and 12:00 h UTC (08:00 and 20:00 h
Beijing time), using a Chinese standard precipitation
gauge, which has been the standard instrument for
measuring precipitation in China climatological and
hydrological station networks since the late 1950s.
Days with precipitation totals of ≥0.1 mm, the limit of
the gauge’s precision, are counted as precipitation
events (Liu et al. 2005, 2011).

The consistency and completeness of measure-
ments are important to a study of soil temperature.
Measurements at all of the climate stations were
made using the same standards and instrumentation,
and none of the measurement sites were relocated
during the study period, ensuring homogeneity of
measurement data.

According to the Chinese national standard for
 surface meteorological observations, when the soil
temperature approaches freezing, mercury thermo -
meters should be retrieved and held for reinstallation
the next year, after the soil thaws. This effectively
halts soil temperature measurements at depths of 5 to
20 cm in Northeast China through the winter, but in
this paper, we analyze the measurements that are
available through the growing season, which is most
important to forestry and agriculture.

Missing data always present a potential problem
for analyzing and averaging time series. Because of
instrument malfunctions in the early years after the
meteorological network was established, data from
the 1950s contain more gaps, so in this analysis we
rely only on data reported from 1960 to 2007. We
 further limited our analysis to stations with records
>97% complete and with <30 consecutive days of
data missing between May and September. Among
the 45 sites in this region, 14 sites did not meet these
criteria. The remaining 31 sites were well distributed
and represent the general conditions across North-
east China (Fig. 2).

Although the dataset was over 98.77% complete
for the May−September 1960−2007 study period across
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Fig. 1. Station layout. (1) Surface thermometer and L-shaped
thermometer; (2) wet−dry bulb non-aspirated psychrome-
ters; (3) tipping bucket rain gauge; (4) sunshine recorder
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all variables examined here, missing data are in -
evitable in long-term monitoring. For missing data,
we interpolated data values in a 2-step process, as
described in detail for precipitation measurements
by Liu et al. (2005, 2011). Where data were missing
for up to 7 consecutive days for ST and AT, we used a
linear interpolation algorithm to fill the data gaps. We
used a stepwise regression to fill the gaps when the
data were missing for more than 7 consecutive days
for ST and AT. The stepwise regression was per-
formed for 5 yr windows, with the missing station as
the dependent variable and all of the other stations
with valid data or linearly interpolated data as inde-
pendent variables (Liu et al. 2004). The stepwise
regression gave a minimum coefficient of determina-
tion of 0.99. The methods we used to fill the missing
data do not substantially affect our results in analyz-
ing Northeast China’s climate dynamics. We com-
pared the gap-filled dataset with the original dataset
(with missing values) and found that the differences
between their means and trends were not statistically
significant.

2.2.  Data analysis

In our analysis, we first calculated anomalies based
on the study period average for each station. To char-

acterize change across the region, we constructed a
time series by averaging all of the stations’ daily time
series values. To detect breakpoints between tempo-
ral regimes, we used the cumulative sum (CUSUM)
method de vel oped by Ren et al. (2005). (CUSUM
breakpoint detection is a 4-step process: (1) we cal-
culated the sequence mean and (2) set the initial
value for the time series to 0, (3) then we derived each
year’s cumulative sum (Si = Si – 1 + (xi – x), i = 1,2,...,n),
and (4) we detected breakpoints with the highest
absolute values of the cumulative sum (|Sc | = max
{|Si |, i = 1,2,...,n}). Confidence levels were determined
by performing bootstrap analyses (Fischer et al. 2012).

We used linear regression analysis to calculate
trends for variables within temporal regimes, and we
used the t-test to determine whether the trends were
significantly different from zero at the 5% proba -
bility level. The influence of temporal autocorrela-
tion on the trend lines is limited because data are
restricted to the growing season (May to September);
we confirmed this by using the Durbin-Watson statis-
tic to test the time series for first-order autocorrela-
tion. To show the longer-term temporal change, we
applied a 9-point binomial filter to smooth out year-
to-year variations in the time series. Finally, we con-
ducted a Pearson correlation analysis to examine the
relationships among the time series of the variables.

3.  RESULTS AND DISCUSSION

3.1.  Soil temperature climatology

The average growing season AT and ST at the 5
depths are shown in Fig. 3. The average soil temper-
ature at the surface (ST0) was the highest (from 16.5°
to a high of 25.5°C in the southwestern part of the
region). ST5 registered lower than ST0, ranging from
15.1 to 23.5°C. ST10 and ST15 were similar, reflecting
intermediate conditions ranging from 14.3 to 23.0 and
13.8 to 22.8°C, respectively. ST20 experienced the
lowest average soil temperature (13.2 to 22.5°C).

The spatial distribution of soil temperatures was
similar to that of air temperature, both increasing
from northeast to southwest. The average air temper-
ature (13.1 to 21.5°C) was lower than soil tempera-
ture at all depths. Regionally, the average soil tem-
peratures at depths of 0, 5, 10, 15 and 20 cm were
higher than the air temperature by 3.6, 1.9, 1.4, 0.9
and 0.4°C, respectively. Our results show that aver-
age air temperature was lower than average soil
 temperature during the growing season. Previous
research on soil surface temperature in Heilongjiang
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Fig. 2. Geographical distribution of
the 31 weather stations used in this
study. Inset map shows the location 

of Northeast China (in dark grey)
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province (the northernmost part of the region) found
similar results during summer months (Wang et al.
2012); as Fitton & Brooks (1931) pointed out, the
mean ground temperature is generally higher than
the air temperature during summer months because
the ground is warmed to a much higher temperature
than the air above it during the day. However, dif -
ferent results were found at the Irkutsk Observa-
tory, Russia, and in Canada, where air temperatures
were higher than soil temperatures in  summer

months (Zhang et al. 2001, 2005). We
note some differences in the ground
surface conditions between those sites
and ours. At the Russian site, soil tem-
peratures were measured beneath a
grass-covered plot (Zhang et al. 2001),
and in Canada, they were measured
under 5 vegetative cover types (Zhang
et al. 2005). By contrast, our measure-
ments were taken on bare ground,
which is warmer than vegetated land
during summer months (Smith 1926).
Vegetation can reduce the solar heat-
ing of the ground surface, leaving less
energy available for warming the soil
(Zhang et al. 2005).

Differences in the depths at which
soil temperatures were measured also
complicate comparisons with other
studies. The Irkutsk study measured
temperatures at 40 cm (Zhang et al.
2001), and the Canada study meas-
ured temperatures at 20 cm (Zhang et
al. 2005). Soil temperatures generally
decrease with depth during summer
months because of attenuation asso -
ciated with thermal diffusion into the
ground. We found that ST20 is only
0.4°C higher than air temperature
 during the growing season. If there
had been vegetation coverage on the
ground surface, or if we had compared
soil temperature at lower depths with
air temperature, the results may have
been different. Considering the dif -
ferences in the depth of soil tem -
perature used for  calculation and/or
land coverage condition, it is difficult
to compare the results of different re -
search studies.

To compare monthly differences
during the growing season, we cal -
culated regional average monthly air

and soil temperatures and precipitation (Fig. 4). In
Northeast China, monthly average AT reaches its
peak in July and remains higher in August and
 September than in June and May (Fig. 4a). The
same situation also appears for precipitation, with AT
and precipitation showing similar profiles during
May to September (Fig. 4b). In general, soil tempera-
tures at all depths increased from May to July,
peaked in July and then declined through Septem-
ber (Fig. 4c).
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Fig. 3. Northeast China mean soil temperatures (°C) at depths of (a) 0, (b) 5, 
(c) 10, (d) 15 and (e) 20 cm and (f) mean air temperature (°C)
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While soil temperatures decline with
depth in May through August, the rate of
decline itself declines with depth (Fig. 4c,
Table 1). The vertical gradient reflects
the downward heat flux in these months,
what we term the summer temperature
regime. Subsequently, heat flux begins
to reverse from downward to upward.
In September, soil temperatures increase
slightly from ST5 to ST20, and the rate of
increase declines with depth. The magni-
tude of the change (increase or decrease) with depth
is highest in May and declines each month through
September (Table 1).

The difference between AT and ST0 is highest in
June and lowest in September (see Table 1). This
implies that changes in soil surface temperatures

do not necessarily respond proportionally to changes
in air temperature during the growing season. The
energy exchange between the soil surface and air
can occur via radiation, convection, conduction and
latent heat transfer; any factors that influence any of
these modes of energy transfer can contribute to the
difference in change between soil surface tempera-
ture and air temperature.

Fig. 5a shows the regional average variations in the
study period average daily air and ground  surface
temperature anomalies between May and Septem-
ber. We can see that although both AT and ST0 reach
their peak in July and then decline through Septem-
ber, there are some differences in the temporal vari-
ation of these 2 measurements on a daily basis. ST0
increases at a faster rate in late May, June and early
July and decreases at a faster rate in September.

Soil temperatures for different depths generally
display similar phases but tend to lag by several days
(see Fig. 5b,c). Compared with ST0, the phases of
average mean ST5, ST10, ST15 and ST20 lag by 2,
6, 8 and 10 d, respectively. This is similar to the lin-
ear lag with depth reported by Amenu et al. (2005).
The temporal profile of ST during the growing sea-
son, and the time lag for greater depths, attenuates
the magnitude of change with depth from May to
September.

3.2.  Changes in soil temperature

3.2.1.  Station trends and spatial patterns

Based on the CUSUM analysis, one significant
break point (95% confidence level) was detected
between 1992 and 1993 in the 1960−2007 time series
of station air and soil temperatures. Overall, soil and
air temperatures display almost no change prior to
1992 and significant increasing trends at most sites
from 1993 to 2007. During the first sub-period (1960−
1992), no stations reveal significant trends for all
temperature variables. Ac cordingly, we concentrate
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Fig. 4. Northeast China regional average (a) monthly air
temperature, (b) monthly precipitation and (c) monthly soil 

temperature at depths of 0, 5, 10, 15 and 20 cm

Month ST(0 cm) − AT ST
0−5 cm 5−10 cm 10−15 cm 15−20 cm

May 3.04 2.45 1.07 0.95 0.81
June 4.00 2.18 1.01 0.89 0.76
July 3.72 1.63 0.76 0.69 0.59
August 3.35 1.14 0.38 0.37 0.32
September 2.34 0.50 −0.15  −0.09  −0.06  

Table 1. Temperature differences between average monthly air tempera-
ture (AT) and soil temperature (ST) (0 cm) and between ST depths (°C)
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our analysis on the second sub-period. Fig. 6 shows
the trends in soil temperature over the period
1993−2007 for each of the 31 stations. Of these, 28
sites showed a significant in creasing trend for ST0
and ST5, 29 sites for ST10, 27 sites for ST15 and 28
sites for ST20 (see Fig. 6a−e). Fig. 6f shows the trends
in air temperature; 29 sites showed a significant in -
creasing trend. The other 2 sites had no trends in
AT but show trends in ST0 and ST5.

Of the 31 stations, 28 stations had rates that were
higher for ST0 than for AT. The magnitude of the
trend for AT was also lower than that for ST at depths
from 5 to 20 cm at over 60% of the stations. This may
be partly affected by the increase in the number of dry
days and short-term dryness conditions here during
the summer half-year (May to October) since the
1990s (Liu et al. 2015).

3.2.2.  Regional average trends

The regional average trends for air temperature
are similar, with a significant in flection point in
1992−1993. Fig. 7 depicts the linear trends for the 2
resulting sub-periods. The temporal change in air
temperature generally fluctuated below the long-
term average until the early 1990s and increased
abruptly from 1993, which is later than the abrupt
increase in annual mean air temperature reported for
the northern hemisphere as a whole (Easterling et al.
1997). Additionally, after 2000, there were no further
significant changes in air temperature (trend not
shown),  corresponding with the warming hiatus pe -
riod in China reported by Li et al. (2015). (Our
CUSUM analysis did not detect a breakpoint around
2000, however, and Cahill et al. (2015) argue that evi-
dence for the hiatus cannot be statistically justified.)

Over the period 1960−2007, temporal changes in
soil temperature generally correspond with those in
air temperature. Again, significant warming begins
in 1993, the dividing point between 2 sub-periods
(Fig. 7). In absolute terms, the rates of increase in ST
in the second sub-period at depths of 0, 5, 10, 15 and
20 cm were higher than those in AT by 0.52, 0.35,
0.33, 0.39 and 0.37°C decade−1. This is similar to
results from western Turkey, where ST5 and ST10
increased faster than AT in summer (Yeşilırmak
2013). Precipitation declined in the second sub-
period, while sunshine duration decreased signifi-
cantly during the first sub-period, consistent with
previous findings (Ye et al. 2010).

Soil temperature exhibited significant warming
trends at all depths in August and September during
the second sub-period (and in May at depths of 15
and 20 cm). These rates were faster than warming air
temperatures, which only showed a significant posi-
tive trend for September. Additionally, precipitation
decreased significantly in August and September
during the second sub-period (see Table 2). This
implies that, besides air temperature, changes in
water condition may have contributed to the change
in soil temperature.

Indeed, past research indicates that growing season
soil temperature is mainly controlled by a combination
of air temperature and soil moisture content. The
average annual precipitation in Northeast China is
approximately 500 to 800 mm; over 70% is concen-
trated in the growing season (May to September).
The ob served increase in the frequency of dry spells
(Liu et al. 2015), as well as de creases in precipitation
amounts, has the effect of decreasing surface wet-
ness and soil moisture, resulting in less energy con-
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Fig. 5. Variations in regional average mean daily (a) air tem-
perature (AT) and ground surface temperature [ST(0 cm)]
anomalies, (b) ST at different depths and (c, inset) phase 

shift with depth
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sumption for evaporation, eventually warming the
ground surface and soils—the so-called soil moisture
feedback (Zhang et al. 2001).

All of the growing season soil and air temperature
trends over the second sub-period reported here
were statistically significant. Comparing the magni-
tude of change for different depths, 0 and 5 cm had
the largest differences; the rate of increase in ST0 was
higher than that for ST5 by 0.17°C. From 5 to 20 cm,
the differences in the trends for different depths
were not obvious. These findings imply that thermal

gradients are progressively steeper with
depth.

While the temporal patterns of change
in air temperature and soil temperature
were about the same, the magnitudes of
the trends were different. Fig. 8 shows the
temporal variations in AT and ST0 on a
monthly basis. Most of the time, these
2 mea surements track closely, but there
are notable dif ferences. During the early
1960s, the increase in ST0 is higher than
the increase in AT in May and June;
the decrease in ST0 is lower than the
decrease in AT in September. During the
late 1990s, the in crease in ST0 is higher
than that in AT in May, July and Sep -
tember. From 2004 onward, ST0 increa -
ses rapidly, while AT shows no ob vious
change in July and September.

Fig. 9 shows the temporal variations in
the difference between monthly mean ST0
and AT. The monthly mean tem perature
differences reveal sig nifi cant in creasing
trends in May, July and September, with
most of the increase concentrated since
the late 1990s. For the growing season
overall, the temperature difference be-
tween ST0 and AT also reveals a signifi-
cant increasing trend, again concentrated
since the late 1990s. This indicates that al-
though there is a general correspondence
between changes in air temperatures and
soil surface tem peratures for either for
growing season (Fig. 7) or for monthly
(Fig. 8) values, the temporal change in air
and soil temperature was not the same
during some periods. It demonstrates that
the period since the late 1990s accounts
for most of the change during our study
period, and changes in air temperature
alone cannot account for the changes in
soil tem peratures in this region.

3.3.  Relationship with precipitation and sunshine
duration

In addition to comparing ST with AT, we also tested
their relationships with precipitation and sunshine
duration and the correlations among ST at different
depths. We found that the correlations among soil tem -
peratures between different depths are all statisti-
cally significant, and the correlation between adja-
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Fig. 6. Trends in soil temperature at depths of (a) 0, (b) 5, (c) 10, (d) 15 and 
(e) 20 cm and (f) air temperature during the period 1993−2007
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cent layers became stronger with depth. This may be
because the conductive gradient is mainly directed
downward in the summer.

Table 3 shows that air temperature had a signifi-
cant positive correlation with soil temperatures at all

depths (statistically significant at the 99% confidence
level for all depths). The correlation between AT and
ST was highest for soil temperature at a depth of 5 cm
(R = 0.95). Beyond 5 cm, the correlation between AT
and ST became weaker with depth.

38

Fig. 7. Temporal variations in soil temperature, air temperature, sunshine duration and precipitation. Solid lines are linear
trends for the periods 1960−1992 and 1993−2007. Values along the trend lines are the rates of change (soil and air temperature:
°C decade−1; sunshine duration: h decade−1; precipitation: mm decade−1). **Significant at 0.05 level; *significant at 0.10 level
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These results are similar to those documented in other
countries. Zhang et al. (2005) found that the changes
in ST20 and air temperature were closely related in
Canada. Hu & Feng (2005) showed a dominant air
temperature effect on the soil temperature at depths
from 5 to 100 cm across the continental United States.

Soil temperature changes are primarily governed
by solar radiation and latent and sensible heat ex -
change at the soil surface, and also by heat transfer in
the soil in a vertical direction (Hu & Feng 2003). We
use sunshine duration as a proxy for solar radiation
(following Stanhill & Cohen 2005); if the amount of
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May June July August September
1960−1992 1993−2007 1960−1992 1993−2007 1960−1992 1993−2007 1960−1992 1993−2007 1960−1992 1993−2007

AT 0.18 0.64 0.14 0.73 −0.10 −0.46 0.16 0.51 −0.04 1.00**
ST
(0 cm) 0.27 1.19 0.11 1.09 −0.05 0.08 0.30 1.16* −0.02 1.57**
(5 cm) 0.24 0.95 0.14 0.92 −0.06 0.08 0.24 0.97* 0.02 1.26**
(10 cm) 0.21 0.95 0.15 0.91 −0.05 0.16 0.22 0.93* 0.03 1.12**
(15 cm) 0.19 1.03* 0.16 1.01 −0.05 0.28 0.20 0.95** 0.06 1.08**
(20 cm) 0.19 0.99* 0.17 1.00 −0.04 0.32 0.19 0.91** 0.07 1.02**
(0 cm) − AT 0.09 0.55** −0.03 0.30 0.05 0.53 0.14 0.65** 0.02 0.57**

Precipitation −1.35 −0.76 6.54* −10.77 −2.34 −19.02 −13.91 −28.33* 0.69 −18.54*

Sunshine duration −0.04 −0.10 −0.28* 0.09 −0.14 0.12 0.05 0.50 −0.14 0.10

Table 2. Trends in growing season monthly mean air temperature (AT) and soil temperature (ST) at each depth (°C decade−1), precipitation
(mm decade−1) and sunshine duration (h decade−1) during the periods 1960−1992 and 1993−2007. *Significant at the 0.1 level, **significant 

at the 0.05 level

Fig. 8. Smoothed temporal variations in monthly air tem-
perature and 0 cm soil temperature
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surface irradiance has changed, then the same change
would be expected in sunshine duration (Liang & Xia
2005). Since the observed decrease in sunshine dura-
tion had no significant correlation with soil tempera-
tures, that implies that variation in solar irradiance
does not play the dominant role in producing soil
temperature changes here.

Correlations between the time series of precipita-
tion and temperature at most soil depths are signifi-
cant at the 99% confidence level. ST20 is signifi-
cantly correlated with precipitation but only at the
95% confidence level. In addition, the negative effect
of precipitation on soil temperatures in the upper
 layers was stronger than that in the deeper layers,
indicating that the effect of precipitation on soil tem-
perature diminished with depth. The significant neg-
ative correlation with precipitation was strongest at
a depth of 0 cm, which may help explain why the
 correlation between AT and ST0 was lower than that
between AT and ST5 or ST10.

In Northeast China, rainfall events tend to be of
low intensity and short duration, leading to cool air
temperatures near the surface. Because of the filter-
ing effect of soil, ST at greater depths is less influ-
enced by rainfall events and the accompanying
advection of cool air. In general, it appears that pre-
cipitation (influencing the release of latent heat at
the ground−air interface), not solar radiation (the
 primary energy source for the dynamics at the air−
ground interface), plays a more important role in soil
temperature change.

The temperature difference between ST0 and AT
had a significant negative correlation with preci -
pitation and a significant positive correlation with
sunshine duration. As pointed out by Bartlett et al.
(2006), incident solar radiation is the primary vari-
able in determining the difference between ground
and air temperatures. Compared with air and soil
solids, water has a higher thermal capacity; thus,
higher soil moisture could dampen the changes in
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Fig. 9. Temporal variations in the difference between monthly average 0 cm soil temperature and air temperature, by month 
and growing season. Heavy lines are smoothed
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ST. Comparatively, the difference between ST0 and
AT showed a higher correlation with precipitation
than with sunshine duration. Changes in pre cipita -
tion could mediate the effect of solar irradiance on
soil temperature through its effect on soil heat capac-
ity and release of latent heat.

Precipitation declined at a rate of 15.49 mm de -
cade−1 during second sub-period, a trend that is
 significant at the 90% confidence level (Table 2).
The decrease in precipitation during the growing
season contributed to the highest increasing trend in
ST0. When we compare the monthly trends in ST and
precipitation, we find similar patterns. There is a sig-
nificant decrease in precipitation in September and
August during the second sub-period, corresponding
with the significant increasing trend in ST and the
difference between ST0 and AT, suggesting that pre-
cipitation has a strong influence on soil temperature
at 0 cm. Comparatively, precipitation increased sig-
nificantly in the first sub-period (1960−1992) in June,
but the rate of increase in ST0 is only slightly slower
than that in air temperature and ST at other depths,
implying that in creasing precipitation is less effective
than decreasing precipitation in modifying ST0.

4.  SUMMARY AND CONCLUSIONS

We find that soil temperature is mainly controlled
by a combined impact of changes in air tempera-
ture and precipitation. Analyzing soil temperatures
 measured on bare ground during the growing sea-
son (May to September) at depths of 0, 5, 10, 15 and
20 cm over the period 1960−2007 at 31 sites in North-
east China, we found the following: (1) Soil tempera-
tures at these depths are higher, and warming
is faster, than air temperature. (2) Compared with
ST0, the phases of average mean ST5, ST10, ST15
and ST20 lag by 2, 6, 8 and 10 d, respectively. (3)

Marked increases in temperature begin in 1993, and
are significant at all depths only in the months of
August and September. (4) Changes in soil tempera-
ture were mainly controlled by a combined impact of
changes in air temperature and precipitation. The
greatest correlation between air and soil temperature
is at a depth of 5 cm. The highest correlation between
precipitation and soil temperature is at 0 cm.

In Northeast China, decreased precipitation could
boost surface soil temperatures through reductions in
evaporation and the thermal capacity of soil. This is
consistent with the highest soil temperature increase
being observed at 0 cm and especially in September.
These factors could partly explain why the correla-
tion between AT and ST0 is lower than that for ST5 or
ST10. Similar results were reported in previous ana -
lyses at other locations. Yeşilırmak (2013) detected
that ST5 and ST10 in creased faster than AT in sum-
mer and attributed it to decreasing rainfall. Zhang et
al. (2001) attributed soil cooling to the increase in
rainfall in summer at Irkutsk, Russia. García-Suárez
& Butler (2006) re ported that decreasing rainfall be -
tween 1904 and 2002 at Armagh Observatory, North-
ern Ireland, re sulted in soil temperature increasing at
a higher rate than air temperature.

Our study indicates that growing season soil tem-
perature, like air temperature, has been increasing
rapidly in Northeast China. The empirical data pre-
sented here provides additional evidence for the
effects of changing air temperature and precipitation
on soil temperatures at different depths, as previ-
ously reported at other sites around the northern
hemisphere. The warming was most pronounced in
the last decade of the 20th century and plateaued in
sync with the global warming hiatus, suggesting a
common driver. Although there is not a consensus on
whether warming will resume in the next few years,
we could expect that, to a large extent, soil tempera-
tures would change similarly to air temperatures in
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SAT ST(0 cm) ST(5 cm) ST(10 cm) ST(15 cm) ST(20 cm) ST(0 cm) – AT Pre SSD

SAT 1.00
ST(0 cm) 0.94** 1.00
ST(5 cm) 0.95** 0.97** 1.00
ST(10 cm) 0.95** 0.96** 0.99** 1.00
ST(15 cm) 0.94** 0.95** 0.98** 1.00** 1.00
ST(20 cm) 0.93** 0.94** 0.97** 0.99** 1.00** 1.00
ST(0 cm) − AT 0.46** 0.69** 0.62** 0.61** 0.60** 0.59** 1.00
Pre −0.35* −0.45** −0.40** −0.40** −0.37** −0.36* −0.58** 1.00
SSD 0.04 0.20 0.11 0.07 0.06 0.04 0.43** −0.57** 1.00

Table 3. Correlation coefficients between soil temperature (ST) at 5 depths and air temperature (AT), precipitation (Pre), and 
sunshine duration (SSD). *Significant at the 0.05 level, **significant at the 0.01 level
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Northeast China in the future. These findings have
implications for agriculture and forestry in Northeast
China and other regions experiencing similar trends.
Increasing soil temperatures during the growing sea-
son could promote plant growth by promoting root
development and nutrient absorption (Guo 2015,
Zhang & Zhang 2013), but changes in water condi-
tions during the same period could have counter -
vailing effects.
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Yeşilırmak E (2014) Soil temperature trends in Büyük
Menderes Basin, Turkey. Meteorol Appl 21: 859−866

Zhang CH, Zhang WY (2013) Effects of shallow layer
ground temperature variation on growth of staple crops
in Shijiangzhuang. J Northwest A&F Univ 7: 55−59 (in
Chinese)

Zhang T, Barry RG, Gilichinsky D, Bykhovets SS, Soro -
kovikov VA, Ye J (2001) An amplified signal of climatic
change in soil temperatures during the last century at
Irkutsk, Russia. Clim Change 49: 41−76

Zhang Y, Chen W, Smith SL, Riseborough DW, Cihlar J
(2005) Soil temperature in Canada during the twentieth
century:  complex responses to atmospheric climate
change. J Geophys Res 110: D03112, doi: 10.1029/ 2004 JD
004910

Zhang H, Zhang Z, Wang Q (2012) Variations trend of soil
temperature at deep layers in Xining from 1961 to 2010.
J Anhui Agric Sci 27:13493−13494,13572 (in Chinese)

Zhou SY, Lao W, Su Z, Li Q (2012) Variation features of fleet
soil temperature in Guangxi from 1961 to 2010. Xi Nan
Nong Ye Xue Bao 25: 1372−1375 (in Chinese)

42

Editorial responsibility: Oliver Frauenfeld, 
College Station, Texas, USA

Submitted: July 22, 2014; Accepted: October 22, 2015
Proofs received from author(s): December 23, 2015

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1029/2004JD004910
http://dx.doi.org/10.1023/A%3A1010790203146
http://dx.doi.org/10.1029/2004GL021270
http://dx.doi.org/10.1002/met.1421
http://dx.doi.org/10.1007/s00704-009-0213-y
http://dx.doi.org/10.1080/03650340802343159
http://dx.doi.org/10.1175/JCLI3354.1
http://dx.doi.org/10.1097/00010694-192612000-00004
http://dx.doi.org/10.1002/joc.3972
http://dx.doi.org/10.1002/joc.2144
http://dx.doi.org/10.1029/2004JD004864
http://dx.doi.org/10.1175/3230.1
http://dx.doi.org/10.5194/angeo-23-2425-2005
http://dx.doi.org/10.1002/2014GL062773
http://dx.doi.org/10.1029/2005GL023469
http://dx.doi.org/10.1175/1520-0450(2003)042%3C1139%3AADSTDA%3E2.0.CO%3B2
http://dx.doi.org/10.1073/pnas.0606291103
http://dx.doi.org/10.1002/joc.1294
http://dx.doi.org/10.1175/1520-0493(1931)59%3C6%3ASTITUS%3E2.0.CO%3B2
http://dx.doi.org/10.1007/s10584-011-0123-8
http://dx.doi.org/10.1126/science.277.5324.364
http://dx.doi.org/10.1002/joc.1615
http://dx.doi.org/10.1029/2005JF000342
http://dx.doi.org/10.1088/1748-9326/10/8/084002
http://dx.doi.org/10.1175/JCLI3808.1
http://dx.doi.org/10.1175/JCLI3590.1

	cite4: 
	cite10: 
	cite21: 
	cite17: 
	cite3: 
	cite8: 
	cite23: 
	cite19: 
	cite2: 
	cite14: 
	cite25: 
	cite20: 
	cite16: 
	cite11: 
	cite22: 
	cite18: 
	cite29: 
	cite5: 
	cite13: 
	cite24: 
	cite15: 
	cite9: 


