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The processes of soil freezing-thawing lead to soil water and heat movement in
cold regions, which significantly influences the hydrological and energy cycles
in the soil-plant-atmosphere system. This study presents a soil water content
coupled with heat transfer model based on physical processes of water and
heat movement in frozen soil. The model was calibrated and validated using the
measured data of soil temperature and frost and thaw depth at 19 stations in and
around the Three-River Source Region of China. The results show that the
frozen soil model could capture the processes of soil freezing-thawing
processes well at this region. The relationship between model parameters
and climate and vegetation factors was analyzed using the observation data
and remote sensing data obtained from MODIS, and results showed that the
parameter ¢ which represents the soil properties has a good correlation with
longitude and vegetation coverage. A multi-regression model was established
to estimate the model parameters in regions without observation data and its
determination coefficient R> was 0.82. The mean relative error between
calibration and inversion parameters of 19 stations is 6.29%. Thus, the
proposed method can be applied to cold regions without observation data
to obtain the parameters and simulated the soil freezing-thawing processes.

KEYWORDS

frozen soil, soil freezing-thawing processes, soil temperature, active soil depth, cold
regions

1 Introduction

The area of frozen soil accounts approximately 60% of the Northern Hemisphere in
the winter (Zhang et al., 1999). Frozen soil processes play an important role in the land
surface hydrological and energy cycles in cold regions by altering soil hydraulic and
thermal characteristics. The processes of soil water freezing delay the winter cooling of the
land surface, while the processes of soil water thawing delay the summer warming of the
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land surface (Poutou et al, 2004). The spatial distribution of
frozen soil at early spring melt season exerts significant influences
on spring runoff generation.

The presence of ice in the soil reduces the infiltration
capacity, which leads to a higher percentage of snowmelt and
spring precipitation being partitioned into surface runoff and
thus influences the hydrological cycles (Cherkauer and
Lettenmaier, 2003; Jiang et al., 2013; Orakoglu et al., 2016). It
also influences the timing of spring runoff and the amount of soil
moisture (Koren et al.,, 1999). In the late 1960s, researchers began
to study the basic processes of soil freezing. According to the
1966), water
transferred from the unfrozen zone to the frozen zone when

experimental study by Hoekstra (Hoekstra,

the soil temperature was below a freezing point and then the soil
was frozen. The first coupled frozen soil model was developed by
Harlan (1971), and most of the other frozen soil models were
established on the basis of Harlan’s theories (Sheppard et al.,
1978; Taylor and Luthin, 1978; Fukuda, 1980; Fukuda et al,
1987). In recent years, more attention has been paid to the frozen
soil processes and hydrological cycles in cold regions, especially
on the Qinghai-Tibet Plateau. Due to its unique geographical
location with high latitude, the frozen soil is more sensitive to
climate change and surface conditions (Jiang et al, 2016; Sun
et al, 2020; Sheng et al, 2021). In the past 30 years, global
warming had led to a 0.2°C increase in the frozen soil temperature
on the Qinghai-Tibet Plateau, and the thickness of frozen soil is
projected to decrease in the next 100 years (Wang et al., 2001;
Gao etal., 2003; Du et al., 2012). After analyzing the relationship
between maximum frozen depth and accumulated negative
Hao. (2013)
correlation between the maximum accumulated negative

temperatures, found a significant linear
temperatures and the maximum frozen depth, and established
an empirical relationship to estimate the maximum frozen depth
in the Yellow River Source Region. Xia et al. (2011) simulated the
soil freezing and thawing on the northeast Tibetan Plateau by
using the land-surface model CLM3.0 and results showed that
the trend of freezing and thawing processes could be simulated
well, and the simulation of freezing was better than that of
thawing in general. Yin et al. (2010) applied the SHAW
model in alpine steppe on the Tibetan Plateau and showed
that the model performed well. However, most of frozen soil
models applied on the Qinghai-Tibet Plateau focus more on the
freezing-thawing processes and consider less on the interactions
between heat transfer and water movement.

Another development of frozen soil models is to optimize
the frozen soil parameterization scheme in land surface
models (LSMs). By introducing the super cooled soil water
and a fractional permeable area, Niu and Yang (2006)
modified the frozen soil scheme in Community Land
Model version 2.0 (CLM2.0) and improved the monthly
runoff and terrestrial water storage change in cold-region
river basins. Using soil matric potential to define maximum
liquid water content when the soil temperature was below the
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freezing point, Luo et al. (2009) improved a frozen soil
parameterization scheme in CoLM and the simulated soil
liquid water content and soil temperatures were significantly
improved. Liu. (2015) optimized the frozen parameterization
scheme of CoLM model and simulated the frozen soil
processes in the Naqu area on the Qinghai-Tibet
Plateau. The results showed that the modified models
capture the characteristics of the soil freezing-thawing
processes better.

The active layer of frozen ground is a rock and soil layer
that is frozen in winter and thawed in summer in the crustal
surface every year. And it is highly sensitive to climate and
environmental change. The processes of frozen soil active
layer freezing and thawing lead to the movement of soil water,
which significantly influences hydrological processes, water
resources, agriculture, and environment in cold regions.
Understanding the water and heat transfer processes of
active layer in these areas is highly important for a better
understanding of the water and energy cycles.

However, due to the sparse meteorological station
networks in the cold regions, previous studies mostly
focused on the processes at point or local scale with
observation data. In regions without observation data,
model parameters could not be obtained. In this paper, we
obtained frozen soil model parameters that calibrated by
observation data of 19 stations in the Three-River Source
Region. Based on analyzing the relationship between model
parameters and climate and vegetation factors, we tried to
establish a model to obtain the parameters in regions without
observation data. The results of this work will provide a
method to study coupling of the frozen soil water-heat and
hydrological the cold without

cycles in regions

observation data.

2 Research area

The name of Three-River Source Region (TRSR) indicates
that it is source region of three rivers including Yellow River,
Yangtze River and Lancang River. It is located in central part of
the Qinghai-Tibetan Plateau (Figure 1), which covers a territory
about 297,000 km” and is well known as the “Roof of the World”.
The areas of the Yellow River Source Region (YeSR), the Yangtze
River Source Region (YaSR), and the Lancang River Source
Region (LcSR) are 116,000 km® (39%), 128,000 km* (43.2%),
and 53,000 km* (17.8%), respectively (Liu et al., 2008; Zhang
et al, 2012; Liang et al., 2013; Yuan et al., 2015). This region is
also called ‘water tower of China’ as 49% of water in Yellow River,
15% of water in Lancang River and 25% of water in Yangtze River
originate from here (Tang, 2003; Liu et al, 2012; Zhang et al,,
2013).

The general climate in TRSR is cold and dry, and
characterized by the typical plateau continental climate (Vi
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FIGURE 1

Geographical overview and spatial distribution of meteorological stations in the Three-River Source Region (TRSR) of Tibetan Plateau, China.

et al, 2011; Xiang et al, 2013). The average annual air
temperature of TRSR ranges from —5.4 to 4.2°C (Xu et al,
20115 Luo et al, 2016; Yu et al, 2022). The maximum mean
monthly temperature is in July with a range of 6.4°C-13.2°C in
July, and the minimum mean monthly temperature is in January
from -6.6°C to —13.8°C (Wang et al., 2005).

The average annual precipitation ranges from 770 mm in
the southeast to 260 mm in the northwest, and approximately
75% of the total precipitation occurred during the rainy
season (June to September) (Li et al, 2009; Xiang et al,,
2013). The average annual sunlight hours and evaporation
ranges from 2300 to 2900 h and 730-1700 mm, respectively.
Cumulative annual solar radiation fluctuates from 5500 to
6800 MJ/m? (Liu, 2010).

TRSR has a special structure of the natural environment,
diverse ecosystem types and species diversity of unique, in
which some types of vegetation, such as coniferous forest,
shrub, alpine meadow, alpine grassland, alpine sparse
vegetation, distribute from southeast to northwest (Li et al.,
2011). TRSR has the largest alpine wetland ecosystem in the
world, and abundant rivers, lakes, mountain snow and glacier
resources, therefore it plays an important role in providing
water resources for industry, agriculture and domestic water
use in downstream (Liu et al., 2014; Tong et al., 2014). The
permafrost and seasonal frozen soil distributed in 75% area of
this region (Jiang and Zhang, 2016). Due to the sensitivity of
active layer to temperature, the ecosystem in this region is
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highly fragile. The global warming and the increasing of
human activities in recent decades have contributed to
glaciers retreat, the rising snow line, grassland degradation,
and the decline in water conservation capacity, and further
pose a serious threat to the ecosystem in TRSR (Shao et al,
2013; Yu et al., 2020).

3 Mathematical models
3.1 Model description

This study simulated the processes of soil freezing and
thawing and coupled water-heat movement based on
Harlan’s model. Comparing water movement in frozen soil
to that in unsaturated soil, Harlan firstly developed a coupled
model to analyze water and heat movement in frozen soil
under some hypotheses (Harlan, 1971; Harlan, 1973).
Subsequently, a numerical model that adopted the finite
difference method was derived by Kung and Steenhuis
(1986) to simulate soil water and heat movement. This
model overcame limitations in description of water flux for
a partly frozen soil in Harlan’s model. Based on Harlan’s
theories, Taylor, Sheppard, Fukuda, et al. (Sheppard et al,
1978; Taylor and Luthin, 1978; Fukuda, 1980; Fukuda et al,,
1987) analyzed and improved Harlan’s model or developed
their own models.
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3.2 The frozen soil water-heat movement
model and parameters

Soil water movement for the processes of soil freezing and
thawing was described by Richards equation as follows:

20, 0 a0,

0z 0z

_ p; 99;
ot Oz

Py Ot

D(6,) =~ - K(6.)

6]
where 0, is the volumetric liquid content (m* - m™3); 6; is the ice
content (m* - m™); p; is the density of ice (900kg - m™); p,, is the
density of water (1000kg-m=); K(6,) is the unsaturated
hydraulic conductivity of soil (m-s™'); D(6,) is the diffusivity
of frozen soil (m?-s7!); ¢ is time (s) and z is depth (m).

In this paper, due to lack of available soil data in TRSR, the
unsaturated hydraulic conductivity and the diffusivity of frozen
soil are given as the following empirical formulas respectively
(Lei et al., 1988; Hao et al., 2009):

D(Gu) = Dl (Gu/es)sz
K(Gu) =K, (eu/es)Kza

@
3)
where DI, D2, K1 and K2 are parameters, DI = 226.4, D2 = 8.4,
KI = 0.9, K2 = 10.87 (Lei et al.,, 1988; Hao et al., 2009); Os is
saturated water content (m?®- m™).

For partially frozen soil, hydraulic conductivity and
diffusivity are adjusted by the following formulas respectively
(Taylor and Luthin, 1978; Lei et al., 1988):

D;(6,) = D(6,)/10",
K;(6,) = K(6,)/10"%,

4
©)

where D; (0,) is the adjusted diffusivity for partially frozen soil
(m? - s71); K;(6,) is the adjusted hydraulic conductivity in the
partially frozen soil (m-s™).

The one-dimensional heat flux equation of frozen soil is
given by:

or o

CVSE = &

00;

ar
[/1 ] +Lpas (6)

oz

where Cys is volumetric heat capacity of soil (J- m™ - K™); A is
thermal conductivity of soil (W-m™-K™); L is latent heat of
fusion (J - kg™!); T'is soil temperature ("C); other symbols are the
same as before.

Volumetric heat capacity, Cys, of soil is from De Vries (De
Vries and Van Wijk, 1963):

Cys = (1 (7)

- esat) + Hliqcliq + Gicecice:

where Qliq(m3 -m~>) and 6. (m® - m~3) are liquid water content
and ice content, respectively; Oy, is the saturated volumetric
water content (m? - m~3); C; is the volumetric heat capacity of the
soil solids (J-m™-K™); Cliq and ci. are the specific heat
capacities of liquid water and ice, respectively
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(4.213]-m™ - K% 1.94] . m™3.K™). So Equation 7 can be

written as follows:

Cvs =c+4.213 x 91,-q +1.94 x 9,-56, (8)

where c is a parameter about the soil properties and varies with
the sand and clay content, which is mainly influenced by the
regional climate including long term average temperature and
precipitation and land cover. It also exhibits an obvious vertical
distribution which could be characterized by latitude-longitude
and elevation. As an important parameter in frozen soil water-
heat movement model, this paper established a multiple
regression model between ¢ and factors that significantly
correlated with it (i.e. climate characteristics, vegetation
characteristics and geographical characteristics). After that, the
multiple regression model was applied to calculate the spatial
distribution of ¢ in TRSR for simulating the processes of soil
freezing and thawing. The calculation were conducted at a
resolution of 1km by 1km to match the vegetation coverage
and MODIS LST data.

Soil thermal conductivity is highly complex because it is not
only related to the proportion of the components, but also related
to the structure and shape of soil components and other factors.
Considering this, in this paper, an empirical formula was used for
estimation of soil thermal conductivity (Shi et al., 1998).

B,

A=A, - _—,
9u+ﬂ'6,'
Pu

(Am - AT) (9)

where 1, is thermal conductivity of frozen soil (W -m™ - K™);
Ar is thermal conductivity of unfrozen soil (W - m™ - K™'). Based
on the measured data, Pang et al. (2006) calculated the values of
Am and Ar in this region and A,, = 1.84W -m™' - K ! and Ay =
L57W-m™ - K.

In the processes of soil freezing and thawing, the connection
between water and heat movement of frozen soil is mainly
reflected in the dynamic equilibrium of water content and soil
subzero temperature, namely a one-one correspondence exists
between the soil subzero temperature and water content.
Therefore, the connecting equation is written as (Shang et al,
1997):

614 = Gmax (T)» (10)

where 0 . (T) is the largest unfrozen water content in the
condition of the corresponding soil subzero temperature.
Thus, the soil water content coupled with heat transfer model
comprises Eqss. 1, 6, 10.

However, due to the different initial water content and the
hysteresis effect of soil water retention characteristics, the
relationship between water content and subzero temperature
is not a one-to-one correspondence single value function. In
this paper, the relationship is given as the following empirical
formula (An et al., 1987):
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Spatial distribution of vegetation coverage in the TRSR of Tibetan Plateau, China.
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0, =0.0644 exp (0.0551T) T < —0.75
0, = 0.3058 + 0.596 (T + 0.30) - 0.75< T < —0.30,
6, =0.3058 T> -0.30

1m

Due to the nonlinearity of soil water-heat movement basic
equations, the anisotropy of soils and the complexity of the
initial and boundary conditions, a numerical simulation
method instead of analytical methods was generally used to
solve these equations. In this paper, the finite difference
method was used to numerically simulate the water-heat
coupled movements.

Using a central difference scheme, Equations 1, 6 can be
transferred respectively as follows:
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@ (0] + B (0 +y, (0 = hy,

i+1

ATH! + BT + C TN = D,

(12)
(13)

where subscript i is the ith soil layer, superscript k is the number
of computation time intervals in a time step. The coefficients of
&, B y» hy Ay By C; and D; can be calculated from initial
conditions of soil temperature and water content.

Equations 12 and 13 are all in a set of tridiagonal equations,
which can be solved by a chasing method. The time step was set
as 1 day and the spatial step was 0.01 m. So, on the basis of certain
initial and boundary conditions, the numerical solution of water
and heat coupled movement in frozen soil can be obtained.
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TABLE 1 The model parameters for calibration at 19 meteorological
stations in and around TRSR.

Meteorological stations c

Banma 3.90
Dari 3.30
Dangxiong 2.85
Dulan 2.85
Guinan 3.30
Henan 3.80
Hongyuan 4.40
Jiuzhi 430
Maduo 3.00
Maqu 3.90
Naqu 2.50
Nanggian 3.20
Qingshuihe 3.00
Qumalai 3.25
Shiqu 4.00
Suoxian 3.20
Xinghai 3.30
Yushu 3.80
Zaduo 2.95

4 Data and method
4.1 Meteorological data

The data were collected from 19 meteorological stations in and
around TRSR. The station information is presented in S1, and the
geographical location of the stations is shown in Figure 1. The data
includes daily air temperature, precipitation, frozen depth, thawed
depth, surface temperature and soil temperatures at 5, 10, 15, 20 and
40 cm depth from 1 January 2006 to 31 December 2008, and the
missing data were obtained by linear interpolation.

4.2 Vegetation coverage

The index of vegetation coverage was used to analyze the
geographical law of parameters ¢ in TRSR. The parameter c in
the coupled model relates to the soil properties, and
that
Vegetation Index (NDVI) is sensitive to the change of soil

experiments  showed Normalized  Difference
properties (Baret and Guyot, 1991; Fang and Tian, 1998).
NDVTI is a comprehensive reflection of the vegetation types,
form and growth status in the unit pixel and its value depends
on vegetation coverage and leaf area index (LAI) and other
factors, thus providing a measure of vegetation coverage
(Carlson and Ripley, 1997). The NDVI data were acquired

from NASA (https://ladsweb.nascom.nasa.gov).
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TABLE 2 Correlation coefficient r, Nash-Sutcliffe efficiency coefficient
NSE and RMSE between simulated and observed freezing depths
during the verification period.

Meteorological stations r NSE RMSE/m
Banma 0.91 0.80 0.11
Dari 0.86 0.71 0.39
Dangxiong 0.95 0.88 0.07
Dulan 0.94 0.87 0.21
Guinan 0.90 0.79 0.27
Henan 0.87 0.73 0.27
Hongyuan 0.84 0.69 0.09
Jiuzhi 0.88 0.76 0.14
Maduo 0.73 0.40 0.69
Maqu 0.85 0.68 0.17
Naqu 0.90 0.79 0.27
Nanggian 0.95 0.86 0.06
Qingshuihe 0.76 0.48 0.60
Qumalai 0.97 0.93 0.21
Shiqu 0.82 0.61 0.28
Suoxian 0.92 0.81 0.10
Xinghai 0.96 0.92 0.18
Yushu 0.97 0.92 0.07
Zaduo 0.97 0.94 0.11

A dimidiate pixel model, which is a simplified linear spectral
unmixing method, was used to calculate fractional vegetation
coverage (FVC) due to its simplicity in principle and form (Ivits
et al, 2013). Many studies examined this model by theoretical
method and applied research (Leprieur et al., 1994; QI et al., 2000;
Zribi et al., 2003). An assumption of the model is that a pixel
contains only two elements of vegetation and soil, which can be
represented as follows:

FVC = (NDVI - NDVIy;) / (NDVI,,y — NDVIy), (14)

where NDVT used in this study was organized at 1 km by 1 km spatial
resolution with a 16-days time interval from Moderate-resolution
Imaging Spectroradiometer (MODIS). NDVI,; and NDVI; are
two key input parameters that represent the NDVI values of pure
pixels of bare soil and vegetation, respectively. For more detailed
processes of FVC estimation, readers can refer to Zeng et al. (2000)
for further information.

Figure 2 shows the spatial distribution of FVC that used in
this study, i.e. the mean value of 12 months from July 2006 to
June 2007 in the TRSR, with the vegetation coverage
gradually deteriorating from southeast to northwest. The
cover in the east of YeSR represent the highest (60%-90%)
in TRSR. The vegetation coverage in the LcSR, southeast
YaSR and southwest YeSR are relatively high (40%-60%).
However, the vegetation coverage was relatively low and
generally below 40% in the northwestern YeSR and west
of YaSR.
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The simulated and observed frozen and thawed depths at
Zaduo station (A) and Maduo station (B) from 1 July 2007 to
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2006 to 30 June 2008.

4.3 MODIS LST

Land surface temperature (LST) from MODIS were used
as the input data in the frozen soil water-heat model in this
study. It plays an important role in material exchange and
energy balance between the surface and the atmosphere, and
it is a key variable in the study of land surface physical
processes at regional and global scale (Wang et al., 2012).
Due to the large area of missing pixels of daily MODIS LST
product in TRSR, we used the MYD11A2 product with 1 km
spatial resolution. This product provides 8-days LST data
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recovered by the spilt-window algorithm. The empty pixels of
MYD11A2 product were filtered from its neighbors by using
the Then the
liner interpolation method to obtain the daily LST data
in TRSR.

The MODIS/AQUA LST products
instantaneous observations every day, and the overpass
times are in 1:30a.m. and 1:30p.m. In this paper, the daily
land surface temperature was estimated by the average of
daytime LST and nighttime LST that are respectively closed to
the minimum and maximum temperature in a day (Geerts,
2003).

spline  interpolation. we  used

provide two

4.4 Statistical analysis of simulation results

The model performance is evaluated by correlation
coefficient r, Nash-Sutcliffe efficiency coefficient NSE and the
root mean square error RMSE. The methods of calculating r, NSE
and RMSE are shown as follows:

Yo (xi—%) (i - ¥)

r= , (15)
VEY, G- 278, (v - )’
Y (xi—y)
NSE=1-&020 2 (16)
Zfiz (}’i - J_’)
N 2
RMSE = W (17)

Where N is the number of sample; x; and y; is the simulation
value and observation value respectively; X and y are mean of x;
and y; respectively.

5 Results and discussion

5.1 Analyze on the processes of frozen soil
freezing and thawing

In TRSR, Jiuzhi and Maduo are the typical stations in the
processes of soil freezing and thawing. Figure 3 shows that the
processes can be divided into four stages.

1) Unstable freezing phase. In this phase, the soil temperatures
periodically decrease to less than 0°C with the air
temperatures fluctuate around 0°C, which makes the
shallow-layer soil periodically experience freezing and
thawing. When the negative accumulated temperature is
higher than 0°C and the shallow-layer soil is always frozen
in the daytime.

Freezing phase. In this phase, the air temperatures are
always below 0°C. As the air temperatures drop, the
When the

2)

freezing depth increases continuously.
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At Dari from 1 July 2006 to 30 June 2008: (A—E) daily soil temperatures at 5, 10, 15,
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observation daily soil temperatures at 5, 10, 15, 20 and 40 cm.

freezing layer temperature reaches the lowest temperature
during the freezing period, this phase ends and enters the

stable freezing phase.
3)

above 0°C in the daytime, but the nighttime temperatures are
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still below 0°C. The soil freezing depth has reached the
maximum and then remains stable.

4) Thawing phase. As the air temperature continues to rise, the

08

thawing layer thickens gradually. However, because the nighttime
temperatures are still below 0°C, the shallow-layer soil is still
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frozen in the nighttime. Due to the solar radiation and geothermal,
the frozen soil begins to thaw bidirectionally until it disappears.

5.2 Model calibration and verification

Model calibration and verification were carried out at
19 stations in and around TRSR by comparing simulated and
observed freezing depths and soil temperatures. The observation
data were separated into two periods, 1 July 2006-30 June
2007 and 1 July 2007-30 June 2008, for model calibration and
verification, respectively. The calibration results are shown in
Table 1.

Taking Xinghai and Dari stations for examples, NSE
the 0.92
0.75 during the calibration period, respectively. The NSE

values for soil freezing depths were and
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for the daily soil temperatures at the Xinghai station for 5,
10, 15, 20, 40 cm were 0.98, 0.98, 0.98, 0.97 and 0.94,
respectively. The NSE for the daily soil temperatures at the
Dari station for 5, 10, 15, 20, 40 cm were 0.98, 0.99, 0.99,
0.99 and 0.95, respectively.

During the verification period, the r, NSE and RMSE values for
simulation of freezing depths of 19 meteorological stations are
presented in Table 2. Table 2 shows that the lowest Nash-Sutcliffe
efficiency coefficient NSE and correlation coefficient r in simulated
freezing depths at Maduo station (Figure 4B) are 0.4 and 0.73,
respectively. The highest NSE and r at Zaduo station (Figure 4A)
are 0.94 and 0.97, respectively. The average values of NSE and r are
0.89 and 0.77, respectively. It is proved that the model can capture the
characteristics of the soil freezing-thawing processes well.

The simulated and observed frozen depths at Dari and
Xinghai stations during the period from 1 July 2006 to
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TABLE 3 Parameters, inversion parameters and relative error of 19 stations in and around TRSR. Inversion parameters are calculated by regression

Eq. 17.
Meteorological stations C
Banma 3.90
Dangxiong 2.85
Dulan 2.85
Guinan 3.30
Henan 3.80
Hongyuan 4.40
Jiuzhi 4.30
Maduo 3.00
Maqu 3.90
Naqu 2.50
Nanggian 3.20
Qingshuihe 3.00
Qumalai 3.25
Shiqu 4.00
Xinghai 3.30
Yushu 3.80
Zaduo 2.95
Suoxian 3.20
Dari 3.30
A Jul-07 Oct-07 Jan-08 Apr-08
0
g-o.s | r=0.81
g NSE=0.67
g | RMsE=037°C
g
S
=-15 A
3
@ The observed freezing depth
2 - @ The observed thawing depth
FIGURE 7

Inversion ¢ Relative error (%)

4.00 2.52
291 2.12
2.88 1.05
3.63 9.95
3.96 4.17
424 -3.50
4.07 -5.27
3.16 5.25
4.19 7.41
2.73 9.33
3.09 -3.53
2.73 -8.92
3.36 3.37
3.79 -5.23
3.43 3.85
3.47 -8.70
3.47 17.77
3.42 6.84
3.65 10.64

B Jul-07 Oct-07 Jan-08 Apr-08

0

z 0.1 r=0.89

£ 021 NSE=0.77

503 1 RMSE=0.10°C

§ -0.4 A

§ -0.5 1

2 06 -

-0.7 - ® The observed freezing depth

® The observed thawing depth

The simulated by using the inversion parameters and observed freezing and thawing processes at Dari station (A) and Suoxian station (B) from
1 July 2007 to 30 June 2008. At Dari, r, NSE and RMSE are 0.81, 0.67 and 0.37°C, respectively. At Suoxian, r, NSE and RMSE are 0.89, 0.77 and 0.10°C,

respectively.

30 June 2008 are shown in Figure 4. The simulation of frozen
depths is more accurate than the thawed depths. The simulated
and observed daily soil temperatures at Dari station for 5, 10, 15,
20 and 40 cm are shown in Figures 5A-E. The r and NSE values
between observed and simulated soil temperatures at Dari station
for 5,10, 15,20 and 40 cm are all above 0.98 and 0.95, respectively
(Figures 5F-]). The RMSE for the five layers is less than 1.52°C
(Figures 5F-]). Therefore, the simulated values agreed well with
the observed values.
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5.3 The analysis of geographical law of
parameters

5.3.1 Correlation analysis

Model parameter c is an important factor affecting water
movement and solutes transport. Hence, correlation analysis
using stepwise regression was performed between parameter
¢ and the climate characteristics (annual mean air

temperature and annual mean precipitation), vegetation
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FIGURE 8

Spatial distribution of model parameter c in the TRSR of Tibetan Plateau, China.

characteristics ~ (vegetation  coverage),  geographical
characteristics (longitude, latitude and altitude) and model
parameters.

Figure 6 shows that model parameter ¢ has a positive
correlation with longitude, annual mean precipitation, and
vegetation coverage. The model parameter ¢ has a better
correlation with longitude (Figure 6A, r = 0.75) and
0.80) than annual
mean precipitation. This is because the longitudinal
of the of

comprehensively reflect soil texture, organic content, and

vegetation coverage (Figure 6F, r =

zonality soil and status vegetation
soil moisture content.

Apart from Suoxian and Dari, a multi-regression equation is
established and its determination coefficients R* is 0.82 under

99% significance test.

¢ =-4.286 + 0.069 x Lon + 2.468 x FVC, (18)

where Lon is longitude, FVC is vegetation coverage.

The reliability of the equation was verified before applying
the inversion parameters obtained from the above equation to
the model in regions. Parameters, inversion parameters and
relative error at 19 meteorological stations are shown in Table 3.
The highest relative error at Zaduo is 17.77%, the lowest relative
error at Dulan is 1.05% and the mean relative error of
19 stations is 6.29%. For examples, the relative errors of
Suoxian and Dari are 6.84% and 10.64%, respectively
(Table 3). During 1 July 2007 to 30 June 2008, the processes
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of the soil freezing and thawing simulated by using the
inversion parameters are compared with the actual freezing
and thawing processes (Figure 7). The correlation coefficient r,
Nash-Sutcliffe efficiency coefficient NSE and root mean square
error RMSE at Dari are 0.81, 0.67 and 0.37°C, respectively
(Figure 7A). At Suoxian, the r, NSE and RMSE values are
0.89, 0.77 and 0.10°C, respectively (Figure 7B). By comparison,
the simulation results by using the inversion parameters agree
with observed values. Therefore, the method proposed is
reliable and can be applied to other regions. The spatial
distribution map of ¢ in TRSR is shown in Figure 8.

5.3.2 The simulation of the processes of soil
freezing and thawing in TRSR

The soil freezing and thawing are simulated using the
inversion parameters calculated by Equation 14 and MODIS
daily land surface temperature data from 1 July 2006 to 30 June
2007 in TRSR. Figure 9A, Figure 9B and Figure 9C show the
frozen depths in TRSR in Januarylst 2007, 1 February 2007 and
1 March 2007, respectively. The frozen depths increase from
southeast to northwest generally (Figure 9). On Januarylst
2007 and 1 February 2007, the frozen depths range from
1.13 to 4.10m (Figure 9A) and 1.21-4.89m (Figure 9B),
respectively. In the east of YeSR and south of LcSR, the
frozen depths are below 2m. In 1 March 2007, the frozen
depths range from 0 to 3.12m and there is almost no frozen
soil in the south of LcSR (Figure 9C).
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6 Conclusion

In the cold region, water resources, hydrology and
ecosystem are significantly influenced by climate change.
The simulation of active soil depths and soil temperatures
can help us better understand the soil freezing and thawing
processes. Based on Harlan’s model, a soil water content
coupled with heat transfer model was presented in this
paper. Measured data of soil temperature and active soil
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depths at 19 stations in and around the Three-River Source
Region of China were collected for model calibration (1 July
2006-30 June 2007) and verification (1 July 2007 to 30 June
2008). The results showed that the simulated freezing depths
and soil temperatures agreed well with the observed values.
However, the other factors, e.g. solar radiation, humidity,
ground water et al. are not considered in this model, which
is the reason that the simulation of thawing processes are not
better than freezing processes (Figure 4). During the
verification period, the average Nash-Sutcliffe efficiency
coefficient NSE and correlation coefficient r in simulated
0.89 and 0.77,
respectively. The r and NSE values between observed and

freezing depths at 19 stations are
simulated soil temperatures at Dari station for 5, 10, 15, 20 and
40 cm are all above 0.98 and 0.95, respectively.

After the correlation analysis between model parameters and the
climate characteristics (annual mean air temperature and annual
mean precipitation), vegetation characteristics (vegetation coverage)
and geographical characteristics (longitude, latitude and altitude), a
multi-regression model was established to estimate the model
parameters in regions without observation data and its
determination coefficient R* was 0.82. The model parameter ¢ has
a better correlation with longitude (r = 0.75) and vegetation coverage
(r = 0.80). The mean relative error of 19 stations between calibration
and inversion parameters are 6.29%. The simulation results by using
the inversion parameters are in good agreement with observed values.
However, more geographical parameters should be considered to do
correlation analysis to find significant factors. The results showed that
the method proposed in this paper can be applied to cold regions
without observation data to obtain the parameters and simulated the

soil freezing-thawing processes.
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