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1.  INTRODUCTION

Due to its high altitude and unique terrain, the
Qinghai-Tibet Plateau (QTP) has the largest and
thickest permafrost layer in the middle and low lati-
tudes. One of the most significant physical character-
istics of the plateau surface is the freeze and thaw
process of soil, which changes soil thermal proper-
ties, surface albedo, surface evaporation, and vegeta-
tion conditions, and leads to a redistribution of
energy and water between the soil and atmosphere.
The heating effect of the QTP has an important influ-
ence on the weather and climate of China and even
on the atmospheric circulation of East Asia (Ye et al.
1957, Flohn 1968, Wu & Zhang 1998). 

There are relatively few research stations in the
QTP region, which has made it difficult to acquire
adequate data for land−atmosphere interaction stud-
ies. The freeze−thaw process of soil is exceedingly
complex, involving a variety of physical and chemi-
cal changes, including energy transfer, phase
change, salt accumulation, and so forth. In the past
15 yr, with the development of numerical models,
land surface models and climate models have con-
tained parameterization schemes of soil freeze−thaw
processes (Slater & Piotman 1998, Cherkauer & Let-
tenmaier 1999, Koren et al. 1999). Recently, more and
more researchers are committed to the development
of frozen soil models (Zhang et al. 2007, Wang et al.
2010, Gouttevin et al. 2012, Swenson et al. 2012). The

© Inter-Research 2014 · www.int-res.com*Corresponding author: lsq@lzb.ac.cn

Effects of the soil freeze−thaw process on the
regional climate of the Qinghai-Tibet Plateau

Boli Chen1,2, Siqiong Luo1,*, Shihua Lü1, Yu Zhang1, Di Ma1

1Key Laboratory of Land Surface Process and Climate Change in Cold and Arid Regions, 
Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, 

Lanzhou 730000, PR China
2University of the Chinese Academy of Sciences, Beijing 100049, PR China

ABSTRACT: Single-point and regional simulation experiments on the Qinghai-Tibet Plateau, both
with and without consideration of the soil freeze−thaw process, were set up with CLM3.5 and
RegCM4 models. Comparison of the simulated soil temperature and moisture, surface energy flux,
and upper−lower atmospheric circulation showed that the regional climate can be influenced by
the freeze−thaw process of soil. The results indicate that the freeze−thaw process is a buffer to the
seasonal changes in soil and near-surface temperatures and strengthens the energy exchange
between the soil and the atmosphere. During the freeze (thaw) process, releasing (absorbing) of
phase change energy retards the cooling (heating) effect of air temperature on soil. The soil
freeze−thaw process increases (decreases) the surface heat source of the plateau in winter (sum-
mer), which increases (decreases) the near-surface temperature in winter (summer). Promoted by
atmospheric circulation, the soil freeze−thaw process influences climate at the high and low alti-
tudes of the plateau; this may also contribute to the maintenance of the South Asia High. In the
early stages of permafrost degradation, the regional climate effects of freezing and thawing may
accelerate the degradation of permafrost.

KEY WORDS:  Qinghai-Tibet plateau · Soil freeze−thaw process · Regional climate effect ·
CLM3.5 · RegCM4

Resale or republication not permitted without written consent of the publisher



Clim Res 59: 243–257, 2014244

Project for Intercomparison of Land-Surface Para -
meterization Schemes (PILPS) Phase 2(d) experiment
compared the parameterization schemes of the soil
freeze−thaw process in different models (Luo et al.
2003). The results indicated that the seasonal and
interannual changes of simulated soil temperature
are improved significantly when a parameterization
scheme of the freeze− thaw process is included in a
model.

At present, research on the interaction between the
freeze−thaw process and the atmosphere is focused
on the response of frozen soil to the climate; there has
been less research on the impact of frozen soil on
regional climate. Viterbo et al. (1999) found that the
lack of a freeze−thaw process could exaggerate both
the cooling effect of soil and the amplitude of the
diurnal variation of soil temperature in winter.
Poutou et al. (2004) proposed that the freezing of soil
could delay the cooling effect of the land surface in
winter, and, in contrast, the thaw of soil could delay
the heating effect in summer. As parameterization
schemes in models are becoming more sophisticated,
some scholars are now using the numerical simula-
tion method to study the problem. Wang et al. (2008)
simulated the climate of East Asia by CCM3 with the
freeze−thaw process and found that the simulated
effects of the atmospheric circulation and summer
rainfall in China were improved. Li et al. (2011)
improved the freeze−thaw process in the Community
Land Model (CLM3.0) and simulated the climate of
East Asia by the Community Atmosphere Model
(CAM3), coupled with CLM3.0, and found that the
simulation result was improved. Xin et al. (2012) car-
ried out a similar simulation ex periment and corrob-
orated this conclusion.

Compared with CLM3.0, the new version CLM3.5
improved the freeze−thaw parameterization scheme,
which means the model can simulate the unfrozen
water in frozen soil, as well as improve the simulation
of soil moisture during freezing and thawing while re-
ducing the simulated soil ice content (Niu & Yang
2006). Moreover, CLM3.5 has been coupled with the
Regional Climate Model (RegCM4). Thus, these re-
search tools now function reasonably well for estimat-
ing the climate effects of the soil freeze−thaw process.

Permafrost (about 1.5 × 106 km2) and seasonal
frozen soil (about 1.2 × 106 km2) are widely distrib-
uted in the QTP; this permafrost area accounts for
about 70% of all the permafrost in China (Zhou &
Guo 1982). Yang et al. (2002) found a temporal con-
sistency in the abrupt increase (decrease) in atmos-
pheric net heat with the melt (freeze) of soil, suggest-
ing that the freeze− thaw process is important in

plateau seasonal transitions. Wang et al. (2003) pro-
posed that the changes in the energy and water cycle
due to the freeze− thaw process of the QTP may be an
external determinant of the climate in East Asia.
However, there have been relatively few studies on
the effect of the freeze− thaw process on the QTP
regional climate.

We conducted a ‘degradation experiment’ with sin-
gle-point simulation by CLM3.5 and regional simula-
tion of the plateau region by RegCM4. Comparison of
simulation results of a control experiment and a sen-
sitivity ex periment, which assumed the non-occur-
rence of the freeze−thaw process, demonstrated the
regional climate effects of the freeze−thaw process in
the QTP.

Wang (1997) indicated that the air temperature
over the plateau has risen by 0.2 to 0.4°C since the
1970s, especially in winter. Meanwhile, the annual
temperature range has gradually decreased, leading
to the degradation of the plateau’s permafrost. Ob -
ser vational data indicate that the lower altitudinal
limit of permafrost has risen by 40 to 80 m on the
QTP, while the total area of permafrost has been re -
duced by approximately 105 km2 (Wang et al. 2000).
The climate effect of the freeze−thaw process may be
amplified when a considerable area of permafrost
degrades to seasonal frozen soil.

2.  MODEL AND SETUP

2.1.  Model introduction

The Community Land Model (CLM) was devel-
oped by the National Center for Atmospheric Re -
search (NCAR) and was based on Biosphere−
Atmosphere Transfer Scheme (BATS), Institute of
Atmosphere Physics Land Surface Model (IAP94),
and NCAR Land Surface Model (LSM). The model
includes bio-geophysical processes, biogeochemical
processes, water cycles, and other elements (Oleson
et al. 2004, 2007).

RegCM was developed by the International Centre
for Theoretical Physics (ICTP); the dynamical compo-
nent of the model originated from the Mesoscale
Model (MM5). RegCM4 is a hydrostatic, compressi-
ble, sigma-p vertical coordinate model run on an
Ara kawa B-grid in which wind and thermodynamical
variables are horizontally staggered. The land sur-
face part is coupled with BATS and CLM3.5, which is
user-selectable. The model has a high spatial and
temporal resolution (Elguindi et al. 2011, Giorgi &
Elguindi 2011).
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2.2.  Experimental design

To simulate the regional climate effects of the soil
freeze−thaw process, we designed a dual set of
experiments.

2.2.1. Control experiment

Single-point and regional simulation experiments
called the ‘CTRL experiment’ were set up with
CLM3.5 and RegCM4, respectively. Single-point
simu lation was performed at the ‘Zoige Plateau
Wetlands Ecosystem Research Station’ (33° 53’ N,
102° 08’ E, in the northeast part of the QTP, altitude
3423 m) of the Cold and Arid Regions Environmen-
tal and Engineering Research Institute, Chinese
Academy of Sciences (Fig. 1). The data spanned the
period from July 1, 2009 to July 31, 2010. Atmos-
pheric forcing data for the offline CLM3.5 experi-
ment were temperature, pressure, humidity, wind
speed, precipitation, and downward longwave and
shortwave radiation. Among these, the temperature,
humidity, and wind speed data were taken at a dis-
tance of 10.13 m from the ob servation tower, the
height of the pressure observation was 2 m, and the
radiation and precipitation observation heights were
1.5 m. The time step of the model was 30 min. The
simulated data for July 2009 were discarded, which
was equivalent to a 1 mo spin-up. The simulation
effect of CLM3.5 at Zoige Station was verified in our
previous work, and the simulated energy flux, soil
tem per ature, and soil moisture were close to those
observations.

Regional simulation integration time was from
1991 to 2000, with time steps of 150 s. The simulation
domain was centered at 33°N, 89°E. The number of
grid points in the zonal direction was 96, with 56 in
the meridional direction and a horizontal resolution
of 45 km. United States Geological Survey (USGS)
data and Global Land Cover Characterization
(GLCC) data were used for model topography and
vegetation. The initial and boundary conditions were
interpolated from 40 yr reanalysis data (ERA40) of
the European Centre for Medium-Range Weather
Forecasts (ECMWF), and the sea-surface tempera-
ture data were from the National Oceanic and
Atmospheric Administration (NOAA). Only the simu-
lation results of the last 5 yr were analyzed, which
was equivalent to a 5 yr spin-up process. Ample vali-
dation of RegCM in the QTP region has been con-
ducted (Pal et al. 2007, Gao et al. 2011, Wang et al.
2013).

2.2.2.  Sensitivity experiment

Single-point and regional experiments named the
‘NTEST experiment’ were set up by CLM3.5 and
RegCM4 again, with the assumption that the soil
freeze−thaw process never occurs. The ex perimental
setup was the same as for the  control experiment.
The parameterization scheme of the freeze−thaw
process in the original model is that when the soil
temperature T rises above Tƒ (273.16 K) and the soil
ice content θice does not equal 0, thawing begins.

T > Tƒ, θice > 0 (1)

When the soil temperature T drops below Tƒ and the
soil liquid water content θliq is greater than the maxi-
mum unfrozen water content of the soil θliq max, freez-
ing begins.

T > Tƒ, θliq > θliq max (2)

θliq max is calculated by the following formula:

(3)

where θsat is the saturated soil water content,
latent heat fusion of Lƒ is a constant with a value of
0.336 × 106 J kg−1, g is the gravitational acceleration
(m s−2), and Ψsat and b are the soil text-dependent sat-
urated matrix potential (mm) and Clapp-Hornberger
exponent.

In the sensitivity experiment, we removed the
parameterization scheme of the above 3 equations in
the phase change part of the source code of the
model, which means the phase change of water in
the soil would never be triggered regardless of
whether the soil temperature was less than Tƒ. The
model were set without the soil freeze− thaw process.
But the other physical processes remained un -
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changed, such as snow melt. Because the soil ice con-
tent is initialized by the model at 0, while the soil
temperature is initialized at 274 K, in this  experiment
there will never be any ice in the soil,  even though
we started the run on January 1.

3.  RESULTS

3.1.  Single-point simulation

3.1.1.  Soil liquid water and soil temperature

Fig. 2 shows a comparison between the CTRL ex -
periment and the NTEST experiment of the simula-
tion results of soil liquid water and soil temperature
in a shallow layer (16.5−28.7 cm) and a deep layer
(49.3−82.9 cm). In CTRL, the shallow soil layer starts
to freeze in approximately mid-November; the soil
liquid water content suddenly drops, and freezing
continues until the end of November. The frozen
soil begins to thaw in early March and in mid-
March the soil water content returns to the level
before freezing. For the deeper soil layer, there is a
1 mo lag in the onset of the freeze−thaw process. In
NTEST, the soil liquid water content does not
change significantly due to the lack of a freeze−
thaw process, but snow melting and infiltration
cause slight fluctuations.

During the freeze, the simulated soil temperature
of CTRL is higher than that of NTEST. The phase
change energy released in the freezing process
keeps the soil temperature from becoming too low.
The soil cooling rate is slow compared with the no-
freeze process. During thaw, the melting of soil ice
absorbs large amounts of energy. Furthermore, the

differences in soil temperatures between the 2 exper-
iments are more significant at deeper layers.

3.1.2.  Surface energy

Fig. 3 shows the simulated monthly mean surface
energy flux and daily mean Bowen ratio in the CTRL
experiment. Our models follow the principle of sur-
face energy balance:

R = H + LE + G (4)

where R is net radiation, which is the difference be-
tween surface-absorbed shortwave radiation and sur-
face-effective radiation. H is sensible heat flux, which
is the energy flux transferred due to turbulent motion.
LE is latent heat flux, which is the energy flux trans-
ferred due to the phase change of water vapor. G is
surface soil heat flux, which is the energy transferred
between the soil and atmosphere through the Earth’s
surface. Downward heat flux is positive, while up-
ward is negative. In our study period the monthly
mean surface soil heat flux is negative from the end of
August to the end of January of the following year,
which means the energy generally is transferred from
the soil to the atmosphere; during the rest of the pe-
riod, the energy is generally transferred from the at-
mosphere to the soil. The Bowen ratio is the quotient
of sensible heat and latent heat, reflecting the distri-
bution of the energy. The Bowen ratio in the soil
freezing and thawing stage is greater than that in the
complete thaw stage. In our study it is 1.59 in the
freezing process stage (November), on average, and
is 1.10 in the thawing process stage (April), but is re-
duced to only 0.46 in the completely thawed stage
(July). On the one hand, the Bowen ratio is sensitive
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to snow; on the other hand, the frequent surface
freeze− thaw cycles affect the distribution of energy.
Guo et al. (2011) calculated the Bowen ratio of differ-
ent freeze− thaw stages with observations of Site Bu
Jiao in the QTP and with the THAW model; they
found the value was higher in the freezing and thaw-
ing stages than in the completely thawed stage. Their
results indicated that the diurnal cycle of unfrozen
soil water, resulting from diurnal freeze−thaw cycles,
had a significant impact on latent heat flux and thus
the Bowen ratio, which also supports our experimen-
tal results.

In order to better illustrate the effect of the soil
freeze−thaw process on the surface energy, this
paper sets the results of our NTEST as a reference.
The difference in the energy simulation between the
2 experiments (CTRL−NTEST) is significant (Fig. 4).
The simulated net radiation is less in CTRL than in
NTEST after mid-October, as the surface has begun
to freeze. The difference increases with the freezing
of soil until the end of January, and then decreases
gradually until the beginning of May. There is almost
no difference between the values of net radiation in
the completely thawed stages of the 2 experiments.
For our offline experiments, the difference in net
radiation depends on the surface differences caused
by the freeze−thaw process, because the downward
radiation is the same. In our study the surface emis-
sivity longwave radiation is greater than that in
NTEST, because the surface soil temperature is
higher, which reduces the net radiation (there is an
average increase of 3.73 W m−2 of upward longwave

radiation in January); the surface reflectance short-
wave radiation is also greater than that in NTEST,
because the freezing of surface soil increases the
albedo (there is an average increase of 0.30 W m−2 of
upward shortwave radiation in January).

During the freeze−thaw period, the trends in the
differences between the 2 experiments of sensible
heat and latent heat are fairly consistent, while the
difference in surface soil heat flux follows an opposite
trend. After mid-October, freezing releases a large
amount of phase change energy. In general, the soil
transfers heat to the atmosphere, so the freezing pro-
cess increases the transmission of energy (a negative
value decreases, the absolute value increases). A re-
distribution of the increased energy occurs, so the
sensible heat and latent heat increase. In our study,
the surface soil heat flux turns positive at the end of
January; at this time an overall heat transfer from the
atmosphere to the soil and a thaw of the surface soil
occurs. During the thawing process, the energy ab-
sorbed by the frozen soil increases, as does the
surface soil heat flux, leading to the decrease of sensi-
ble heat and latent heat. In the freeze−thaw process,
the phase change energy actually increases the trans-
mission of energy between the soil and the atmos-
phere, and changes the allocation of energy between
sensible heat, latent heat, and surface soil heat.

Yang et al. (2006) found that the daily freeze− thaw
cycles of the surface soil in the QTP generally occur
during October−December and February− May, and
January is customarily in the completely frozen
stage. Our single-point simulation of Zoige Station
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indicates that the soil freeze−thaw process takes
place from mid-October to early May of the following
year. Therefore, a year can be roughly divided into
4 stages: the freezing process stage (October−
December), the completely frozen stage (January),
the thawing process stage (February− April), and the
completely thawed stage (May−  September). Because
changes in soil temperature, moisture, and surface
energy in the complete ablation stage were minimal
and indirectly due to the freeze−thaw process, these
changes were neglected in our regional simulation.
November, January, and April were taken as typical
months, representing the freezing process, the com-
pletely frozen, and the thawing process stages,
respectively.

3.2.  Regional simulation

3.2.1.  Soil liquid water and soil temperature

Our 2 experiments yielded noticeable differences
in simulated soil liquid water and soil temperature
(Fig. 5). Due to the freezing of liquid water, the soil

liquid water content is reduced by 15~20% when
most of the plateau is in the completely frozen stage.
The region where the soil liquid water content
decreased is roughly consistent with the plateau’s
geographic boundaries. The freezing period in the
southeast part of the QTP comes later than in the
western part, but the thawing period comes earlier
due to the topography of the QTP (the northwest is
significantly higher in altitude than the southeast).

3.2.2.  Surface energy

Differences in simulated surface energy in our re -
gional experiments followed the same trends as in
our single-point experiments (Fig. 6). During freezing
and thawing, the surface soil temperature in CTRL is
higher than in NTEST, as is the upward longwave ra-
diation, which leads to a reduction in the net radiation
on the plateau. In the freezing process stage (Novem-
ber), the phase change energy increases the heat
transfer from soil to atmosphere, inducing an increase
of surface soil heat flux (the negative value de-
creases); the increased energy is partially converted
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to sensible heat and latent heat. In the thawing pro-
cess stage (April), the phase change energy increases
the heat transfer from atmosphere to soil, so the sur-
face soil heat flux in creases and the energy assigned
to sensible heat and latent heat is reduced corre-
spondingly. Compared to the southeast region of the
plateau, the freezing period in the northwest region
comes earlier and the thawing period comes later.

3.2.3.  Ground source heat

Ground source heat is calculated by the following
formula:

Hs = H + LE + Re (5)

Re is surface effective radiation. The simulated
plateau ground source heat in the CTRL experiment
and the differences between CTRL and NTEST are
shown in Fig. 7. The ground source heat of most parts
of the QTP in winter (December, January, and Febru-
ary) is about 60~160 W m−2, and ap pears in a ladder-
like distribution from northwest to southeast. In sum-
mer (June, July, and August) the ground source heat
is about 120~220 W m−2, and the heating effect is sig-
nificant. Because the simulated surface effective
radiation, sensible heat, and latent heat in the CTRL
experiment during freezing are all larger than in

NTEST, the ground source heat in winter is also
larger than simulations without soil freeze. In con-
trast, during thaw, the simulated sensible heat and
latent heat in CTRL are both smaller than in NTEST,
which leads to a decrease of ground source heat in
summer.

3.2.4.  Near-surface temperature and wind fields

Fig. 8 shows the simulated near-surface tempera-
ture (2 m) and wind (10 m) in the CTRL experiment
and the differences between the CTRL and NTEST
experiments. In winter, the seasonal mean tempera-
ture over the plateau is about –16.5°C, which is sig-
nificantly lower than in other regions at the same lat-
itude. The speed of the mean westerly horizontal
wind is about 6.5 m s−1. In summer, the mean temper-
ature is about 8.7°C, and the wind shows a conver-
gence upward motion, while the wind speed is less
than that in winter. Compared to the NTEST experi-
ment, the near-surface temperature in winter in -
creased by about 0.6°C in the CTRL experiment,
while the temperature in summer declined by about
0.05°C. The 10 m wind speed also changed, but min-
imally. The freeze− thaw process essentially changes
the surface energy and then affects the near-surface
temperature and wind fields. 
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3.2.5.  Upper−lower atmospheric circulation

When the near-surface temperature and wind
change, the upper−lower atmospheric circulation can
be affected. Figs. 9 & 10, respectively, show the sim-
ulated lower (500 hPa) and upper (200 hPa) circula-
tion in the CTRL experiment and the differences be -
tween the CTRL and NTEST experiments. At
500 hPa, the plateau is subjected to westerlies in win-
ter, and the geopotential height is around 5500−
5700 gpm, increasing from the surrounding areas of
the plateau to the center. In summer, the plateau is in
the subtropical zone, and the geopotential height at
500 hPa is >5700 gpm and significantly higher than

that in the surrounding areas. Compared to the
NTEST experiment, in winter, there is a negative
anomaly over the southern part of the plateau and a
positive anomaly over the eastern part. In summer,
there is a significant positive anomaly over the center
of the plateau. At 200 hPa, the plateau is under con-
trol of the South Asia High in summer. Compared to
the NTEST experiment, there is a negative anomaly
in winter, but in summer there is a negative anomaly
in the northern part of the plateau and a positive
anomaly in the southern part.

Fig. 11 shows a longitude–altitude cross-section of
differences in the simulated geopotential height and
temperature between the CTRL and NTEST experi-
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ments (along the 32° N line). Compared to the
NTEST experiment, the plateau incurs an almost
entirely negative height anomaly in winter, whereas,
in summer, there is a positive anomaly, which sug-
gests that the South Asia High is being strengthened.
Compared to the ex peri ment without a freeze−thaw
process the temperature increases from the plateau
surface to about 350 hPa in winter, and decreases
slightly above 350 hPa. In summer, temperature
decreases from the surface to about 200 hPa, and
increases above 200 hPa.

3.2.6.  Precipitation

In winter, the total annual precipitation over most
parts of the plateau is <100 mm, only the southeast-
ern part has significant precipitation (Fig. 12). In
summer, the total precipitation in creases progres-

sively from the northwest to the southeast, and there
are several centers at the southern edge of the
plateau with values of 1600 mm, due to the topogra-
phy. Compared to the NTEST experiment, the high-
value centers are enhanced in winter; but, in sum-
mer, the precipitation of most parts of the plateau
declines. This is caused by the reduction of surface
evaporation due to lower near-surface  temperatures.

4.  DISCUSSION

Table 1 presents multi-year regional averages of
our study parameters in the rectangular area in Fig. 1
(30° to 37° N, 81° to 102° E). From this, an overall pic-
ture of the regional climate effects of the soil
freeze−thaw process can be made. During freezing,
the soil temperature decreases with the air tempera-
ture, the soil ice content increases, and the soil water
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content is reduced. The release of phase change
energy retards the cooling effects of the air tempera-
ture. Thus, the phase change energy strengthens the
energy interaction between the soil and atmosphere,
and the upward radiation, sensible heat, and latent
heat all increase. The phase change energy of the
soil freezing process of the plateau increases the
ground source heat in winter, which, in turn, reacts to
the atmosphere and moderates the near-surface tem-
perature. Through the local circulation, the changes
in temperature can have effects to about 350 hPa. In
winter, the plateau is subjected to westerlies and is
under the control of cold high pressure, so the
increasing temperature reduces geopotential height.
During the thaw, the soil temperature increases with
the air temperature, the soil ice content is reduced,
and the soil water content increases. The absorption
of phase change energy diminishes the heating
effects of the air temperature on soil. The phase
change energy increases the surface soil heat flux, so
both the sensible and latent heat values are reduced.
The phase change energy of the soil thawing process

of the plateau reduces the ground source heat, thus
preventing extremely high near-surface temperature
and lowering summer temperatures. Supported by
local circulation, this reduction in temperature can
have an influence to about 200 hPa, but the tempera-
ture increases above 200 hPa. Due to the intense
heating effects, the South Asia High is maintained
over the plateau. So the warming at high levels is
conducive to the development of the South Asia High
is maintained over the plateau. The reduction of
near-surface temperature lowers the ground temper-
ature and reduces evaporation, leading to decreases
in sensible heat, latent heat, and precipitation.

The Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC) (Chris-
tensen et al. 2007) showed that under the A1B green-
house gas emission scenario (a moderate emission
scenario), the temperature on the QTP would in -
crease by about 2.8−6.1°C by the end of the 21st cen-
tury. Guo et al. (2012) indicated that the near-surface
permafrost area will de crease by 39% by the mid-
21st century and by 81% by the end of the 21st cen-
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tury. In the early stages of plateau permafrost degra-
dation, large areas of permafrost change to seasonal
frozen soil and the active layer thickness increases.
This may enlarge the regional climate effects of the
soil freeze−thaw process. Due to the buffering effect
of the freeze−thaw process on temperature changes,
the average winter temperature on the plateau may
increase and the annual temperature range may be
reduced, thus forming a positive feedback, which
may, in turn, accelerate the warming of the plateau
region, leading to further acceleration of permafrost
degradation. Degradation of permafrost on the
plateau may have serious negative consequences for

hydrological processes, ecosystems, and human-
engineered facilities, and carbon released into the
atmosphere by permafrost degradation will acceler-
ate global warming. 

5.  CONCLUSIONS

(1) The soil freeze−thaw process has a buffering
effect on the seasonal variation of soil temperature.
During freezing, the soil temperature decreases with
the air temperature, leading to an increase of soil ice
content and a reduction of soil liquid water content.
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Variable                                                                Winter                                                             Summer
                                                         CTRL              NTEST       CTRL−NTEST             CTRL              NTEST       CTRL−NTEST

Soil water content (m3 m−3)
16.5−28.7 cm                                    0.085                0.210              −0.125                     0.230                0.233              −0.003
49.3−82.9 cm                                    0.103                0.213              −0.110                     0.229                0.235              −0.006
138.3−229.6 cm                                0.161                0.216              −0.055                     0.170                0.231              −0.061

Soil ice content (m3 m−3)
16.5−28.7 cm                                    0.105                0                       0.105                     0                       0                       0
49.3−82.9 cm                                    0.092                0                       0.092                     0.003                0                       0.003
138.3−229.6 cm                                0.046                0                       0.046                     0.045                0                       0.045

Soil temperature (°C)
16.5−28.7 cm                                  −6.71                −8.76                  2.05                     13.36                13.68                −0.32
49.3−82.9 cm                                  −4.81                −7.00                  2.19                     11.21                11.99                −0.78
138.3−229.6 cm                                0.42                −2.12                  1.70                       5.65                  7.09                −1.44

Surface temperature (°C)              −13.18              −13.82                  0.64                     14.32                14.39                −0.07
Energy flux (W m−2)

R                                                     10.46                11.96                −1.50                   103.16              102.66                  0.50
H                                                     11.67                10.44                  1.23                     51.62                52.40                −0.78
LE                                                     7.44                  7.07                  0.37                     40.57                41.52                −0.95
G                                                     −8.65                −5.54                −3.11                     10.96                  8.74                  2.22

Snow
Depth (cm)                                       7.32                  7.50                −0.18                       0.24                  0.27                −0.03
Fraction (%)                                   26.87                27.18                −0.31                       0.68                  0.75                −0.07

Air temperature (°C)
200 hPa                                        −54.98              −54.96                −0.02                   −47.33              −47.29                −0.04
500 hPa                                        −21.93              −22.04                  0.11                     −2.47                −2.42                −0.05
2 m                                                −16.55              −17.14                  0.59                       8.73                  8.78                −0.05

Wind velocity (m s−1)
200 hPa                                           36.70                36.70                  0                          19.15                19.18                −0.03
500 hPa                                           12.45                12.50                −0.05                       2.91                  2.91                  0
10 m                                                  6.39                  6.46                −0.07                       2.55                  2.64                −0.09

Geopotential height (gpm)
200 hPa                                     11241.88          11242.93                −1.05               11546.58          11546.89                −0.31
500 hPa                                       5601.81            5601.99                −0.18                 5775.82            5775.15                  0.67

Precipitation (mm)a                        −40.17                38.30                  1.87                   256.75              265.77                −9.02

Evaporation (mm)a                           21.94                20.30                  1.64                   132.31              136.87                −4.56

aSeasonal total

Table 1. Multi-year regional average of the study parameters on the Qinghai-Tibet Plateau. CTRL: control experiment;
NTEST: sensitivity experiment; R: net radiation; H: sensible heat flux; LE: latent heat flux; G: soil surface heat flux
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The cooling effect of the atmosphere on soil is
retarded by the release of phase change energy. Dur-
ing thaw, the soil temperature increases with the air
temperature, leading to a decrease of soil ice content
and an increase of soil water content. The warming
effect of the atmosphere on soil is also moderated by
phase change energy.

(2) The soil freeze−thaw process strengthens the
energy exchange between the soil and atmosphere.
During freezing, due to the release of phase change
energy, the transmission of soil surface heat flux from
the soil to the atmosphere is increased. This causes
the upward longwave radiation, sensible heat, and
latent heat to increase, which leads to an increase in
the ground source heat. During thawing, due to the
absorption of phase change energy, the transmission
of soil surface heat flux from the atmosphere to the
soil is increased, and the sensible and latent heat val-
ues decrease, which leads to a reduction in the
ground source heat.

(3) The soil freeze−thaw process on the QTP has an
influence on the upper−lower circulation. The freez-
ing process of the plateau increases the ground
source heat in winter. Because the plateau is under
the control of cold high pressure in winter, the rising
temperature reduces the geopotential height. The
thaw process of the plateau reduces the ground
source heat in summer. Because the plateau is under
the control of the South Asia High in summer, the
upper−lower circulation configuration caused by the
freeze−thaw process may make some contributions
to the maintenance of the South Asia High.

In summary, the soil freeze−thaw process ‘buffers’
the seasonal changes of soil and near-surface tem-
peratures. It also strengthens the energy exchange of
the soil−atmosphere system and influences the
upper− lower atmospheric circulation. In the current
early stages of the QTP permafrost degradation due
to global warming, some of the permafrost degrades
to seasonal frozen soil, which may further accelerate
the degradation of permafrost. However, this study
was based only on simulations, which require obser-
vational data for validation. Furthermore, only the
local climate effects of the soil freeze−thaw process
of the QTP were analyzed here. Taking into account
the significant impact of the QTP on the climate of
China and East Asia, the freezing and thawing pro-
cess of the plateau is worthy of further research.

Acknowledgements. This work was supported by the Global
Change Research Program of China (2010CB951402) and
the National Natural Science Foundation of China
(41130961, 40905032). We also acknowledge the computing

resources and time of the Supercomputing Center of the
Cold and Arid Region Environmental and Engineering
Research Institute of the Chinese Academy of Sciences.

LITERATURE CITED

Cherkauer KA, Lettenmaier DP (1999) Hydrologic effects of
frozen soils in the upper Mississippi. J Geophys Res
104(D16): 19599−19610

Christensen JH, Hewitson B, Busuioc A, Chen A and others
(2007) Regional climate projections. Climate Change,
2007:  the physical science basis, Chapter 11. In:  Contri-
bution of Working Group I to the 4th Assessment Report
of the Intergovernmental Panel on Climate Change, Uni-
versity Press, Cambridge, p 847−940

Elguindi N, Bi X, Giorgi F, Nagarajan B and others (2011)
Regional climatic model RegCM, user manual Version
4.1. ITCP,  Trieste

Flohn H (1968) Contributions to a meteorology of the
Tibetan Highlands. Department of Atmospheric Science,
Colorado State University, Fort Collins, CO

Gao XJ, Shi Y, Giorgi F (2011) A high resolution simulation
of climate change over China. Science China Earth Sci-
ences 54(3):462–472

Giorgi F, Elguindi N (2011) Model RegCM, user’s guide
 Version 4.2. Abdus Salam International Centre for Theo-
retical Physics, Trieste

Gouttevin I, Krinner G, Ciais P, Polcher J, Legou C (2012)
Multi-scale validation of a new soil freezing scheme for a
land-surface model with physically-based hydrology.
Cryo sphere 6: 407−430

Guo D, Yang M, Wang H (2011) Characteristics of land sur-
face heat and water exchange under different soil
freeze/thaw conditions over the central Tibetan Plateau.
Hydrol Processes 25: 2531−2541

Guo D, Wang H, Li D (2012) A projection of permafrost
degradation on the Tibetan Plateau during the 21st cen-
tury. J Geophys Res D  117(D5), doi: 10. 1029/ 2011 JD
016545

Koren V, Schaake J, Mitchell K, Duan QY and others (1999)
A para meterization of snowpack and frozen ground
intended for NCEP weather and climate models. J Geo-
phys Res D 104: 19569−19585

Li ZK, Zhu WJ, Wu BY (2011) Impact of improved soil freez-
ing process on climate in East Asia using NCAR CAM
model. Chin J Atmos Sci 35: 683−693

Luo L, Robock A, Vinnikov KY, Schlosser CA and others
(2003) Effects of frozen soil on soil temperature, spring
infiltration, and runoff:  results from the PILPS 2 (d)
experiment at Valdai, Russia. J Hydrometeorol 4: 
334−351

Niu GY, Yang ZL (2006) Effects of frozen soil on snowmelt
runoff and soil water storage at a continental scale.
J Hydrometeorol 7: 937−952

Oleson K W, Dai Y, Bonan G, Bosilovich M and others (2004)
Technical description of the Community Land Model
(CLM). NCAR Tech. Note TN-461+ STR

Oleson KW, Niu GY, Yang ZL, Lawrence DM and others
(2007) CLM3.5 documentation. National Center for
Atmospheric Research, Boulder, CO

Pal JS, Giorgi F, Bi X, Elguindi N and others (2007) Regional
climate modeling for the developing world: The ICTP
RegCM3 and RegCNET. Bull Am Meteorol Soc 88:
1395–1409

256

http://dx.doi.org/10.1029/97JD03630
http://dx.doi.org/10.1007/s00382-004-0459-0
http://dx.doi.org/10.1175/JHM538.1
http://dx.doi.org/10.1175/1525-7541(2003)4%3C334%3AEOFSOS%3E2.0.CO%3B2
http://dx.doi.org/10.1029/1999JD900232
http://dx.doi.org/10.1029/2011JD016545
http://dx.doi.org/10.1002/hyp.8025
http://dx.doi.org/10.5194/tc-6-407-2012
http://dx.doi.org/10.1029/1999JD900337


Chen et al.: Climate simulation of the Qinghai-Tibet plateau

Poutou E, Krinner G, Genthon C, de Noblet-Ducoudré N
and others (2004) Role of soil freezing in future boreal cli-
mate change. Clim Dyn 23: 621−639

Qian ZA, Jiao YJ (1997) Advances and problems on Qing-
hai-Xizang Plateau meteorology research. Adv Earth Sci
12: 207−216

Slater AG, Pitman AJ, Desborough CE (1998) Simulation of
freeze-thaw cycles in a general circulation model land
surface scheme. J Geophys Res 103(D10): 11303−11312

Swenson SC, Lawrence DM, Lee H (2012) Improved simula-
tion of the terrestrial hydrological cycle in permafrost
regions by the Community Land Model. J Adv Model
Earth Syst 4, doi: 10.1029/2012MS000165

Viterbo P, Beljaars A, Mahfouf JF, Teixeira J and others
(1999) The representation of soil moisture freezing and
its impact on the stable boundary layer. QJR Meteorol
Soc 125: 2401−2426

Wang SL (1997) Study of permafrost degradation in the
Qinghai-Xizang Plateau. Adv Earth Sci 12: 164−167

Wang SL, Jing HJ, Li SX, Zhao L and others (2000) Per-
mafrost degradation on the Qinghai-Tibet Plateau and its
environmental impacts. Permafrost and Periglacial
Progress 11: 43−53

Wang CH, Dong WJ, Wei ZG (2003) Study on relationship
be tween the frozen−thaw process in Qinghai-Xizang
Plateau and circulation in East-Asia. Chin J Geophys 46: 
309−316

Wang CH, Cheng GD, Deng AJ, Dong W and others (2008)
Numerical simulation on climate effects of freezing-

thawing processes using CCM3. Sci Cold Arid Reg Initial
Issue 1:  68−79

Wang L, Koike T, Yang K, and others (2010) Frozen soil
parameterization in a distributed biosphere hydrological
model. Hydrol Earth Syst Sci 14: 557−571

Wang X,Yang M, Wang G, Chen X and others (2013) Qing-
hai-Xizang (Tibetan) Plateau climate simulation using the
regional climate model RegCM3. Clim Res 57: 173–186

Wu GX, Zhang YS (1998) Tibetan Plateau forcing and the
timing of the monsoon onset over South Asia and the
South China Sea. Mon Weather Rev 126: 913−927

Xin YF, Wu BY, Bian LG,  Liu G and others (2012) Response
of the East Asian climate system to water and heat
changes of global frozen soil using NCAR CAM model.
Chin Sci Bull 57: 4462−4471

Yang MX, Yao TD, He YQ (2002) The role of soil moisture-
energy distribution and melting-freezing process on sea-
sonal shift in Tibet Plateau. J Mt Sci 20: 553−558

Yang MX, Yao TD, Nozomu H, Fujii H and others (2006)
The freeze− thaw cycle of the surface soil of the Qinghai-
Tibet Plateau. Chin Sci Bull 51: 1974−1976

Ye DZ, Luo SW, Zhu BZ (1957) The wind structure and heat
balance in the lower troposphere over Tibet Plateau and
its surrounding. Acta Meteorol Sin 28: 108−121

Zhang X, Sun SF, Xue Y (2007) Development and testing of
a frozen soil parameterization for cold region studies.
J Hydrometeorol 8: 690−701

Zhou YW, Guo DX (1982) Principal characteristics of perma -
frost in China. J Glaciol Geocryol 4: 1−19

257

Editorial responsibility: Gouyu Ren, 
Beijing, China

Submitted: August 8, 2013; Accepted: December 19, 2013
Proofs received from author(s): April 6, 2014

http://dx.doi.org/10.1175/JHM605.1
http://dx.doi.org/10.1007/s11434-012-5361-2
http://dx.doi.org/10.1175/1520-0493(1998)126%3C0913%3ATPFATT%3E2.0.CO%3B2
http://dx.doi.org/10.5194/hess-14-557-2010
http://dx.doi.org/10.1002/qj.49712555904
http://dx.doi.org/10.1029/2012MS000165

	cite13: 
	cite11: 
	cite8: 
	cite14: 
	cite16: 
	cite5: 
	cite2: 
	cite4: 


