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Water and heat dynamics in the active layer at a monitoring site in the Tanggula Mountains, located in the permafrost region of
the Qinghai-Xizang (Tibet) Plateau (QXP), were studied using the physical-process-based COUPMODEL model, including the
interaction between soil temperature and moisture under freeze-thaw cycles. Meteorological, ground temperature and moisture
data from different depths within the active layer were used to calibrate and validate the model. The results indicate that the
calibrated model satisfactorily simulates the soil temperatures from the top to the bottom of the soil layers as well as the mois-
ture content of the active layer in permafrost regions. The simulated soil heat flux at depths of 0 to 20 cm was consistent with
the monitoring data, and the simulations of the radiation balance components were reasonable. Energy consumed for phase
change was estimated from the simulated ice content during the freeze/thaw processes from 2007 to 2008. Using this model,
the active layer thickness and the energy consumed for phase change were predicted for future climate warming scenarios. The
model predicts an increase of the active layer thickness from the current 330 cm to approximately 350-390 cm as a result of a
1-2°C warming. However, the effect active layer thickness of more precipitation is limited when the precipitation is increased
by 20%—-50%. The COUPMODEL provides a useful tool for predicting and understanding the fate of permafrost in the QXP

under a warming climate.
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Permafrost, which is defined as ground in which tempera-
tures have remained at or below 0°C for at least two con-
secutive years, is a key component of the cryosphere due to
its influence on energy exchanges, hydrological processes,
natural hazards, and carbon budgets and hence the global
climate system (Riseborough et al., 2008). Permafrost has
been treated as an indicator of climate change and is highly
sensitive to climate changes (Pavlov, 1994; Guglielmin and
Dramis, 1999; Smith et al., 2002). Climate warming has a
significant influence on permafrost, which has caused ex-
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tensive degradation all over the world (Lunardini, 1996;
Stendel and Christensen, 2002; Zhang, 2005; Wang et al.,
2005; Cheng and Wu, 2007; Wu et al., 2010; Wei et al.,
2011). Permafrost responds quickly to climate change, and
this rapid response leads to dramatic changes in the soil
physical and chemical properties, water and heat dynamics,
and nitrogen and carbon cycles (Hansson et al., 2004; IPCC,
2007). Previous research predicted that thawing of perma-
frost might cause serious societal and environmental prob-
lems in the 21st century (Brown et al., 2008). Therefore,
increasing attention has been focused on understanding,
assessing, and predicting the changes in the permafrost under
climate change scenarios.
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Permafrost changes will provide feedback on the climate
system through the active layer (Kane et al., 1991; Poutou et
al., 2004). Defined as the portion that thaws in summer and
freezes in winter, the active layer is an important component
of permafrost and the resultant exchange of water and heat.
Thus, the changes in the active layer have a great influence
on ecological systems, surface energy balances, engineering
construction, and hydrological and carbon cycles in perma-
frost regions (Kane et al., 1991; Zhang et al., 2005; Wang et
al., 2014). Permafrost changes occur via the hydrothermal
characteristics of the active layer, and hydrothermal change
can lead to water-heat exchange differences and large-range
alterations in the sensible and latent heat (Ma et al., 1999).
These changes can cause further alterations in atmospheric
circulation and thus impact the climate system (Vinnikov et
al., 1996; Allisonet al., 2001). The importance of soil hydro-
thermal processes has been recognized over the last several
years (Hansson et al., 2004), but less attention has been given
to the effect of climate conditions on the freezing and thaw-
ing processes in the soil. This knowledge is important for
improving human capacity to act on global climate change in
future and could improve our understanding of the interaction
between soil freeze-thaw processes and climate change.
Process-based modeling is an important approach for
studying the interactions among the atmosphere, vegetation,
and hydro-thermal processes (Sridhar et al., 2002). During
the past decades, a number of different numerical models
have been developed to study frozen soil water-heat pro-
cesses, i.e., the Harlan (Harlan, 1973), FROSTB (Shoop and
Bigl, 1997), SHAW (Nassar et al., 2000; Zhao et al., 2008),
and CLM3 models (Alexeeve et al., 2007; Nicolsky et al.,
2007). Certain models were also proposed to study perma-
frost thermal conditions (Ikard et al., 2009; Oelke and Zhang,
2004), permafrost and climate change, and permafrost dis-
tribution, i.e., TTOP (Henry and Smith, 2001; Riseborough,
2002; Luo et al., 2014), as well as models for analyzing the
relationship between permafrost and climate change (Bu-
teau et al., 2004; Jiang et al., 2012; Hollesen et al., 2011).
Recently, the soil-vegetation-atmosphere system (SVAT)
model has been widely applied to soil for modeling of hydro-
thermal processes process, i.e., the COUPMODEL (Scherler
et al., 2010; Wu et al., 2011a, 2011b, 2012; Zhou et al.,
2013; Zhang et al., 2007; Yang et al., 2010; Hu et al., 2013).
The COUPMODEL considers the influence of ice on soil
moisture migration (Jansson and Karlberg, 2004). Predic-
tions of ice are notable outputs from COUPMODEL that
improve our knowledge of the course of ice during freeze-
thaw periods (Wu et al., 2011a). With this model, research
studies have been able to achieve good results for the per-
mafrost of the Heihe Mountains (Yang et al., 2010) and the
Qinghai-Xizang Plateau (QXP) region (Zhou et al., 2013;
Zhang et al., 2007; Hu et al., 2013) in China. These results
have improved our understanding of the hydro-thermal pro-
cesses in the permafrost regions. However, the simulated
depth was shallow, and previous work lacked an analysis of
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surface heat change. Therefore, this topic requires further
study of the water-thermal characteristics of the permafrost
active layer.

Approximately 1.4x10° km® of permafrost exists in the
Qinghai-Xizang (Tibet) Plateau (QXP) (Cheng and Zhao,
2000). The QXP is one of the areas that is most sensitive to
global climate change and is a climate change initiation area
for China (Liu and Chen, 2000; Tang et al., 1979). Many
land surface process models have been used to study the
frozen soil water-heat processes in the permafrost regions of
the QXP (Wu et al., 2003; Zhang et al., 2003; Gao et al.,
2004; Wang and Shi, 2007; Luo et al., 2008). So far, the
existing land surface process models are considered more
appropriate for the uniform underlying surface conditions
and have ignored permafrost or have been used only for
rather simple generalization (Hu et al., 2006). Additionally,
a detailed awareness of the land surface is needed for the
permafrost regions of the Qinghai- Xizang (Tibet) Plateau
of China (Wang and Shi, 2007). In such a low latitude al-
pine region, the characteristics of solar radiation, air tem-
perature, wind speed, and snow cover are very different
from those at high latitudes (Xiao et al., 2013). In addition,
the permafrost of the plateau is much thinner and is more
sensitive to changes in climate changes and surface condi-
tions (Cheng, 1990). Therefore, it is of great importance to
study the hydro-thermal processes in this area. In this study,
the COUPMODEL was used to simulate the hydro-thermal
processes, analyze the heat balance characteristics, and es-
timate the ice content and the energy consumed for phase
change in the QXP. The objectives of the current study were
to: (1) evaluate the performance of the COUPMODEL simu-
lation in the QXP, (2) estimate the ice content and calculate
the energy consumed for phase change, and (3) predict and
demonstrate the effect of increasing air temperature and pre-
cipitation on the active layer thickness in the Tanggula test
site in the Qinghai-Tibet Plateau of China.

1 Study areas
1.1 Study site

With an altitude of 5100 m, the studied Tanggula site
(33°04'N and 91°56'E) is situated on a gentle slope at the
Tanggula Mountains in the Qinghai-Tibet Plateau of China.
The monitoring site (Figure 1) is located in the continuous
permafrost zone, and the underlying surface belongs to an
alpine meadow (Yao et al., 2008). The vegetation consists
of alpine meadow distributed in clusters with heights of less
than 10 cm and coverage of approximately 20% to 30%.The
observation site was established in June 2004.

1.2 Data

1.2.1 Monitoring data
The hourly meteorological data, consisting of precipitation,
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Figure 1 Location of the Tanggula comprehensive observation site on the Qinghai-Xizang (Tibet) Plateau in China.

global radiation, net radiation, air temperature, wind speed
and relative humidity measurements, were recorded using a
CR23X data acquisition instrument (Campbell Scientific
Inc.). The air temperature, relative humidity, and wind speed
were measured at heights of 2 and 10 m. The snow depth
was measured by SR50 snow depth instrument (Campbell,
USA). The soil temperature and moisture in the active layer
were recorded every 0.5 h by a CR1000 data acquisition
instrument (Campbell Scientific Inc.) at different depths
(Xiao et al., 2013). The data used in this study are the daily
mean values.

1.2.2  Atmospheric forcing data

This study was carried out from 1 January 2007 to 31 De-
cember 2008. The meteorological variables used as the
driving variables in the simulations presented here were
daily air temperature, relative air humidity, wind speed,
precipitation, global radiation and surface soil temperature.
Atmospheric forcing data include atmospheric temperature
(°C), wind speed (m/s), relative humidity (%), precipitation
(mm), new snow (cm), and global solar radiation (W/mz),
all observed at the Tanggula site. The mean annual air tem-
perature was —4.4 and —5.8°C and the annual precipitation
was 544 and 488 mm in 2007 and 2008. Precipitation is nor-
mally concentrated in the period from May to September.
The minimum air temperature was —20.3 and —25.2°C, and
the maximum was 8.5 and 7.5°C in 2007 and 2008. The
active soil layer thickness is about 3 m in the site.

1.2.3  Surface parameters
In the model, some parameters have a default value, but

many parameters, such as latitude, slope, surface roughness,
TempAirAmpl, TempAirMean, Albedo, TempDiffPrec_Air,
initial temperatures, initial water content, surface tempera-
ture, heat flux, etc., were calibrated by measurements (Table
1).The samples were analyzed in the laboratory to deter-
mine the soil bulk density and soil texture with respect to
sand, silt, and clay (Table 2).

(1) Surface temperature calculations. For soil depths
from O to 5 cm, the soil temperature was measured at 2 and
5 cm at the Tanggula test site. The thickness of the soil is
relatively small from the surface to a 5 cm depth, and the
soil texture is uniform. Soil temperature changes can be
considered as linear, and the gradient is the same throughout
the area. In this case, surface temperature is estimated as
described previously (Zhao et al., 2008) as

ATAZ=ATo/AZ,, (1)
Ty=(5Tx—2Ts)/3, ()

where AT]ZTSQ—T(), AZ1=0.02, ATQZTSS—TQ, AZ220.03, T() is
the surface temperature, and 7y, and T are soil tempera-
tures at 2 and 5 cm depths, respectively.
(2) Surface heat flux calculations. The surface heat flux
Gy is calculated according to
G,=G.+C [ Lac=c+c 5l 3)
: Y, Ot : At

where z is the soil depth at 5 cm, G, is the soil heat flux ob-
served at 5 cm depth, 7 is the soil temperature at 5 cm depth,
and C; is the volumetric soil heat capacity (J/(m3 K)).
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Table 1 Parameters adjusted in the simulations

Parameter Value Source

Latitude 33.07°N Measurements
Slope 0° Measurements
Albedo (dry soil) 0.25 Zha“)ézga(lz‘éfggm;
Altsimstation 5100 m Measurements
TempAirAmpl 32°C Calculated
TempAirMean -4.7°C Calculated
TempDiffPrec_Air -3°C Calibrated
FreezepointF1 30.5 Calibrated
FreezepointFWi 0.8 Calibrated
HighFlowDampC 46.1% Calibrated
LowFlowCondImped 5.8 Calibrated
Initial temperatures:eg.layerl -10.6°C Measurements
Initial water content:eg.layerl 10% Measurements

In the northern Xizang Plateau, C; is taken as 1.18x10°
(J/(m® K))(Xiao et al., 2011) which is the annual average
value in this area.

2 Methods
2.1 Model description

The COUPMODEL is a one-dimensional SVAT model that
simulates fluxes of water, heat, carbon, and nitrogen in the
soil-plant-atmosphere system (Jansson and Moon, 2001;
Jansson and Karlberg, 2004) by coupling the former SOIL
(McGechan et al., 1997) and SOILN (Eckersten et al., 2001)
models. The COUPMODEL is a fairly complex model that
simulates water and heat processes in the soil based on well-
known physical equations. Two coupled differential equa-
tions for water and heat flow based on quality and energy
conservation represent the core of the model.

In cold regions in China, when the soil temperature is
above 0°C or below Ty (the soil completely frozen when the
temperature is below Tj), the soil is either non-frozen or
completely frozen. In this case, there is no water-ice/ice-
water conversion process. The simple Darcy’s law and the

Table 2 Soil texture parameters used as inputs for COUPMODEL
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heat conduction equation can be solved using soil water and
heat movement. However, when the soil temperature is be-
tween 0°C and T}, the soil water movement and heat condi-
tions are closely linked and highly complex, and the soil
pore size distribution, thermal conductivity, and hydraulic
conductivity will change with the changes of the soil water
content. Thus, the model must take into account the soil
water heat coupling process, which is the essence of
COUPMODEL (Yang et al., 2010). Under partially frozen
conditions the soil can be considered to consist of two flow
domains, one consisting of small pores where water is un-
frozen due to a low water potential, and another consisting
of large pores that are air-filled because of surface tension
effects. In the former one consisting of small sized pores the
flow will consequently be much slower than in the high-
flow domain, and this domain is thus called the low-flow
domain. An important advantage of the model is the limited
input data required to obtain more reasonable and satisfac-
tory simulation results (Jansson and Karlberg, 2004). In this
paper, we give a brief description of the important heat and
moisture modules of the model that were used in our simu-
lations.

(1) Soil Heat Process. Soil heat flow in the soil is ex-
pressed as the sum of conduction, water, and vapor convec-
tion:

q, =k, 6a_T +CTg,+Lgq,, @
Z

where g, is the heat fluxes (J/(m? day)), g,, and g, are water,
and vapor (mm/day), respectively, &, is the thermal conduc-
tivity (J/((m s °C)), T is the soil temperature (°C), C,, is the
soil water heat capacity (J/(m3 °C)), L, is the latent heat of
vaporization (J/kg), and z is the depth (m).

The upper boundary condition is determined by eq. (5):

(Ts _Tl)
AZ2

where k, is the conductivity of organic material at surface
(J/(m3 s °C)), Tsis the surface temperature (°C), T is the
temperature in the uppermost soil layer (°C), A7, is a pa-
rameter that represents the temperature different between
the air and the precipitation (°C), g, is the water infiltration

qh (O) = _k/m + Cw (7:1 - ATpa ) + quvo ’ (5)

Soil depth (cm) Sand (%) Silt (%) Clay (%) Soil depth (cm) Sand (%) Silt (%) Clay (%)
0-2 85 10 5 49-83 85 10 5
2-5 85 10 5 83-138 95 3 2
5-9 75 18 7 138-230 90 5 5
9-17 70 18 12 230-380 68 20 12
17-29 65 22 13 380-628 95 3 2

29-49 85 10 5
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rate(m/s), q,,1s the water vapor flow (m/s) and L, is the la-
tent heat (W/m?).
The lower boundary condition is determined by eq. (6):

z

T =T T ¢t cos((t—1,)0—z/d,), (6)

LowB amean aamp
where ¢ is the time, 7, is the phase shift, @ is the frequency
of the cycle and z is the soil depth, d, is the damping depth
and annual mean air temperature, T,u..,, and amplitude,
T yamp are the parameters.

(2) Soil Water Flow. Soil water flow is assumed to
obey Darcy’s law as generalized for unsaturated flow by
Richards

oy Oc,
=—k |—-1|-D —, 7
q, [ P j e (N

where k,, is the unsaturated hydraulic conductivity (m/s),
is the water tension (m), z is the depth (m), ¢, is the concen-
tration of vapour flow and D, is the diffusivity coefficient
(m%/s) for vapour in the soil.

(3) Surface Energy Balance Approach. According to
the law of conservation of energy, net radiation at soil sur-
face is equal to the sum of latent flux, sensible heat flux and
heat flux to the soil:

Rns = LVES +HS +Qh’ (8)

where L,Es is the sum of latent heat flux (W/mz), Hgis sen-
sible heat flux (W/m?) and g, is heat flux to the soil (W/m?).
Latent heat flux is calculated according to:

B P%(e,fr_—e) ©)

where 7, is the aerodynamic resistance (s/m), ey, is the
vapour pressure at the soil surface (Pa), e, is the actual va-
pour pressure in the air (Pa), p, is the air density (kg/m?), Cp
is the heat capacity of air (J/(kg °C)), L, is the latent heat of
vaporization (W/m?) and y is the psychometric constant
(kg/mS).

Sensible heat flux is calculated according to:

H. = M 10
S_pacp r ’ ( )

as

where 7 is the soil surface temperature (°C), T, is the air
temperature (°C) and 7, 0, ¢, are the same as above.

2.2 Model application

The model input data include atmospheric forcing data and
the basic information and surface parameters of the study
region. The zero depth annual amplitude with a constant
geothermal flux is measured at a mean depth of approxi-
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mately 15 m over the hinterland of the QXP. To obtain a
better simulation of changes in the permafrost, we increased
the number of soil layers to 30, extending the lower bound-
ary to a depth of 17 m. The simulated soil profile (0—17 m)
was composed of 30 soil layers, i.e., 17 soil layers from O to
400 cm and 13 soil layers located at every meter from 4 to
17 m. The simulated soil profile (0—17 m) was composed of
30 soil layers, i.e., 17 soil layers (0, 2, 5, 10, 20, 35, 50, 70,
90, 105, 140, 175, 210, 245, 280, 300, 350, and 400 cm) and
13 soil layers located at every meter from 4 to 17 m.

The root mean square error (RMSE) was used to evaluate
the simulation results. The R2, the determination coefficient
of the linear regression between the simulated and measured
values, and ME, the mean error of the model, were used in
this study.

2.3 Latent heat consumed for phase change calcula-
tions

Based on the simulated ice content results for the process of
freezing and thawing, latent heat consumed for phase change
was calculated at depth 0—400 cm according to

31
Q=) M,x335/1000, (11)

i=1
where Q is the total monthly phase heat, the ice latent heat
is 335 kJ/kg, and M; is the daily phase heat determined by

eq. (14):

>,
M =|=—xZ

Xp. 12
1 100 n p]Ce ( )

where V, is the n-layer simulated volume of ice (%); Z, is
the n-layer thickness (m),and o, is 917 kg/m3. In order to
include all energy consumed for phase change of the active
layer, we considered the 400 cm depth for calculating.

Compared with another method, the water-ice phase
change heat was also calculated using the measured temper-
ature and unfrozen water content with the following three
assumptions (Zhao, 2004):

(1) The water begins to freeze at a temperature of 0°C,
and the latent heat is 333.6 J/g.

(2) After the ground surface and the active layer was
completely frozen, the water migration from the surface
ground to the active layers and the migration from the bot-
tom of the active layer to permafrost is ignored since the
unfrozen water under this circumstance was low and the
vertical migration rates were very low (Tian et al., 2014).

(3) The frozen water all melts during the melt season, i.e.,
the freezing phase change heat was equal to the melting
phase change heat.

2.4 Selection of future scenarios

Soil temperatures at shallow depths are sensitive to air tem-
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perature, and ALT is highly responsive to warming air
temperatures (Hinkel and Nelson, 2003; Demchenko et al.,
2006). The air temperature increased by 0.25°C/10 a from
1961 to 2002 in the QXP (Wang et al., 2005). Wu et al.
(2008) showed that mean annual permafrost temperatures at
6.0 m depth have increased by 0.12 to 0.67°C with an aver-
age increase of approximately 0.43°C during the past dec-
ade using data from 10 boreholes along the Qinghai-Xizang
an Highway from 1996 through 2006. Additionally, using
the outputs as simulated by 13 GCM models provided by
the IPCC (2007), the situation results predicted that air
temperatures will rise and annual precipitation will increase
under different scenarios (A2, A1B, and B1) in China (Jiang
et al., 2008). The result of an 11-model ensemble mean
shows that the air temperature and precipitation will in-
crease by 1.98°C and 0.06 mm/d (which accounted for 45%
of the measured annual precipitation in 2008) in the
mid-21st century compared with data in 2008 under the
AlBscenarios, and significant wetting and warming trends
will occur over the Qinghai-Xizang (Tibet) Plateau in the
next 100 years (Cheng et al., 2011). Therefore, an investiga-
tion into the influence of climatic warming on the active
layer was conducted by comparing the modeled soil tem-
perature profiles under five scenarios (air temperature in-
creasing by 1 and 2°C with no precipitation and 20% and
50% additional precipitation) for a changing annual mean
air temperature and precipitation.

3 Results
3.1 Simulation of the soil temperature

The model predicted the soil temperature for all treatments

100

Depth (cm)

200

300

2007-03-01 2007-06-01 2007-09-01 2007-12-01 2008-03-01 2008-06-01 2008-09-01 2008-12-01
Date
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reasonably well during the course of the 2-year experiment
from January 2007 to December 2008. The residuals were
calculated using the measured minus modeled values (Fig-
ure 2). The model results appear to show higher tempera-
tures for deeper soil profiles during March to September for
both years. In spring, the snowmelt water infiltrates into the
near-surface soil horizons and subsequently re-freezes, thus
creating a period during which temperatures hover at ap-
proximately 0°C. In fall, temperatures persist at 0°C due to
the effects of latent heat exchange during phase change,
commonly referred to as the “zero-degree curtain” (zero-
degree contours). Based on our simulations, these zero-degree
temperatures at the seasonal boundaries (spring thaw and
fall freeze-up) could persist for several days or weeks in the
spring and fall. Figure 3 illustrates the comparison of the
two-layer soil temperatures at deeper layers with depths of 5
m and 10 m. The comparison shows that the simulated soil
temperatures closely match the observations.

The modeled soil temperatures are comparable with the
observations throughout the entire soil profile (Table 3).
However, the discrepancy between the modeled and meas-
ured soil temperatures increases with profile depth. For
example, the root mean square error (RMSE) from a com-
parison between the modeled and measured soil tempera-
tures generally increases from the top to bottom soil layers.
The regression coefficient R> was notably close to 1, and the
RMSE was less than 1°C from O to 105 cm, which revealed
that the simulated results agreed well with the measured
values. In the 175-300 cm layer, the simulation accuracy
decreased, but the R* was greater than 0.94, the RMSE was
less than 1°C, and the ME was less than 0.5°C. Overall, the
average R2, RMSE, and ME values were 0.97, 0.74, and
0.13°C, respectively. These results indicated that the simulated

Figure 2 Soil temperature residuals (°C) between modeled and measured soil temperatures.
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Figure 3 Modeled (dashed line) and measured (solid line) soil temperatures from a borehole at 5 and 10 m.

Table 3 Comparative analysis of the simulated and observed soil temperatures at different depths

Soil depth (cm) R ME (°C) RMSE (°C) Soil depth (cm) R ME (°C) RMSE (°C)
2 0.99 -0.22 0.74 105 0.98 0.31 1.1
5 0.99 -0.22 0.7 140 0.97 0.34 1.24
10 0.99 —0.27 0.66 175 0.95 0.4 0.89
20 0.99 -0.32 0.7 210 0.93 0.42 0.85
50 0.99 -0.08 0.62 245 0.93 0.4 0.64
70 0.99 0.06 0.71 280 0.92 0.41 0.65
90 0.99 0.22 0.58 300 0.89 0.44 0.74

soil temperature results of the model are more desirable. The
R* was greater than 0.9 at depths of 5 and 10 m, which in-
dicates that the calibrated model results in a better simulation
of soil temperature at the deep layers with smaller error.

3.2 Simulation of the soil moisture

The model predicted the soil moisture (all unfrozen water
content) well during the course of the 2—year experiment.
The results show that the simulated values were consistent
with the monitored values at a depth of 5-20 cm but were
less than the observed value in the freeze period. As the
depth increases, the results simulated at a depth of 35-210
cm were better than those at the surface (Figure 4). In the
245-300 cm layer, the measured soil water content in-
creased significantly and reflected that the deep soil mois-
ture conditions were better because the soil moisture gath-
ered in the freezing front.

The R® between the simulated and measured values
ranged from 0.64 to 0.92. The RMSE values were less than
6.00 except for depths of 280 and 300 cm, where they were
7.42 and 9.54, respectively (Table 4). The ME were also

large in the deepest locations of 280 and 300 cm, where
they were —6.39 and —7.85, respectively. In most cases, the
model predicted higher water contents than the measured
values. The simulated soil moisture in the 5-210 cm layer
showed good agreement with the measured values, but the
accuracy relatively decreased in the 245-300 cm layer.
Overall, the average R°, RMSE, and ME values were 0.82,
5.15, and —0.64, respectively, which indicated that the error
between the model simulation and observations of soil
moisture was acceptable, and the results generally reflect the
actual situation.

3.3 Surface heat balance

The soil heat flux reflects the thermal characteristic of the
soil, and the surface heat flux (0 cm) was calculated ac-
cording to eq. (3). The heat flux at a depth of 0-20 cm soil
was simulated by the model, and the simulated values had
large amplitudes (Figure 5). In the 0-20 cm layer, the R’
values were 0.77, 0.82, 0.89 and 0.92, and the RMSEs were
7.97,5.42,4.28 and 3.6 W/m>, respectively.

The net radiation (R,) during the 2-year study period was
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Figure 4 Modeled (dashed line) and measured (solid line) soil moisture at different depth.
Table 4 Comparative analysis of the simulated and observed soil moisture at different depths
Soil depth (cm) R ME RMSE Soil depth (cm) R ME RMSE
5 0.81 -0.73 5.31 140 0.92 2.09 3.28
10 0.87 -1.69 492 175 0.83 1.19 3.84
20 0.9 —4.83 5.54 210 0.88 3.49 4.44
35 0.82 1.55 3.76 245 0.04 0.28 5.05

less than the measured values, most likely because of errors
in the initial snow depth. Additionally, the net radiation was
greater than the measured values from November 2008.
However, the results closely followed the pattern of ob-
served net radiation (Figure 6(a)). The partitioning fluxes of
net radiation (LE, H, and G) during the two years varied
considerably. The R?values for R,, H, LE, and G were 0.79,
0.65, 0.83, and 0.77, respectively (Figure 6(a)—(d)). First,
the monthly latent heat flux (LE) showed a seasonal pattern
following the variation in monthly R,, and the minimum
values were reached during December and March. The av-
erage of the annual LE decreased from 47.6 to 39.8 W/m’

(Figure 7). Second, the average of the annual H decreased
substantially from 31.7 to 26.6 W/m? during 2007-2008,
implying increasing temperature gradients between the air
and the soil surface from year to year. Third, the averages of
the annual G was 0.86 and 0.51 W/m”in 2007 and 2008,
approximately 0 W/m”.

3.4 Estimation of ice contents and energy consumed
for phase change

The simulated ice contents at 50 cm were used as an example
to demonstrate the ice conditions in the permafrost (Figure 8).
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Figure 7 Average annual variations of sensible heat flux, latent heat flux and soil surface heat flux.

The soil ice content at 50 cm appeared from January and
disappeared at the end of December during the two years
(shown as the grey area in Figure 9). The ice content in the
soil at 50 cm varied in a stable manner within the range of
2%-25%. The total water content (ice+liquid water) during
the freeze-thaw periods was much larger than the liquid

30

water content in the final days before the thaw periods be-
gan. The rapid and large changes in the volumetric water
content indicate that use of only the measured total water
content to predict ice content may result in a large uncer-
tainty in the difference between the total water content and
the estimated unfrozen water content.

- — — Soil total water content

Soil unfrozen water content

Volumetric content (%)

0 .

I !
2007-01-01 2007-05-01 2007-09-01

I
2008-01-01

I I
2008-05-01 2008-09-01

Figure 8 Modeled soil liquid water content (solid line) and soil total water content (dashed line) at 50 cm during 2007-2008. The grey area represents the

estimated soil ice content.
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Figure 9 Measured maximum (A ), minimum (37), and freezing (o) temperatures (°C) in 2007 (a) and 2008 (b).

Based on the estimated ice content results, the energy 2008 (Table 5), and the absorption of heat was 139.9 MJ/m?

consumed for phase change was calculated using eqgs. (11) from April to September. The maximum absorption heat
and (12). The results revealed that the release of heat was appeared in May, and the maximum release of heat ap-
148.73 MJ/m* for water-ice conversions in the freezing peared in November.

process of the cold season from October 2007 to March According to the assumptions from another method, the
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Table 5 Monthly energy consumed for phase change (MJ/m?) according
to the modeled ice content during 20072008

Month Heat flux Month Heat flux
6 18.35 12 -323
7 21.68 1 -33.8
8 23.52 2 —24.2
9 24.18 3 -7.66
10 —14.45 4 20.24
11 -36.32 5 31.93

initial water content represented the unfrozen water content
when the ground surface temperature was stable and less
than 0°C, i.e., the ground surface formed a stable frozen
layer (Figure 9, square symbol curve). The termination wa-
ter content was the minimum unfrozen water content at dif-
ferent depths in the active layer when the soil temperature
was lowest in winter (Figure 9, inverted triangle symbol
curve). The difference between the initial and termination
water content was the amount of water-ice phase change
(Figure 10), which can be calculated using the integral
curves of the water-ice phase. The energy consumed for

Sci China Earth Sci

December (2015) Vol.58 No.12

phase change was calculated according to the measured soil
temperature and moisture in 2007 and 2008. Amounts of
0.44 m*/m’ (the amount of water with a cubic meter in the
per square meter of soil) and 0.43 m*/m” accounted for water-
ice conversion in the freezing process of the cold season,
and the releases of heat were 146.78 MJ/m* and 143.87
MJ/m* in 2007 and 2008 (Table 6), respectively. The aver-
age release of heat was 145.33 MJ/m®. Compared with the
results calculated by the ice content (Table 5), the energy
consumed for phase change decreased by 3.4 MJ/m?, and
the relative error was 2.3%.

3.5 Future soil frost depth dynamics

The model simulates the freezing time and freezing depth
(Figure 11(a)) and shows that the soil melt state was simu-
lated in agreement with the measured values. The melt be-
gan starting from early May, and the melt depth gradually
increased with increasing temperature and reached a maxi-
mum for a period of time in this state in October. A com-
pletely frozen state occurred from mid-November to early
December, and the duration was shorter. The depth of sim-
ulated freezing was approximately 3.0 m, which approached

Unfrozen water change (%)

16 20 24
I 1 I 1 I 1

100

150

Depth (cm)

200

250

300

Figure 10 Measured unfrozen water content changes at different depths in 2007 and 2008.

Table 6 Energy consumed for phase change according to the measured value of the active layer of the freezing and thawing process

Year Depth (cm) Water-ice phase variable (m*/m?) Water-ice phase change heat (MJ/m?)
2007 300 0.44 146.78
2008 300 0.43 143.87
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Figure 11 Simulated soil temperature for 2007-2008 (a) and simulated soil temperature for climate change scenariol: increasing air temperature by 1°C (b)
and scenario2: increasing air temperature by 2°C.
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the observed data value from 2007 and 2008.

Based on the calibrated model, the future soil frost depth
was modeled under five scenarios. The results are shown in
Figure 11(b)—(c) and reveal that the maximum active layer
thickness at the Tanggula station might increase by ap-
proximately 30 and 60 cm compared with the current
330-cm active layer thickness, depending on whether the air
temperature increases by 1 and 2°C, respectively. The re-
lease heat and absorption heat increased by 2.4% and 7.2%
and 5.3% and 8.3% depending on whether the air tempera-
ture increases by 1 or 2°C, respectively. The sensitivity of
the active layer thickness with respect to precipitation was
assessed by applying O mm of precipitation (no rainfall) and
20% and 50% additional precipitation compared with the
current precipitation. The results are shown in Figure
12(a)—(c) and reveal that the maximum active layer thick-
ness is consistent with 330 cm for three precipitation change
scenarios (Table 7). Energy consumed for phase change
decreased with no precipitation and increased with 20% and
50% additional precipitation in 2007 and 2008 (Table 6).
The release heat and absorption heat decreased by 5.6% and
7.5% and increased by 1.2% and 3.3% and 4.5% and 7.0%
with 20% and 50% more precipitation. The results reveal
that the soil moisture increased when precipitation increased
due to the increase in the release of heat in the process of
water-ice conversion.

4 Discussions

In this study, the simulation depth in the soil was extended
to approximately 17 m, and the calibrated model satisfacto-
rily simulated the hydro-thermal characteristics and surface
heat at the Tanggula test site. There is large difference at
depth of about 1 m below surface during summer months,
one reason is that the thermal conduction decreases with
increasing water content of the upper soil layer during the
soil thawing period (Zhou et al., 2013). Another is the inac-
curacy of the soil parameters. Yang et al. (2010) showed
that the simulated soil temperature and moisture agreed well
with the CoupModel values for the Heihe Mountains in
Northwest China. This model also successfully simulated the
freeze-thaw processes within the active layer (Hu et al,,
2013). These studies assumed a zero heat-flux lower boundary
condition, and the simulation depth with COUPMODEL
was only 200 cm (Yang et al., 2010; Hu et al., 2013). This
depth is not adequate to meet the observational temperature
amplitudes at a mean depth of approximately 15 m over the
hinterland of QXP. After the extension of the model depth
and calibration, the soil temperatures at all of the layers were
simulated (including the shallow, middle and deeper layers
and moisture), although some discrepancies were observed
between the simulated unfrozen water content and the field
observations (Figures 2—4). This result could be explained
by that the surface soil temperature and moisture were in-
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fluenced by the weather conditions. Overall, the results ac-
curately reflect the field observations and indicate that the
model is able to reveal the hydro-thermal characteristics and
is applicable in permafrost regions of the Qinghai-Xizang
(Tibet) Plateau of China.

The partitioning fluxes of net radiation (H, LE, and G)
were simulated for two years. The net radiation (R,) during
the 2-year study period was less than the measure value,
most likely because of errors in the initial snow depth. Ad-
ditionally, the net radiation was greater than the measured
value from November 2008 (Figure 6(a)—(d)). In fact, the
snowfall was much greater, and the daily average was be-
tween 11-21 mm from late October 2008 (data from the 20
October to 21 December). The seasonal variability in the
monthly LE differed over the two years, partially because of
the different seasonal patterns of precipitation. Because of
the evaporation from the soil that occurred in summer,
nearly all the smallest negative values of the monthly sensi-
ble heat flux (H) were obtained in response to the values of
monthly LE. However, the results closely followed the pat-
tern of the observed net radiation. The soil heat flux at
depths of 0-20 cm was well simulated. The simulation ac-
curacy was improved, which may be related to the depth
from the natural ground surface and how the surface soil
heat flux was calculated (Figure 5) together with the depth.
The average of the annual G was approximately 0 W/m?
(Figure 7), demonstrating that the major interest is in the
partitioning into latent heat and sensible heat fluxes during
the year (Wu et al., 2011a).

The energy consumed for phase change results from
Zhao (2004) showed an annual value of 110 MJ/m? in the
different vegetation zones of the permafrost regions in the
QXP (Table 8). Using the same method, the releases of heat
were 146.78 and 143.87 MJ/m” in 2007 and 2008, respec-
tively, at the Tanggula test site. The results calculated from
the estimated ice content were 148.73 and 139.9 MJ/m?,
which were closed to the results of the previous method. In
contrast to this method, the energy consumed for phase
change was calculated from the ice content with the actual
match and showed the typical seasonal patterns. However,
the vegetation type of TGL was the same as Wuli, but the
results were greater than 112 MJ/m? due to the deeper active
layer thickness. The Tanggula station was more than 3.0 m
larger than the Wuli on the QXP, and the energy consumed
for phase change was close to that of the Liangdao River
because the vegetation type was a bog meadow, and the
water content was higher with an active layer thickness of
only 110 cm. It can be observed that the energy consumed
for phase change was related to the soil moisture (Zhao,
2004), active layer thickness, and vegetation type and fully
reflected the process of freezing and thawing of the active
layer to reduce the annual changes in the amplitude of the
ground temperature.

The depth of simulated freezing was greater than 3.0 m,
which approached the value from the observed data in 2007
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Figure 12 Simulated soil temperature for climate change scenario 3: (a) no precipitation, (b) with 20% more precipitation, (c) with 50% more precipitation.
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Table 7 Simulated cumulative ground heat and energy consumed for phase change flux for different climate change scenarios

Climatic factors

Air temperature

Precipitation

Scenarios Current Tart1 Toirt2 No Prcp Prep+20% Prep+50%
Energy consumed Release 148.73 152.27 159.43 140.42 150.56 155.38
for phase change Absorption 139.9 147.32 151.54 137.59 144.47 149.65

Table 8 The energy consumed for phase change of active layer during the freezing and thawing process (Zhao, 2004)

Active layer thickness (cm)

Water-ice phase variable (m*/m?)

Site Vegetation types
Fenghuo mountain Alpine meadow
Ecological station Degraded steppe

Wauli station Alpine steppe

Liangdao River Bog meadow

137
165
260
110

0.34 114
0.35 118
0.33 112
0.40 135

and 2008. This result showed that the simulation of the
model for the freezing depth was consistent with the meas-
ured value (Li et al., 2012). This study reveals that the
maximum active layer thickness at the Tanggula station
may increase by approximately 30 and 60 cm compared
with the current 330 cm active layer thickness, depending
on whether an air temperature increase of 1 or 2°C was used,
respectively. Zhou et al. (2013) found that the maximum
thaw depth in the summer may increase from approximately
20 or 50 cm compared with the current 150-cm active layer
thickness with an air temperature increase of 1 or 2°C. The
observed evidence shows that the permafrost in the QXP
has been warming, thawing, and degrading over the past
few decades, and the mean annual air temperatures from
four National Weather Service Stations show an increase of
approximately 0.6 to 1.6°C from 1996 to 2006 (Cheng and
Wu, 2007; Wu and Zhang, 2008), and the active thickness
has deepened by 10-40 cm from 1995 to 2004 in the per-
mafrost regions (Wu and Liu, 2004; Wu et al., 2006; Yang
et al., 2004). These results were quite similar to the model
results. From another point of view, the distribution height
of the permafrost bottom in 1990 over the Plateau ascended
by approximately 71 m compared with the value from 1960
(Wang et al., 2002). Under the 0.02°C/a air-temperature rise
(IPCC low value), the permafrost area in the QXP will
shrink by approximately 8.8% in the next 50 years, and high
temperature permafrost with a mean annual ground temper-
ature (MAGT) greater than —0.11°C may turn into seasonal
frozen soils (Nan et al., 2005). All results indicated that
permafrost will be degraded with climate warming, but the
degradation rates varied in different situations and different
regions (Zhao et al., 2004, 2010).

The effect of additional precipitation on the soil active
layer thickness was rather limited. In this paper, the maxi-
mum active layer thickness was consistent with 330 cm for
three precipitation change scenarios. Compared with the
influence on the air temperature changes, the precipitation
change effect on the permafrost was not significant (Xiao,

2013) which is considered mainly a result of the relatively
coarse soil particle with a limited water holding capacity.
Hollesen et al. (2011) predicted the active layer thickness
under future scenarios, and the results revealed that no fur-
ther effect on the active layer thickness was observed with
20% and 50% additional precipitation. The estimated ener-
gy consumed for phase change all increased. The energy
consumed for phase change decreases with no precipitation
and increases with 20% and 50% additional precipitation in
2007 and 2008, respectively. This result revealed that the
soil moisture becomes larger when precipitation increases
due to the increased release of heat in the process of water-
ice conversion, the latent heat flux was significantly in-
creased in the precipitation days in the winter and spring
(Sun et al., 2014). The model reflected the interaction be-
tween the air temperature and precipitation, and the results
all demonstrated that climate warming is expected cause the
permafrost active layer to deepen and change, consistent
with the observed evidence. These results indicate more
attention should be focused on permafrost degradation in
the QXP, which could have significant impacts on hydro-
logical conditions (Niu et al., 2011), biogeochemical pro-
cesses (Nelson, 2003; Smith et al., 2005), vegetation change
(Sturm et al., 2005), and carbon balance (Koven et al., 2011)
and might further exert positive feedback on the climate
system. Meanwhile, the soil water flow changed in frozen
soil or partly frozen soils should dig deeper in the future.

5 Conclusions

This study applied the COUPMODEL for modeling of fully
coupled heat transport and water flow for permafrost re-
gions. The model results demonstrated that COUPMODEL
is able to describe the hydro-thermal processes and surface
energy balance in the QXP. The ice content was well esti-
mated and the phase heat was accurately calculated using
this model. Use of the model for predicting changes in the
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active layer in response to 1 and 2°C of warming indicates
that the maximum active layer thickness may increase from
the current measure of 330 cm to approximately 358 cm and
389 cm as a result of the 1 and 2°C warming, respectively,
as well as increases in the energy consumed for phase
change in the processes of release and absorption. Under the
different precipitation scenarios, the modeling results indi-
cate that the energy consumed for phase change could in-
crease as a result of 20% and 50% greater precipitation, but
the estimated the energy consumed for phase change de-
creased with no precipitation. However, the model was only
applied to a single point in this study. Further studies should
address such issues as the simulated surface heat fluxes,
which represent an important output of the model. Further-
more, it would be of interest to compare these values with
the fluxes produced by regional climate models (Wu et al.,
2011) and different underlying surfaces. It also would be of
value to test the ability of COUPMODEL to simulate similar
conditions for more complex systems that include dynamic
vegetation and soil surface snow cover.
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