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Using observational data spanning the period from February to December 2009 and recorded at the Suli station in Qinghai Prov-
ince, the land-surface model CLM3.0 was employed to simulate the freezing and melting of soil. The results indicate that the 
simulated soil temperature is higher than the observed soil temperature and the ultimate thawing date is earlier than the observed 
date during the melting period. During the freezing period, the simulated soil temperature is lower than the observed soil tem-
perature and the ultimate freezing of the deep soil is earlier than that observed. Overall, the simulation of freezing is better than 
that of melting, and the simulation of a shallow layer is better than that of a deeper layer. In the original CLM3.0, it is assumed 
that frozen soil begins to melt when the soil temperature exceeds 0C, which is inconsistent with observations. The critical 
freeze–thaw temperature was calculated according to thermodynamics equations and the freeze-thaw condition was modified. In 
this work, the melting rate for frozen soil was reduced using the modified scheme, and the simulated soil temperature was lowered. 
Meanwhile, the refreezing of soil during the melting season was well simulated and more closely matched observations. Addi-
tionally, it was found that the rates of melting and freezing differ, with the former being slower than the latter, but refreezing dur-
ing the melting season is rather quick. 
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The cryosphere is an important component of the climate 
system, which consists of five components: the atmosphere, 
the hydrosphere, the cryosphere, the land surface and the 
biosphere. It is the most sensitive component and usually 
has the most direct influence on the climate system. There-
fore, it is considered an important factor influencing the 
interaction between the five elements. Establishment of the 
Climate and Cryosphere Project (CLiC) has meant that re-
search on the cryosphere has become a new research hot-
spot internationally [1] (http://www.climate-cryosphere.org/ 

en/). Except for the poles, frozen soil is mainly distributed 
in high-elevation regions, such as the Qinghai-Tibetan Pla-
teau, which are sensitive to climate change. The variation in 
unique hydrothermal characteristics plays an important role 
in the energy exchange between the land and atmosphere, 
and affects carbon circulation and weather-climate systems. 
Freezing and thawing of soil are the most remarkable 
physical characteristics of the plateau [2]. Research has dem-      
onstrated that freezing and thawing on the Qinghai-Tibetan 
Plateau have good relationships with summer precipitation 
[3]. Land-atmosphere interactions over the plateau need to 
be studied to improve the predictability of numerical models. 

There have been studies on the relationship between  
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climate change and frozen soil [4–8], but few works about 
the effect of the change of frozen soil on climate change in 
China. It is a great challenge to study the complex physical 
mechanism of frozen soil, especially the parts associated 
with climate change [9]. The simulation of a long time se-
quence of land-surface processes on the Qinghai-Tibetan 
Plateau is meaningful work. The biggest limitation has been 
a lack of a wide range of observation data, which even pre-
vents the development of the frozen soil model. Until the 
late 1990s, attention had been given to frozen soil parame-
terization in land-surface models [10–14], and a corresponding 
module has been added to land-surface models. In China, Li 
and Sun [15] developed a frozen soil hydrothermal transfer 
model in which total enthalpy and total soil quality are cho-
sen as predictands, and the instability arising from uncer-
tainty in the rate of phase change was effectively avoided. 
Two atmospheric experiments were carried out in 1979 and 
1998 on the Qinghai-Tibetan Plateau, the data collected 
during the two experiments provide the necessary condition 
for land-atmosphere study on the plateau [16,17]. However, 
because the observation data were concentrated in the pe-
riod from May to September, they do not contribute greatly 
to the simulation of freezing and thawing on the plateau.  

By comparing more than 20 representative land-surface 
models, the Program for Inter-comparison of Land Surface 
Parameterization Schemes (PILPS) found that models usu-
ally have apparent distinctions for the simulation of energy 
and water exchange occurring at the land-atmosphere inter-
face when forced by the same atmospheric conditions. 
Many models provide good results for humid areas with 
homogeneous vegetation, but more work is needed for areas 
of snow, frozen soil, desert, and inhomogeneous land sur-
faces to improve simulation results [18–20]. The Commu-
nity Land Model (CLM) is one of the best land-surface 
models. Many numerical and verification experiments have 
been carried out for the model used in this study; i.e. 
adaptability of the model to Asian monsoon areas [21], pla-
teau areas of sparse vegetation, paddy fields [22], typical 
climate regions of China [23], and desert [24]. However, 
there have been few experiments for frozen areas. Xin et al. 
[25] examined the applicability of the CLM to northwestern 
arid areas and the western Qinghai-Tibetan Plateau using 
short-range observation data for summer. Wang et al. [26] 
and Luo et al. [27] demonstrated the model’s applicability 
to the western and central Qinghai-Tibetan Plateau, respec-
tively. However, no work has been done for the northern 
Qinghai-Tibetan Plateau. 

In this paper, observation data spanning the period from 
February 1 to December 31, 2009, and recorded at the Suli 
station located in northeastern Qinghai Province were 
adopted for a single-point numerical simulation. The per-
formance and applicability of CLM3.0 were examined by 
comparing with soil temperature and moisture observations. 
Furthermore, the freeze-thaw condition of the model was 
modified. 

1  Model and data 

1.1  Model introduction 

The CLM was developed by the National Center for At-
mospheric Research and is based on the Biosphere-Atmos-     
phere Transfer Scheme (BATS), the Institute of Atmos-
pheric Physics Land Surface Model (IAP94) and the Land 
Surface Model (LSM). The CLM was constructed with 
uniformly distributed vertical soil layers, at most five snow 
layers, and one vegetation layer. The flux was calculated 
separately for different underlying surfaces by considering 
inhomogeneity on the sub-grid scale of land-surface char-
acteristics, vegetation types, hydraulics and thermodynamic 
characteristics of different soil types, and the homogeneity 
of atmospheric forcing acting on all underlying surfaces. 
The flux required by the atmosphere is obtained by averag-
ing the sub-grid quantities weighted by all vegetation types. 

The atmospheric forcing data for the offline CLM3.0 
experiment are data for temperature, pressure, humidity, 
wind speed, precipitation and downward longwave and 
shortwave radiation. No consensus has been reached on 
how to divide the soil layers in the CLM, but it is agreed 
that the shallow soil layer has a larger moisture gradient 
[28]; therefore, to precisely describe the variation in soil 
moisture, shallow soil has more layers than deeper soil [29]. 
Division of the vertical soil layers follows an exponential 
distribution. The depths of soil layers are 0.71, 2.79, 6.23, 
11.89, 21.22, 36.61, 61.98, 103.80, 172.76 and 286.46 cm; a 
detailed description of the CLM is given in [30].  

The version of the CLM used in this study is CLM3.0. 
The difference between CLM3.0 and CLM4.0 is the soil 
freezing condition. CLM3.0 considers that all liquid water 
freezes when the soil temperature is below 0°C, whereas 
CLM4.0 considers that liquid water and ice can coexist 
when the soil temperature is below 0°C. Only when the liq-
uid-water content is greater than the maximum allowable 
liquid-water content does the excess freeze. Obviously the 
latter consideration is more realistic. Therefore, the freeze- 
thaw condition is replaced with the equivalent part of 
CLM4.0 [31]. The freeze-thaw equation can be written as  

T>Tfrz and ice>0 for the thawing period and  

T>Tfrz and liq>liq,max for the freezing period.  

When the soil freezes or thaws, the soil temperature is 
Tfrz, where liq,max is the maximum liquid-water content 
when the soil temperature is below the freezing point; 

1/3
f frz

liq,max sat
sat

10 ( )
b

L T T

gT
 




 

  
 

. The freezing point of liquid 

water Tfrz is 273.16 K. sat is the saturated soil water content, 
liq is the soil volume water content, ice is the soil volume 
ice content, and sat is the saturated matric water potential 
in units of millimeters. Latent heat fusion of Lf is a constant 
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with a value of 0.336×106 J kg1. 

1.2  Data preparation 

Simulations were performed for the Suli station, which is 
located at 38.42°N, 98.30°E, northeast of Qinghai Province, 
and belongs to the upper reaches of the Shule River at an 
elevation of 3802 m. The data span a period from February 
1 to December 31, 2009. The land surface is mainly covered 
by alpine meadow. The soil type is sandy loam. The area 
has a notable cold-plateau semi-arid climate. A meteoro-
logical observation tower with height of 10 m was built at 
Suli with meteorological variables (10-min air temperature, 
pressure, humidity, and wind speed) recorded at four 
heights (2, 5, 7.5 and 10 m). Precipitation was collected by 
a T_200B rain gauge. Soil temperature was measured at 
depths of 5, 10, 30, 50 and 70 cm. Soil moisture was ob-
served at 20, 40 and 60 cm, and soil heat flux at depths of 5 
and 10 cm. In addition, a vortex dynamic radiometer was set 
on the meteorological tower to obtain downward longwave 
radiation from the Sun, upward shortwave radiation re-
flected by the land surface and upward longwave radiation 
with a time interval of 30 minutes. All data were used for 
driving or validating the model.  

The observations made at a height of 2 m were used as 
atmospheric forcing data and this height was set as the base 
of the atmosphere in the model. Considering the sensitivity 
of the model to initial values, a 2-year spin-up was carried 
out at a single point. To compare simulations and observa-
tions more conveniently, the output was linearly interpo-
lated to depths of 20, 40 and 60 cm. 

2  Simulations and analysis 

The CLM3.0 model was employed to simulate the soil wa-
ter and thermal processes at the Suli station of Qinghai 
Province with observation data spanning the period from 
February 1 to December 31, 2009. This test is referred to as 
the control test and is intended to validate the model’s abil-
ity to simulate the exchange of soil water and heat in sea-
sonally frozen areas. Because a change in ice content in soil 
affects soil water and heat properties, and influences the 
simulation of soil temperature and moisture, this work 
mainly examines simulations of soil temperature and mois-
ture for individual layers. 

2.1  Soil temperature 

The accuracy of the calculated soil temperature in the land- 
surface model usually affects energy and material exchange 
between the land surface and atmosphere, and further af-
fects the performance of the atmospheric model. Therefore, 
the simulation of soil temperature is important [32]. 

The air temperature at a height of 2 m rises slightly from 

February 2009 and then falls to about 20°C by mid-March. 
Afterward, although there are several insignificant tem-
perature declines, the entire temperature tendency is to rise, 
especially from late March to early April during which time 
the air temperature increases from 10°C to above 0°C, and 
it remains above 0°C from June. The incident shortwave 
radiation reduces as winter arrives, and the air temperature 
decreases rapidly from 3°C to 10°C in early October (Fig-
ure 1(a)). The tendency of the temperature change for soil 
close to the surface is the same as that of the air temperature 
at a height of 2 m, and the simulated soil temperature at 20 
cm depth is similar to observations (Figure 1(b)). However, 
for deeper soil layers, there is a lag in the temperature varia-
tion. The observed soil temperatures at 40 and 60 cm rise 
and exceed 0°C on May 10 and June 5, respectively. The 
simulated ultimate melting dates (i.e. dates on which the ice 
in soil completely melts) for all soil layers are earlier than 
those observed, and the deeper the soil, the greater the dif-
ference, which is about a month in the case of 60 cm depth 
(Figure 1(c), (d)). The simulated date on which the soil be-
gins to freeze is much the same as the observed date for a 
depth of 20 cm, but it is further in advance for deeper soil, 
being about 15 days ahead for soil at 60 cm depth (Figure 
1(d)).  

In an experiment carried out by Xu [33], it was found 
that the freezing temperature and thawing temperature of 
loess, sandy soil, red soil, clay soil and loamy soil are all 
below 0°C, which means that all these soils begin to melt at 
temperatures lower than 0°C. In CLM3.0, it is considered 
that frozen soil begins to melt only when the temperature is 
higher than the freezing point. No melting occurs in early 
March when the modeled temperature is below 0°C, 
whereas in reality, the soil has begun to melt and the soil 
liquid-water content increases slightly (Figure 2). The 
melting of ice absorbs energy from the soil and prevents a 
rise in soil temperature; however, the simulated soil has not 
thawed, the energy from the lower soil layer increases the 
soil temperature, and the simulation of soil temperature 
from March to April is thus higher than the observed soil 
temperature. After the simulated soil temperature reaches 
0°C, and the air temperature rises, the simulated frozen soil 
melts completely by mid-April, and the predicted melting 
date is earlier than the observed date. When the simulated 
soil thaws and the observed soil does not, the difference 
between simulation and observations is great. For example, 
in early May, the difference in soil temperature at 40 cm 
depth is about 4°C.    

In summary, CLM3.0 simulates well the variations in 
soil temperature in all layers. Simulation of freezing is bet-
ter than that of thawing, and simulations at shallower depths 
are better than those at deeper depths. However, the simu-
lated thawing is too fast, which leads to a higher tempera-
ture and earlier thawing time than what is observed. During 
the freezing period, the simulated temperature of deeper soil 
is lower than the observed temperature, and the freezing  
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Figure 1  Observed temperature at a height of 2 m (a) and comparison of the simulated soil temperature (dashed) with observations (solid line) at depths of 
20 cm (b), 40 cm (c) and 60 cm (d). 

 
Figure 2  Comparison of the simulated soil liquid-water content (dashed) with observations (solid line) at depths of 20 cm (a), 40 cm (b) and 60 cm (c), and  
simulated soil ice content (d) in the three layers.  
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time is earlier than the observed time. 

2.2  Soil moisture 

Soil moisture plays an important role in the interaction of 
land and atmosphere, affecting the regional climate by in-
fluencing runoff, albedo, surface sensible heat flux and la-
tent heat flux [34]. It is an important variable for model es-
timations. 

The simulated soil liquid-water content remains un-
changed during February and April 2009 (Figure 2(a), (b), 
(c)). The soil begins to melt from the surface to deeper lay-
ers when it satisfies the frozen-soil melting condition, at 
which time the soil ice content decreases rapidly. For ex-
ample, the ice content in soil at 20 cm depth decreases from 
a fractional volume of 0.27 to 0.0 over several days in early 
April. The ultimate melting times for 20 and 60 cm depths 
have lags of about 1 month, which reflects the spread of 
energy over time from the surface to deeper levels. In real-
ity, the soil liquid water content begins to increase at the 
beginning of March; for example, the soil liquid-water con-
tent at 60 cm depth remains at 0.045 from February to early 
March, and gradually increases to about 0.08 by late May 
(Figure 2(c)). Meanwhile, the soil temperature increases 
from 6°C to 1°C (Figure 1(c)). This indicates that the soil 
began melting when the soil temperature was below 0°C. 
Obviously, the model setting of the thawing condition con-
flicts with the observation. The simulated melting starts late 
but has a high melting rate, and finishes earlier than what is 
observed. The simulation of the freezing is better than that 
of the thawing. 

3  Model modifications  

It was seen from the control test that the thawing and freez-
ing tendencies are well simulated, but CLM3.0 arbitrarily 
specifies that the soil melts only when the soil temperature 
is higher than 0°C, which is not in agreement with observa-
tions [33]. An actual freezing-thawing process is a slowly 
and continuously changing process, and there is no fixed 
freeze-thaw critical temperature. The relationship between 
the soil water content and temperature should be determined 
by the thermodynamic equilibrium relationship between the 
soil water potential and temperature and the inherent char-
acteristics of soil hydraulics. Therefore, the method of cal-
culating the soil freezing-thawing critical temperature used 
by Sun and Li [15] was adopted in this study to replace the 
unreasonable hypothesis used in CLM3.0. 

When ice is present, the soil water potential remains in 
equilibrium with the vapor pressure over pure ice. Accord-
ing to the Clausius-Clapeyron equation, the functional rela-
tion between the soil water matrix potential  (mm) and soil 
temperature is  

    3
f frz10
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L T T
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where T and Tfrz are the soil temperature and freezing point 
(K), respectively, Lf is the latent heat of fusion (J kg1), and 
g is gravitational acceleration (m s2). 

Spaans and Baker [35] demonstrated that freezing- 
thawing processes are similar to drying-wetting processes 
with regard to the dependence of the soil matric potential on 
the liquid-water content. The soil matric potential as a func-
tion of liquid-water content is 
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where sat is the saturated soil matrix potential, sat and liq 
are porosity and the partial volume of liquid water, and b is 
the Clapp-Hornberger parameter. 

By equating (T) in eq. (1) to (liq) in eq. (2), we 
derive the expression for the functional relation between 
the soil liquid-water content and freeze-thaw critical 
temperature: 
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where Tcrit is the critical temperature at which soil water 
freezes or thaws. When the soil temperature is below/above 
Tcrit, the soil water begins to freeze/thaw. Figure 3 is drawn 
from calculations using eq. (3). It is clearly seen that when 
the soil has low liquid-water content, sandy soil has the 
highest freeze-thaw critical temperature, loamy sand has the 
second highest, and the other soils have very low critical 
temperatures. The main reason is that sandy soil has 
macropores. Under certain suction conditions, a macropore 
can be easily drained. Therefore, the soil water content rap-
idly reduces as the suction increases. The pore size distribu-
tion is uniform in clayey soil and much water can be ab-
sorbed. Increasing the suction can only reduce the soil water 
content slowly. Thus, soil having low silt content has 
greater saturated soil water potential for the same liquid- 
water content [36]. From eq. (3), we know that the soil wa-
ter matrix potential and soil temperature have an inverse 
relationship. Soil having lower silt content has a lower 
freeze-thaw critical temperature under the same liquid-water 
content conditions. The critical temperature rises gradually 
as the liquid-water content increases, but is always below 
the freezing temperature. 

3.1  Results obtained using the modified critical tem-
perature for the melting of frozen soil 

The thawing critical temperature in CLM3.0 is replaced  
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Figure 3  Freeze-thaw critical temperature versus the soil type and liquid- 
water content. 

with eq. (3) while the freezing conditions are kept the same:  
When T>Tcrit and ice>0, soil melts and the soil tempera-   

ture is Tcrit immediately after melting
  This experiment is referred to as test 1 and is designed to 

examine the effects of the new critical temperature for 
thawing on the simulation. 

Figure 4 shows that the new critical temperature for 
thawing has four main effects on the simulation. First, the 
simulated soil temperature during the thawing period is a 
little lower than it was previously, and much closer to ob-
servations (Figure 4(a)). Second, the simulated liquid-water 
content is reduced (Figure 4(b)). Third, the timing of the 
commencement of the melting of frozen soil is earlier, and 
the timing of ultimate melting is closer to that observed for  

 

Figure 4  Comparison of observations (obs, heavy line) with soil temperature simulated with a change in the critical temperature for thawing (ctrl, dot line) 
and no change (test 1, fine line). The letter “a” in each figure represents the soil temperature, “b” the soil liquid-water content, and “c” the ice content in soil. 
Numbers 1, 2 and 3 represent the soil depths of 20, 40 and 60 cm, respectively.  
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the deeper frozen soil (Figure 4(c)). Fourth, there are sev-
eral insignificant freezing events during the thawing period, 
which is similar to the actual soil freezing-thawing process. 
There are three main reasons for these improvements. 

First, when the critical temperature for thawing is 
changed, frozen soil begins to melt at certain temperatures 
below 0°C. Test 1 shows that frozen soil at 60 cm depth 
begins to melt in mid-March and the soil temperature is 
2°C at that time. The soil absorbs energy as it thaws, 
which prevents a rise in soil temperature. Reducing the 
thawing rate results in the simulation of the soil temperature 
better matching observations (Figure 4(a3)), and delays the 
melting time. This means that when the observed soil has 
melted, the simulated frozen soil is still melting in test 1, 
and the simulated soil liquid-water content in test 1 is less 
than the observed content (Figure 4(b)).  

Second, the soil temperature is equal to the freezing point 
after the phase change in CLM3.0, and the soil temperature 
is updated according to the difference in the energy cost 
between theory and practice (called net energy). Only when 
the water exists completely in liquid or solid form and the 
net energy does not equal zero can the energy surplus be 
used to change the temperature. If the net energy is zero, the 
soil temperature remains at the freezing point. When the 
critical temperature for thawing is changed, the soil tem-
perature is replaced with eq. (3) after melting, which is lower 
than the freezing point and less than that in the control test. 
Therefore, the simulation of soil temperature during the 
melting phase is a little lower.  

Third, for all soil types, when the soil temperature is be-
low 0°C, the maximum liquid-water content reduces as the 
temperature decreases [37]. By changing the critical tem-
perature of thawing, ice in the soil melts when the soil tem-
perature is below 0°C, the liquid-water content increases 
and makes it easier for the soil temperature and moisture to 
meet the freezing conditions. Figure 4 shows that although 
the soil has a thawing tendency during February and April, 
there are several insignificant freezing events, indicating 
that the new critical temperature for thawing describes the 
thawing process well.  

In summary, the change in the soil thawing condition re-
duces the thawing rate, and the simulation of soil tempera-
ture, soil liquid-water content and melting time is much 
closer to observations. However, the thawing of lower soil 
layers is slower than that observed while the performance is 
better for deeper layers. 

3.2  Results obtained using the modified freezing-thawing 
critical temperature for soil 

To examine the effect on simulation results, test 2 was car-
ried out on the basis of test 1 but with the soil temperature 
after soil has frozen replaced with the new freeze–thaw 
critical temperature.  

When there is freezing and thawing, the difference be-

tween the soil temperature and freeze-thaw critical tem-
perature is usually used to estimate the relationships be-
tween the excess or deficiency of energy and the amount of 
latent heat absorbed or released, and thus to determine the 
rate of change in ice content. Energy surplus has typically 
been used to update the soil temperature [38]. In test 1, it is 
supposed that when soil freezes, the temperature is 0°C. 
Thus, 0°C was treated as the base point of the temperature 
update. In test 2, however, it is supposed that the frozen soil 
temperature is the freezing-thawing critical temperature and 
is lower than 0°C. The base point of the temperature update 
thus decreases from 0°C to a certain temperature below 0°C, 
which leads to the simulated temperature of soil with ice 
having a downward tendency. Thus, the simulated tempera-
ture during the thawing phase (February and April) is closer 
to observations but lower than observations during the 
freezing period (Figure 5). The main reason for the latter 
finding is that with decreasing shortwave radiation in winter, 
the soil temperatures of all layers decrease. When the soil 
temperature is below 0°C and the soil liquid-water content 
is greater than the maximum allowable liquid-water content, 
soil begins to freeze. Freezing releases latent heat, which 
limits the fall in soil temperature. However, as the soil 
freezes much faster in the model than in reality, soil is soon 
completely frozen. From then on, the soil temperature 
mainly varies with the air temperature, leading to a lower 
simulated soil temperature compared with the observed soil 
temperature during the freezing period. The root cause may 
be that the freezing rates for freezing and thawing periods 
greatly differ. 

3.3  Results obtained using the modified freezing rate 

In section 3.2, we deduced that the soil water has very dif-
ferent freezing rates for freezing and thawing periods. A 
sensitivity test (test 3) was designed to verify whether and 
to what degree a change in freezing rate affects the simula-
tion results. In this test, the freezing rate remains the same 
during the thawing stage (February to June) while it is arbi-
trarily halved during the freezing stage (October to Decem-
ber). 

Results show that the simulated soil temperatures of all 
layers obviously improve with the modified CLM3.0 and 
are closer to observations (Figure 6), while simulation of the 
soil liquid-water content does not vary greatly. The main 
reason is that the freezing rate is evidently lower during the 
freezing stage in test 3. In other words, the rate of increase 
in ice content is less, which delays the ultimate freezing of 
soil water. This slows down the freezing of soil. The liq-
uid-water content of soil decreases slowly, which prevents 
heat loss in soil. The heat capacity of water is greater than 
that of ice, and more liquid water in soil prevents the soil 
temperature decreasing quickly. Therefore, the simulated 
soil temperature is higher than that obtained in test 2. 

The most immediate effect of changing the soil freezing  
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Figure 5  Comparison of observations (obs, heavy line) with soil temperature simulated with a change in the freeze-thaw critical temperature (test 1, dot 
line) and no change (test 2, fine line). The letter “a” in each figure represents the soil temperature and “b” stands for the soil liquid-water content. Numbers 1, 
2 and 3 represent the soil depths of 20, 40 and 60 cm, respectively. 

rate is likely to be a change in the soil ice content. The heat 
conduction of ice is 4 times that of water, and the heat ca-
pacity of water is twice that of ice. Therefore, the change in 
soil ice content directly affects the upward and downward 
heat flux, and further affects the whole-system net energy. 
According to the calculation of soil temperature after phase 
change in CLM3.0 as introduced in section 3.1, we know 
that the net energy greatly affects the calculation of soil 
temperature. Changing the freezing rate affects the soil 
temperature, while it reveals the limitations of the algorithm 
used for the calculation of soil temperature in the case of a 
phase change. In the case of a phase change, it is difficult to 

obtain a numerical solution. We therefore suggest using the 
total enthalpy of soil and total quality of soil water as pre-
dictands to avoid the problem of obtaining a numerical so-
lution. 

4  Discussion and conclusion  

The land-surface model CLM3.0 was employed to simulate 
the soil water and thermal processes at a site in Suli, Qing-
hai Province, from February 1 to December 31, 2009. The 
capability of the model was examined by comparing the  
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Figure 6  Comparison of observations (obs, heavy line) with soil temperature simulated with the modified freezing rate (test 2, dot line) and without (test 3, 
fine line) during the freezing period. The letter “a” in each figure represents the soil temperature and “b” indicates the soil liquid-water content. Numbers 1, 2 
and 3 represent soil depths of 20, 40 and 60 cm, respectively. 

model results with observations. In addition, the critical 
freeze-thaw temperature was modified according to phase 
equilibrium equations. The following results were obtained. 

(1) The exchange of soil water and heat was well simu-
lated by CLM3.0. However, some limitations need to be 
addressed; e.g. the simulated soil temperature is higher than 
that observed and the ultimate thawing date is earlier than 
that observed during melting. The simulated soil tempera-
ture is a little lower than that observed and the ultimate 
freezing of deep soil is earlier than observed. Overall, the 
simulation of freezing is better than that of melting and the 
simulation of the shallow layer is better than that of deeper 

layers. 
(2) The critical freeze-thaw temperature for certain liq-

uid-water content can be calculated according to the phase 
equilibrium equation. With less liquid water content, the 
higher the sand content and the higher the critical freeze- 
thaw temperature, and vice versa. The critical freeze-thaw 
temperature approaches the freezing point as the liquid wa-
ter content increases, but it is always below the freezing 
temperature. 

(3) As the soil critical temperature for thawing decreases, 
the process of soil melting at a certain temperature below 
the freezing point is well simulated by CLM3.0. Because 
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the frozen soil melts when the soil temperature is below 0°C, 
the melting absorbs energy, and the thermal capacity of wa-
ter is greater than that of ice, thus limiting the rate of in-
crease in soil temperature and the rate of melting. The soil 
temperature simulated with the modified freeze-thaw 
scheme is thus lower than that obtained previously during 
the melting process, and the results are a closer match to 
observations. 

(4) A sensitivity test shows that the freezing rate during 
freezing differs greatly from that during melting, with the 
former being lower than the latter, and the soil in the upper 
layers freezes more quickly than that in the lower layers. 
This provides a basis for improving the frozen-soil model in 
the future.  

There are limitations to applying a land-surface model to 
plateau areas because of the complexity of terrain. The 
simulation of soil temperature and moisture has been nota-
bly improved using CLM3.0 with the modified freeze-thaw 
scheme. However, compared with observations, the simu-
lated melting of shallow soil layers is slow, and the adjust-
ment of the freezing rate is subjective, indicating that there 
are limitations to the calculation of soil temperature as 
phase change occurs. The occurrence of phase change 
makes it difficult to obtain a numerical solution. We there-
fore suggest using the total enthalpy of soil and the total 
quality of soil water as predictands to avoid the problem of 
obtaining a numerical solution. The numerical test was only 
carried out at a single point with the default surface dataset 
in this paper; therefore the observational soil properties 
were required and more tests should be carried out at dif-
ferent plateau stations and in various areas to enhance our 
understanding of the hydrothermal influence in cold re-
gions. 
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