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Differential response to rainfall of soil moisture infiltration in permafrost and 
seasonally frozen ground in Kangqiong small basin on the Qinghai-Tibet Plateau
Wei Cao, Yu Sheng, Jichun Wu and Erxing Peng

State Key Laboratory of Frozen Soil Engineering, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, 
China

ABSTRACT
This study investigated the differential response to rainfall of soil moisture infiltration in the permafrost 
area of the downhill slope and in the seasonally frozen ground area of the uphill slope in Kangqiong small 
basin on the Qinghai-Tibet Plateau. The results show that: (1) influenced by the barrier of the permafrost 
layer, the suprapermafrost water level in the permafrost area rises significantly, while in the seasonally 
frozen ground area, the soil moisture infiltration is dominated by lateral flow and downward infiltration. 
(2) With the thawing of soil, the soil water content in the permafrost area gradually increases to reach a 
saturated state. Influenced by terrain, soil texture, evapotranspiration and infiltration capacity, the 
variation in the topsoil moisture content is large in the seasonally frozen ground area. (3) The presence 
of regional talik groundwater leads to a slight increase in the water level on the uphill slope. In addition to 
rainfall infiltration, the change in water level on the downhill slope is also affected by talik groundwater, 
which causes the rapid rise of water level on the down slope.
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1 Introduction

Permafrost is extremely sensitive to temperature change. As 
permafrost changes due to climate warming and human activ-
ities, this will have an important impact on the ecological and 
hydrological environment in cold regions. This is mainly 
because permafrost is the major controlling factor in the geolo-
gical environment of cold regions (Zhang et al. 2015, Bibi et al. 
2018). Currently, with the continuous intensification of climate 
warming and human activities, the permafrost has undergone 
large-scale degradation, as evidenced by a deepening active 
layer, reduction in permafrost thickness, rising ground tempera-
tures, expansion of taliks, and disappearance of patchy perma-
frost. Because permafrost is an important component in cold 
regions, this degradation is resulting in significant changes to the 
vertical profile thickness and horizontal distribution boundary 
of permafrost, and, moreover, has brought about marked 
changes in the structural composition and distribution pattern 
of the biosphere in cold regions (Jorgenson et al. 2010, Zhang 
2012, Chang et al. 2015, Jones et al. 2016). In particular, perma-
frost degradation under the influence of global climate change 
has changed the migration process of surface soil moisture and 
has profoundly affected the regional water cycle and water 
balance (Woo et al. 2008, Jepsen et al. 2013, Oliva et al. 2018). 
Therefore, studying the infiltration process of surface soil moist-
ure in permafrost regions will deepen our understanding of 
permafrost change and its hydrological effects against a back-
ground of global climate change. It will also play a positive role 
in understanding how water resources are being changed by 
permafrost degradation.

Soil moisture movement in permafrost regions varies under 
the influence of the freeze–thaw process. Studies on this theme 
have attracted the attention of scholars around the world. 
Recent research has focussed on analysing the soil moisture 
characteristics of the active layer in permafrost regions and in 
seasonally frozen ground regions. Based on laboratory tests 
and field observations, these studies emphasize the change in 
soil moisture content and its coupling relationship with soil 
temperature during freeze–thaw periods (Hinkel et al. 2001, 
Subin et al. 2013; Schuh et al. 2017, Li et al. 2012, Zhao et al. 
2019). In addition, the response process of soil moisture move-
ment under different underlying surface conditions in perma-
frost regions has been studied in depth. In particular, the 
underlying surface conditions involve factors such as land- 
cover type, vegetation coverage and snow cover in permafrost 
regions. The effects of these natural environmental factors on 
the soil moisture transport process under the influence of the 
freeze–thaw process are systematically studied, revealing the 
movement processes of soil moisture in permafrost regions 
and in seasonally frozen ground regions under different 
freeze–thaw stages.

Meanwhile, scientists also study the response of soil moist-
ure in permafrost regions and in seasonally frozen ground 
regions to different influencing factors, from different perspec-
tives (Hu et al. 2009, Wang et al. 2009, Guan et al. 2010a, 
2010b, Yang et al. 2011). However, soil moisture is the link 
between surface water and groundwater. Precipitation is the 
main driving force for soil moisture movement in permafrost 
regions. At the same time, the soil moisture in permafrost 
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regions will be further transferred into superpermafrost water 
through the form of interflow. However, this hydrological 
process is extremely complex (Jafarov et al. 2018, 
Lamontagne-Halle et al. 2018). Consequently, there are rela-
tively few studies on the transport process and infiltration 
process of permafrost soil moisture from the perspective of 
the source and sink of soil moisture.

Qinghai-Tibet Plateau, especially the Source Area of the 
Yellow River (SAYR) in the northeast, is the birthplace of 
major rivers in China and Asia. In recent years, the climate 
there has become significantly warmer, leading to the acceler-
ating degradation of the permafrost on the plateau. Under the 
influence of permafrost degradation, the water supply, runoff 
and discharge processes of the SAYR have changed signifi-
cantly. Therefore, there is an urgent need to understand the 
hydrological impact of permafrost change (Wu and Zhang 
2008, Cheng and Jin 2013, Wang et al. 2017, Chang et al. 2018).

To this end, this study takes the permafrost area and the 
seasonally frozen ground area of Kangqiong small basin in the 
SAYR as an example. The processes of soil moisture transport 
in the permafrost area and seasonally frozen ground area are 
studied from a source–sink perspective. We mainly consider 
the variation of rainfall and superpermafrost water in the study 
area. We use field observations and numerical simulation 
synthetically to analyse the differential response mechanism 
of soil moisture infiltration to rainfall in the typical permafrost 
area and seasonally frozen ground area in the SAYR. This 
research can provide the scientific basis for a deep understand-
ing of the effect of permafrost degradation on water resources.

2 Materials and methods

2.1 Study area

The SAYR (33°56ʹ–35°31ʹN, 95°55ʹ–98°41ʹE; 4193–5238 m a.s. 
l.) is located in the east-central part of Qinghai-Tibet Plateau. 
The name SAYR generally refers to the catchment area of the 
headwater of the upper reach of Doushi Gorge, in particular to 
the catchment centre of two lakes (E’ling and Zaling lakes). 
The total area is about 2.98 × 104 km2. The geomorphic types 
in the source area are complex and diverse, covering glacial- 
erosion valleys, plateau mountains, steep slopes, gentle slopes, 
river-facies beaches, beach plains, and deep hills. In addition to 
E’ling Lake and Zaling Lake, there are many plateau lakes in 
this region, such as Longre Cuo, Chamu Cuo, Galala Cuo, and 
Xingxinghai. In addition, surface water in this region includes 
the rivers Duo Qu, Re Qu, Lena Qu and Beimin Qu, which are 
the primary tributaries of the Yellow River. The SAYR is 
situated in the plateau continental-climate zone, which is 
influenced by a monsoon climate. The annual precipitation 
and evaporation in this region are 300–400 mm and 
300–500 mm, respectively, and the mean annual temperature 
is less than −3.5°C. This region is covered by alpine marsh 
meadow, alpine meadow, plateau grassland, and desert as the 
main vegetation types.

The lower limit of permafrost in the SAYR is generally 
4350–4370 m. More than 80% of the region is covered by 
permafrost. The mean annual ground temperature (MAGT) 
below 15 m depth is between −0.2°C and 2°C, and the active 

layer thickness (ALT) is between 0.6 m and 3 m. In recent 
years, permafrost has been gradually degraded due to climate 
warming and human activities. As a result of our field inves-
tigation, we selected Kangqiong small basin in the SAYR as the 
study region, mainly because this area is simultaneously cov-
ered by permafrost and seasonally frozen ground. The down-
hill slope of Kangqiong small basin (4302 m a.s.l.) is mainly 
covered by discontinuous permafrost. The landform is char-
acterized by a valley basin, and the surface vegetation is mainly 
Carex grassland. The permafrost thickness is 30–50 m and the 
seasonally thawed depth is 2.8 m. The MAGT in this downhill 
area is −0.57°C. According to the relationship between MAGT 
and the stages of permafrost degradation (Jin et al. 2006, Wu 
et al. 2010), this area is in the early to middle stage of perma-
frost degradation. This means that although the ground tem-
perature is still rising to a certain extent, it is in a relatively 
stable stage of permafrost. So, the downhill slope of Kangqiong 
small basin represents a typical permafrost area.

The uphill slope of Kangqiong small basin (4314 m a.s.l.) is 
mainly covered by seasonally frozen ground. The landform is 
characterized by a mild slope topography, which is mainly 
covered by bare desert with sparse vegetation and some sec-
ondary weeds. The MAGT in this uphill area is 0.95°C. This 
means that this area is in the phase of permafrost disappear-
ance. So, the uphill area of Kangqiong small basin represents a 
typical seasonally frozen ground area.

2.2 Sampling method

For research purposes, we chose a vertical section in 
Kangqiong small basin (Fig. 1). Two slope positions were 
chosen in the vertical section, from the uphill to the downhill. 
Using a drilling rig of hydraulic type 100, we excavated two 
permafrost boreholes to a depth of 20 m in order to monitor 
ground-temperature characteristics at different depths in dif-
ferent periods. The bore diameter of the permafrost borehole 
was approximately 127 mm. To monitor the ground-tempera-
ture data, we embedded temperature probes at depths of every 
0.5 m or 1.0 m in the permafrost borehole and placed a steel 
pipe in the permafrost borehole to protect these probes after 
the embedding was completed. The temperature probes were 
thermistor probes, produced by the State Key Laboratory of 
Frozen Soil Engineering, Chinese Academy of Sciences. This 
type of probe has good stability of performance, mature tech-
nology capacity, and long service time. Its measuring precision 
is better than 0.05°C and its range of operating temperature is 
between −30 and +30°C. The resolution of the probe is 0.01– 
0.005°C (negative temperature) and 0.01–0.03°C (positive 
temperature). We periodically measured the resistance values 
of each temperature probe using a high-precision multimeter 
(Fluke 287/289). The resistance values could be converted to 
temperature values using the calibration parameters of each 
probe.

High-density electrical method (ERT) exploration was car-
ried out in the vertical section from uphill to downhill in 
Kangqiong small basin. Two survey lines were laid to make a 
thorough investigation of the general situation of the perma-
frost and hydrogeology in the region. The instrument for ERT 
data collection was the 8-channel ERT instrument 
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(SUPERSTING R8) produced by the American AGI 
Corporation. It can measure up to eight sets of data at the 
same time. Using the Wenner-Schlumberger device, we placed 
electrodes at 5 m spacing. The measuring line, which was 
200–400 m long, could monitor the resistivity value from 30 
to 80 m below the surface.

At the same time, we installed a series of monitoring instru-
ments inside the slope positions. These instruments included 
soil temperature probes and soil moisture probes produced by 
the Onset Corporation of America. In the permafrost area, 
these probes were embedded at depths of 20, 50, 80, 120, 160, 
200 and 250 cm in the downhill slope position; and in the 

Figure 1. Field monitoring site of the study area.
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seasonally frozen ground area, the probes were embedded at 
depths of 20, 50, 80, 120, 160 and 200 cm in the upper slope 
position. The measuring precision of the soil temperature 
probe (S-TMB-M006) is less than 0.2°C. The operating tem-
perature of the soil temperature probe is from −40°C to +70°C 
and the observation accuracy of the soil moisture probe (S- 
SMC-M005) is 3%. The operating temperature of the soil 
moisture probe is from 0°C to 50°C. For data acquisition we 
employed the CR3000 instrument, produced by the Campbell 
Corporation of America, to acquire soil temperature and soil 
moisture data once every 4 h.

In addition, we established the observed suprapermafrost 
water-level wells near the permafrost boreholes. The supra-
permafrost water-level pipe is made of aluminum-plastic 
polypropylene random (PPR) piping, chosen mainly because 
it is made of sturdy material. It is frost-resistant and wear- 
resistant in high altitudes and alpine regions. The inner 
diameter of this pipe is 45 mm and the diameter of the hole 
drilled in the tube wall is 5–10 mm. The suprapermafrost 
water-level pipes were embedded in the two observed wells. 
To prevent the fine sand and clay from falling into the 
suprapermafrost water-level pipe, a plastic filter screen was 
wrapped around the outside of the pipe. We used a HOBO 
U20 Water Level Logger to monitor changes in the supraper-
mafrost water level. The product model is U20-001-04. Its 
measuring precision is less than 0.3 cm and the range of 
operating temperature is from −20 to +50°C. The supraper-
mafrost water-level logger was fixed together with nylon rope 
and wire rope. Two suprapermafrost water-level loggers were 
placed at the lower part of the suprapermafrost water-level 
pipe, one in the uphill slope position and one in the downhill 
slope position. Their monitoring frequency was also once 
every 4 h. We chose to monitor data during the thawing 
period from May to October 2017.

We used a HOBO U23-001 (HOBO Pro v2) temperature- 
humidity recorder to observe the atmospheric temperature. To 
avoid being influenced by the outside environment, the recor-
der, which was placed in a radiation protection hood, was 
installed in a steel louver, and the device was buried at the 
observation site with the top about 1 m above the surface. The 
measuring precision of the temperature-humidity recorder is 
±0.2°C, the operating temperature is from −40°C to +70°C, 
and the resolution ratio is 0.02°C. We employed the optical 
base and connector set of HOBO BASE-U-4 to acquire the 
atmospheric temperature and humidity data once every 
30 min.

Precipitation was observed using a T-200B automatic rain- 
snow gauge, manufactured by the Norwegian Geonor 
Corporation. Because the gauge uses a vibrating wire-weighing 
sensor, it was fixed on the concrete-casting base to maintain 
the stability of the sensor. It was simultaneously equipped with 
a metal windshield around the gauge. To maintain the accu-
racy of data acquisition, we added antifreeze to thaw the solid- 
state precipitation and added engine oil to prevent evaporation 
loss in the automatic rain-snow gauge reservoir. The total 
capacity of the reservoir was 600 mm. The measuring precision 
of the temperature-humidity recorder is 0.1% FS, the operating 
temperature is from −40°C to +60°C, and the sensitivity is 
0.05 mm.

2.3 Research methods

Without considering the lateral flow of groundwater, the ver-
tical infiltration process of precipitation in permafrost and 
seasonally frozen ground area is mainly simulated by the 
freeze–thaw module of HYDRUS-1D software (Hansson 
et al. 2004, Zhao et al. 2016, Dagois et al. 2017).

2.3.1 Equation of soil moisture movement and heat flow
This module improves the Richards equation by coupling the 
soil hydrothermal process. So it can simulate the soil moisture 
movement in the freeze–thaw period. The equation can be 
written as follows: 

@θuðhÞ
@t

þ
ρi
ρw

@θiðTÞ
@t

¼
@

@z
KLhðhÞ

@h
@z
þ KLhðhÞ þ KLhðhÞ

@T
@z

�

þKvhðθÞ
@h
@z
þ KvTðθÞ

@T
@z

�

� S

(1) 

where θu denotes the volumetric unfrozen water content 
(including volumetric liquid and vapor water content), 
cm3/cm3; θ is the volumetric liquid content, cm3/cm3; θi 
represents the volumetric ice content, cm3/cm3; t is time, s; 
z is the spatial coordinate, cm, and upward is positive; ρi 
denotes the ice density, kg/m3, taking a value of 931 kg/m3; 
ρw represents the density of liquid water, kg/m3, taking a 
value of 1000 kg/m3; h is the pressure head, cm; T is the 
temperature, K; S is a sink or source term, s−1, which is 
normally root extracted.KLh, KLt , Kvh and KvT are, respec-
tively, liquid hydraulic conductivity under the action of 
water potential, liquid hydraulic conductivity under the 
action of temperature, gaseous hydraulic conductivity 
under the action of water potential and gaseous hydraulic 
conductivity under the action of temperature.

The heat flow equation in the model is expressed as follows: 

@CpT
@t
� Lf ρi

@θi

@t
þ L0ðTÞ

@θvðTÞ
@t

¼
@

@z
½λðθÞ

@T
@z
� � Cw

@q1T
@z
� Cv

@qvT
@z
� L0ðTÞ

@qv

@z
� CwST

(2) 

whereθvdenotes the gaseous water content, cm3/ 
cm3.L0 ¼ Lwρw, Lwis the latent heat of water gasification, 
where the value is taken as 2:501� 106 � 2369:2T, J/kg. Lf 
represents the latent heat of water freezing, where the value 
is taken as approximately 3:34 � 105, J/kg. λðθÞ is the soil 
thermal conductivity, W/(m·°C). q1 denotes the liquid 
water flux, m/s. Cp represents the soil volume heat capacity, 
J/(m3·K−1), which is the sum of the heat capacity of each 
phase (solid phase Cn, liquid phase Cw, vapor phase Cv and 
ice phase Ci) in the soil.

Equations (1) and (2) are closely coupled. Both equations 
depend on water content, pressure head and temperature, and 
are interrelated in the solving process. The finite difference 
method is used to solve the equations of water and heat 
dynamics. And the coupling relationship between water and 
heat flow is considered to solve the model iteratively.
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2.3.2 Initial and boundary conditions
The results of linear interpolation to the measured soil moist-
ure can be used as the initial condition of the model at the 
beginning of simulation period.

Because the water content of the surface soil in the active 
layer of permafrost varies with time during the thawing period, 
the upper boundary condition of the model must consider 
surface water accumulation in this period. In this paper, the 
maximum stagnation depth of surface water is set at 10 cm. 
When the rainfall exceeds the maximum stagnation depth, the 
stagnation depth will not increase, and the excessive seepage 
water will form surface runoff. In the simulation period, the 
upper boundary flux values, including rainfall and evapora-
tion, are input daily into the model. The lower boundary is set 
at 250 cm. Considering that the permafrost table is 280 cm and 
the corresponding suprapermafrost water level is 280 cm, the 
free drainage boundary is adopted. The boundary conditions 
can be expressed as: 

KðhÞ@h
@z� KðhÞ¼q0ð0;tÞ� dh

dt ha�h�hs z¼0; t>0
h¼ha h< ha h<ha z¼0; t>0
@h
@z

� �

z¼250¼0 t>0

8
<

:
(3) 

whereq0denotes the net infiltration rate (that is, the differ-
ence between rainfall and evaporation), cm/d.harepresents 
the minimum pressure water head on the surface, which is 
set as −100 000 cm in this study. hs is the maximum 
stagnant depth of surface water, and is taken as 10 cm in 
the model.

2.3.3 Soil hydraulic parameters
This module describes the soil water characteristic curve θðhÞ
and unsaturated hydraulic conductivity KðhÞ by the van 
Genuchten-Mualem model: 

θðhÞ ¼ θr þ
θs � θr

½1þ αhj jn�m h < 0
θs h � 0

�

(4) 

KðhÞ ¼ KsSl
e½1 � ð1 � S1=m

e Þ
m
�
2 (5) 

Se ¼
θ � θr

θs � θr
m ¼ 1 �

1
n
; n> 1 

where θs denotes saturated soil water content, cm3/cm3. θr is 
the residual water content in soil, cm3/cm3. Ks represents the 
saturated hydraulic conductivity, cm/d. α(cm−1), n are the 
shape parameter. lis the bending parameter.

2.3.4 Verification of results
According to the soil genetic horizon, the soil in the simulation 
process is divided into seven layers and six layers in the 
permafrost and the seasonally frozen ground, respectively (0– 
20 cm, 20–50 cm, 50–80 cm, 80–100 cm, 100–160 cm, 
160–200 cm; 200–250 cm). At the same time, it is assumed 
that the soil properties in each layer are uniform. Based on the 
measured soil particle composition and bulk density of each 
layer, the hydraulic parameters of each layer were predicted by 
using the neural network module in HYDRUS-1D as the initial 
value.

In this study, the correlation coefficient (R2) was used to 
evaluate the simulation results. Figure 2a shows a comparison 
of the results for soil temperature and soil moisture of seven 
soil layers (20 cm, 50 cm, 80 cm, 120 cm, 160 cm, 200 cm, 
250 cm) simulated by the model and the measured values. The 
simulation value is essentially consistent with the measured 
value in the change trend, which shows that the simulation 
result of the model is good.

3 Results

3.1 Changes in soil temperature of permafrost and 
seasonally frozen ground

Figure 3 shows the changes of atmospheric temperature and 
precipitation in the study area from May to October 2017. It 
can be seen from the figure that the mean temperature in the 
area during this period was 6.06°C. The highest temperature 
was 15.1°C, on 21 July 2017, and the lowest was −2.16°C, on 15 
May 2017. The cumulative precipitation during this period was 
356.2 mm. Due to the rainfall being relatively high during this 
period, there was abundant water.

Figure 4 shows a contour map of the soil temperature in the 
permafrost area of the downhill slope and in the seasonally 
frozen ground of the uphill slope. It can be seen from the figure 
that the gradient of the zero-degree isotherm in the permafrost 
area of the downhill is slightly in the stage of thawing. This 
indicates that it will take a long time for the soil of the active 
layer to thaw completely at a depth of 250 cm.

Soil temperature contours are slightly dense, indicating that 
the rate of temperature rise is faster. The time interval of the 
initial date of soil thawing at different depths is larger, which 
indicates that the deep soil lags obviously behind the shallow 
soil. Moreover, the gradient of the zero-degree isotherm in the 
seasonally frozen ground area of the uphill slope is steep in the 
stage of thawing, indicating that it will take a shorter time for 
the soil to thaw completely at a depth of 200 cm. Soil tempera-
ture contours are slightly sparse, indicating that the rate of 
temperature rise is slower. The time interval between the initial 
dates of soil thawing at different depths is small, which indi-
cates that the deep soil lags slightly behind the shallow soil.

3.2 Permafrost hydrogeological characteristics

Figure 5 shows the ERT inversion results of permafrost and 
seasonally frozen ground. According to the results of the 
analysis, a resistivity value greater than 250 Ω·m is considered 
high in Kangqiong small basin. The sub-regions with resistiv-
ity of less than 100 Ω·m are considered to be suprapermafrost 
water; the sub-regions with resistivity between 100 Ω·m and 
250 Ω·m are considered to be talik; and the sub-regions with 
resistivity greater than 250 Ω·m are considered to be perma-
frost or bedrock (strongly weathered mudstone). It can be seen 
from Fig. 5 that the distribution of high resistivity value is 
discontinuous in the downhill slope. The area with resistivity 
greater than 250 Ω·m is mainly located within the region 
20–60 m below the surface. To monitor ground temperature, 
there is a permafrost borehole at 20 m depth at about 170 m 
along the horizontal direction of the ERT exploration line. The 
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monitoring data of the permafrost borehole show that the 
MAGT in this zone is −0.57°C, which is inferred to be perma-
frost. The resistivity value is lower than 100 Ω·m at 0–100 m in 
the horizontal direction and at 2 m in the vertical direction 

along the exploration line, and it is inferred that this region is 
the suprapermafrost water. The resistivity value is between 
100 Ω·m and 250 Ω·m at 0–220 m in the horizontal direction 
along the exploration line, which is inferred to be the talik.

Figure 2a. Comparison of simulation results of soil temperature and moisture at different depths. (a) Soil temperature of permafrost of the downhill slope.
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Based on the above analysis, it is inferred that the zone in 
the downhill slope is in the permafrost area. As can be seen 
from Fig. 5, the distribution of high resistivity values is 

discontinuous in the uphill area. The range with resistivity 
greater than 250 Ω·m is mainly located within the zone 20– 
60 m below the surface, and the resistivity of this region is in 

Figure 2b. Comparison of simulation results of soil temperature and moisture at different depths. (b) Soil moisture of permafrost of the downhill slope.
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the range 400–600 Ω·m. To monitor ground temperature, we 
excavated a permafrost borehole with a depth of 20 m at about 
70 m along the horizontal direction of the ERT exploration 
line. The monitoring data from the permafrost borehole show 
that the MAGT in this zone is 0.95°C, which we infer to be 
strongly weathered mudstone. Among the data, the resistivity 
value is lower than 100 Ω·m at 0–120 m in the horizontal 
direction and at 2 m in the vertical direction along the explora-
tion line. It is inferred that this area is the suprapermafrost 
water. The resistivity value is between 100 Ω·m and 250 Ω·m at 
0–280 m in the horizontal direction along the exploration line, 
which is inferred to be the talik. High resistivity values appear 
in the range of 0–10 m below the surface in the horizontal 
direction of 160–180 m and 280–350 m along the exploration 
line. Based on the above analysis, it is inferred that the area of 

the uphill slope is in the last stage of permafrost degradation or 
has already degenerated into seasonally frozen ground.

3.3 Process of soil moisture infiltration in permafrost and 
seasonally frozen ground under the change of rainfall 
season

3.3.1 Permafrost
Figure 6 shows the seasonal change in the soil moisture of 
permafrost and the seasonally frozen ground. It can be seen 
from the figure that as the soil in each layer begins to thaw in 
the rapid thawing stage, soil moisture gradually improves in 
the permafrost area of the downhill slope. Because the surface 
soil thawed before the bottom soil, the bottom soil was still in a 
completely frozen state. This led to the water content of the 

Figure 2c. Comparison of simulation results of soil temperature and moisture at different depths. (c) Soil temperature of seasonally frozen ground of the uphill slope.
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Figure 2d. Comparison of simulation results of soil temperature and moisture at different depths. (d) Soil moisture of seasonally frozen ground of the uphill slope.

Figure 3. Temperature and precipitation of the study area.
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surface soil increasing gradually, while the water content 
change of the bottom soil was not significant.

Based on the observations, the soil at depths of 20 cm and 
50 cm had completely thawed by the beginning of May. So the 
soil in these layers was saturated and the soil volumetric water 
content remained stable, at about 30% and 40%, respectively. 
During the period from the end of May to the beginning of 
June, because the soil temperature at a depth of 80 cm of soil 
layer crossed the zero-degree isotherm, the soil in this layer 
entered the completely thawed state. During this period, the 

soil volumetric water content also increased rapidly, from 
about 10%, and reached a stable state at about 20%. The soil 
at depths of 120, 160, 200, and 250 cm entered a completely 
thawed state in late June, in early July, in the middle of July, 
and in early–mid August, respectively. At this time, the moist-
ure content of each soil layer increased rapidly from 6% to 
12%, from 6% to 37%, from 10% to 25%, and from 13% to 30%, 
respectively. During this period, although the frozen soil gra-
dually thawed from the surface layer to the deep layer, the 
bottom soil was still in a frozen state. This means that rainfall 

Figure 4. Contour lines of the soil temperature of (a) permafrost of the downhill slope and (b) seasonally frozen ground of the uphill slope.
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Figure 5. High-density electrical (ERT) inversion results of (a) permafrost of the downhill slope and (b) seasonally frozen ground of the uphill slope. (c) Photo of the site 
investigation. (d) Ground temperature curve.
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Figure 6. Seasonal change of soil hydrological process of soil moisture: (a) permafrost of the downhill slope and (b) seasonally frozen ground of the uphill slope. 
Suprapermafrost water of (c) permafrost of the downhill slope and (c) seasonally frozen ground of the uphill slope.
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infiltration could not reach the bottom. Therefore, the obser-
vation of the suprapermafrost water shows that its variation is 
small, and it remains essentially unchanged.

The soil completely thawed by early–mid August. With the 
increase in rainfall, the water-storage capacity of the soil con-
tinued to increase gradually during the completely thawed 
stage. This led to the water-storage capacity of the soil reaching 
saturation. In particular, the soil water content of each layer is 
essentially saturated after late August, and its range of varia-
tion is not large. Because of the barrier effect of the lower 
permafrost layer, the observation of the suprapermafrost 
water level shows little change during this period. This indi-
cates that the redistribution process of rainfall in permafrost 
regions is affected by the seasonal freeze–thaw process and the 
barrier of the permafrost layer. So the rainfall mainly infiltrates 
downward during the thawed period. This leads to a gradual 
increase in the soil water content of each layer. The soil water 
essentially achieves saturation when the soil completely thaws.

3.3.2 Seasonally frozen ground
Although the surface soil (0–50 cm) was completely thawed by 
early May, the volume of water content of the soil increased 
gradually in the seasonally frozen ground area of the uphill 
slope (Fig. 6). Because the surface soil thawed before the 
bottom soil, the lower soil (80–200 cm) remained completely 
frozen. This caused soil infiltration to fail to reach the bottom. 
With the thawing of soil from the surface layer to the deep 
layer, the lower soil moisture in each layer gradually increases 
to reach saturation during the rapid-thaw phase. However, 
because seasonally frozen ground experiences a short-term 
freeze–thaw process, the change of soil moisture is not 
obvious. In addition, because there is no permafrost layer 
acting as a barrier in the lower part, a stable aquiclude cannot 
be formed. Soil water at 200 cm seeps farther downward, 
resulting in an insufficient supply of soil water at this depth. 
Therefore, the surface soil water content increased gradually, 
while the lower soil water content changed little. The observa-
tion of the suprapermafrost water level during this period 
shows that its range of variation is small, and it remains 
essentially unchanged.

The soil layers were in a completely thawed state until 7 
July. With the increase in rainfall, the soil water-storage capa-
city continued to increase gradually. It was not until September 
that the soil in each layer reached saturation. At the same time, 
the observation of the suprapermafrost water level during this 
period showed that its variation was small, and it remained 
essentially unchanged. This indicates that the redistribution of 
rainfall in seasonally frozen soil may be affected by other 
factors. Deep infiltration may not be the main form of rainfall 
infiltration.

3.4 Process of soil moisture infiltration in permafrost and 
seasonally frozen ground under typical rainfall events

We selected typical rainfall events during the rapid thaw per-
iod and the stable thaw period. Based on the monitoring data 
of field rainfall, we attempted to analyse the differences in the 
soil moisture infiltration process between permafrost area and 

seasonally frozen ground area. Figure 7 shows the changes in 
response to two typical rainfall events, one moderate and one 
heavy, in the soil moisture of permafrost and seasonally frozen 
ground.

A typical precipitation event in the rapid thaw period began 
at 00:00 and ended at 10:00 on 31 May 2017. It lasted 11 h and 
the accumulated rainfall was 15.4 mm (moderate rainfall). 
There was little other rain from the end of this rainfall episode 
until 10 June. A typical precipitation event during the stable 
thawed period began at 22:00 on 18 August 2017 and ended at 
09:00 on 19 August 2017. It lasted 12 h and the accumulated 
rainfall was 28.2 mm (heavy rainfall). There was very seldom 
other rainfall after the end of the rainfall event.

The two typical precipitation events were as follows:

(1) 31 May 2017: Rapid thaw phase. This period is in the 
thawed stage at 80 cm soil depth in the permafrost area 
of the downhill slope. By the end of this rainfall event, 
the surface soil (0–80 cm) was completely thawed and 
had reached saturation. So the water content of soil 
volume at 20 cm and 50 cm depths remained essentially 
unchanged. The water content of soil volume at 80 cm 
depth gradually increased under the effect of rainfall 
infiltration. But soil moisture content at this depth has a 
certain lag to the response of rainfall. This is mainly due 
to it taking time for soil moisture to penetrate from top 
to bottom. The figure shows that in the 24 h after the 
end of the rainfall event, soil moisture remained essen-
tially unchanged. From 24 h to 130 h, soil moisture 
began to rise rapidly from about 12% to about 26%, and 
it reached a stable state after 130 h. The water content of 
the subsoil (80–250 cm) remained essentially 
unchanged due to being affected by the soil freezing.

(2) 19 August 2017: Stable thawed phase. During this 
period, the frozen soil completely thawed in the perma-
frost area of the downhill slope and the seasonally 
frozen ground area of the uphill slope due to the higher 
atmospheric temperature. As can be seen from Fig. 7, 
by the end of this rainfall event, all layers of soil in the 
permafrost regions of the downhill had reached satura-
tion. Therefore, soil volumetric water content at differ-
ent depths remained essentially unchanged. Under the 
influence of rainfall infiltration, in addition to evapora-
tion, soil moisture mainly infiltrated downward by ver-
tical gravity gradient, which is an important recharge 
source of suprapermafrost water.

Moreover, the response of soil water content at 20 cm 
depth to rainfall also lagged. Within 240 h after the end of 
the rainfall event during the rapid thaw phase, the volu-
metric water content at 20 cm depth of topsoil increased 
from 6% to 8%, and it continued to increase gradually. 
Within 130 h after the end of the rainfall during the stable 
thawed phase, the volumetric water content of the 20 cm 
topsoil increased from 15% to only 18%. But 130 h after 
the end of the rainfall event, the volume water content of 
the soil increased rapidly. It reached the maximum value of 
about 27% within 190 h after the end of the rainfall. By this 
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Figure 7. Response changes of typical rainfall events of the soil moisture of (a) permafrost of the downhill slope and (b) seasonally frozen ground of the uphill slope.
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time, the soil was saturated. After that, the soil water 
content reached a stable state and remained essentially 
unchanged.

4 Discussion

4.1 Simulated changes in the soil moisture infiltration 
process in permafrost and seasonally frozen ground

We used the freeze–thaw module of the HYDRUS-1D software 
to simulate the soil water vertical infiltration of permafrost and 
seasonally frozen ground during the thawing period (May to 
October 2017). Figure 8 shows the variation in water storage 
and bottom leakage flux over time in permafrost and season-
ally frozen ground.

We noted the following:

(1) In the rapid thaw phase, the water-storage capacity of 
the frozen soil began to increase gradually in the 

permafrost area of the downhill slope. This was mainly 
due to a large gravity gradient forming in the vertical 
direction of the soil, which led to the infiltration of soil 
moisture from top to bottom. As can be seen from 
Fig. 8, from early–mid May to mid–late August, soil 
water storage was rising and gradually reached its max-
imum value. During this period, because the frozen soil 
at the bottom had not completely thawed, the rainfall 
infiltration could not reach the bottom, and the flux at 
the bottom was relatively small. During the stable 
thawed stage, the soil water-storage capacity reached 
the saturated state. After mid–late August, rainfall 
became more frequent. This led to rainfall infiltrating 
from top to bottom. Because the soil water content of 
each layer reached the maximum saturated state, the 
soil water storage was essentially in a stable state. After 
vertical infiltration of rainfall into soil, bottom infiltra-
tion flux was generated in the form of interflow in soil. 
Because of the barrier effect of the permafrost layer, this 

Figure 8. Simulated changes of soil water storage and bottom leakage flux of (a, a') permafrost of the downhill slope and (b, b') seasonally frozen ground of the uphill 
slope.
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part of the water mainly recharges the suprapermafrost 
water, causing the rapid rise of the suprapermafrost 
water level and gradually reaching a stable state.

(2) The soil in the seasonally frozen ground area of the uphill 
slope had thawed completely by early–mid July. With the 
thawing of the frozen soil, the water storage capacity of 
the soil was gradually enhanced. Although the rainfall 
was gradually increasing during this period, without the 
barrier effect of the permafrost layer the infiltration 
capacity of each layer of soil was strong. This led to the 
difficulty of saturating the soil during this period. 
Therefore, the soil volumetric water content of each 
layer increased gradually. As can be seen from Fig. 6, 
the soil water storage of frozen soil in the seasonally 
frozen ground area of the uphill slope had been rising 
for some time, but it still did not reach a stable state. 
Although the frozen soil had completely thawed and the 
rainfall had increased during this period, rainfall infiltra-
tion did not discharge downward in the form of inter-
flow. This meant that the soil water content in each layer 
on the upper slope was in the unsaturated state. So the 
bottom flux was relatively small.

Based on field monitoring and simulation analysis, we sys-
tematically summarize differences in the soil moisture infiltra-
tion process in permafrost and seasonally frozen ground in 
different thawing phases. The differences are shown in Table 1.

4.2 Factors influencing the soil moisture infiltration 
process in permafrost and seasonally frozen ground

Based on the above analysis, the main factor that distinguishes 
the soil moisture infiltration process in permafrost and sea-
sonally frozen ground is freeze–thaw action. On the one hand, 
affected by freeze–thaw action, the soil thawing process of the 
active layer in the permafrost area will take a longer time 
(Fig. 4). As a result, the process of infiltration of soil moisture 
in the permafrost area is more susceptible to freeze–thaw 
action than that in the seasonally frozen ground area.

Figure 6 shows a significant increase in the moisture con-
tent of each soil layer from top to bottom in the permafrost 
area of the downhill slope. The topsoil water storage has been 
rising over time and cannot reach a stable state in the season-
ally frozen ground area of the uphill slope, whereas the changes 
in moisture content of the other soil layers are not significant. 
On the other hand, Fig. 6 also shows that the response time of 
soil moisture infiltration to rainfall in the permafrost area lags 
behind that in the seasonally frozen ground area.

Moreover, local factors are also important factors influen-
cing the soil moisture infiltration process in the seasonally 
frozen ground area. In particular, it may be more easily 
affected by factors such as soil texture, evaporation, terrain 

and infiltration capacity. On the one hand, the higher the soil 
organic matter content, the lower the soil heat conduction and 
the higher the soil thermal capacity. This reduces the sensitiv-
ity of the underlying soil thermal state to solar radiation and 
temperature fluctuations (Hinkel et al. 2001, Wang et al. 2014). 
At the same time, this will help to maintain the stability of soil 
moisture.

The topsoil organic matter content reaches 11.8 g/kg in the 
seasonally frozen ground area of the uphill slope, while it 
reaches 27.9 g/kg in the permafrost area of the downhill 
slope. This means that the soil moisture variability in the 
seasonally frozen ground area of the uphill slope is more 
affected by soil temperature than that in the permafrost area 
of the downhill slope. On the other hand, low vegetation 
coverage also leads to a strengthening of the evaporation 
capacity in the seasonally frozen ground area of the uphill 
slope (Hu et al. 2009, Wang et al. 2009). In addition, slope 
position affects the lateral loss of soil moisture. The greater the 
slope, the smaller the storage of soil moisture (Cao et al. 2017).

4.3 Does the groundwater in talik affect the change in the 
suprapermafrost water?

Figure 6 shows that the soil moisture contents at depths of 
160 cm and 200 cm in the permafrost area of the downhill 
slope both increased rapidly in early–mid July. During this 
period, the soil at 160 cm had completely thawed, but the soil 
at 200 cm had not. Meanwhile, during this period, the supra-
permafrost water in the permafrost area of the downhill slope 
changed from the stable frozen stage A to the rapid thaw stage B, 
and the water volume increased rapidly. Because the soil at the 
bottom was still frozen, the infiltration of rainfall at the top 
could not change the suprapermafrost water level, and because 
Kangqiong small basin is close to the river, the thermal erosion 
of the river makes the permafrost around it degenerate continu-
ously. This leads to the deepening of the permafrost table and 
the expanding of the talik. Due to the influence of river water 
penetrating the talik, the hydraulic connection between the 
groundwater of the talik and the suprapermafrost is increased 
(Rowland et al. 2011, Wellman et al. 2013, Scheidegger and 
Bense 2014, Johansson et al. 2015, Kurylyk et al. 2016).

During early–mid July, the surface soil in the permafrost 
area of the downhill slope completely thaws, meaning that the 
groundwater in the talik channel may be saturated. A hydraulic 
connection occurs between the groundwater in the talik chan-
nel and the suprapermafrost water in the permafrost area of 
the downhill. As a result, soil water content at 200 cm depth in 
the downhill slope increases rapidly and gradually reaches a 
state of saturation. The groundwater in the talik channel may 
be the main source of water supplying the suprapermafrost 
water in the permafrost area of the downhill slope. This will 

Table 1. Differences in the soil moisture infiltration process in permafrost and seasonally frozen ground in different thawing phases.

Types of frozen soil Thawing phases Rainfall infiltration Soil moisture Suprapermafrost water

Permafrost Rapid thawing Limitedly increasing Gradually increasing Slightly rising
Stable thawing Gradually increasing Saturated state Greatly rising

Seasonally 
frozen ground

Rapid thawing Limitedly increasing Gradually increasing Slightly rising
Stable thawing Gradually increasing Continuously increasing Slightly rising
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cause a rapid rise of the suprapermafrost water level in perma-
frost area of the downhill.

Figure 9 shows the seasonal variation of the suprapermafrost 
water temperature of the permafrost and the seasonally frozen 
ground areas in Kangqiong small basin. The water temperature 
of the suprapermafrost water in the permafrost area of the 
downhill slope changed from negative (−) to positive (+) only 
in mid–late July. This indicates that soil temperature, soil moist-
ure, suprapermafrost water temperature and suprapermafrost 

water are still in the stage of transition from freeze to thaw in 
mid–late July. Rainfall infiltration is not enough to cause the 
rapid rise of soil moisture and suprapermafrost water level 
during this period. Therefore, this further confirms the presence 
of groundwater in the talik channel and a hydraulic connection 
between the groundwater in the talik channel and the supraper-
mafrost water in the permafrost area of the downhill slope.

By mid–late August, the soil at the bottom of the downhill 
slope has thawed completely and all soil layers are saturated. The 

Figure 9. Seasonal change of the suprapermafrost water temperature of (a) permafrost and (b) seasonally frozen ground.
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infiltration capacity of the soil is enhanced due to the increasing 
rainfall. Soil moisture will reach the bottom flowing from the top 
down. Because of the barrier effect of permafrost, soil moisture 
will accumulate at the bottom. This will lead to the secondary 
rise of the suprapermafrost water level. The first stable stage B of 
rapid thawing will be changed to the second stable stage C of 
rapid thawing.

The soil layers in the seasonally frozen ground area of 
the uphill slope have completely thawed by 7 July. During 
this period, the suprapermafrost water level of the uphill 
changes from the stable frozen stage of A’ to the stable 
thawed stage of B’, and the water volume has an increasing 
trend (Fig. 6). As the water-holding capacity of the lower 
soil (80–200 cm) is weak, the soil water content has not yet 
reached saturation in terms of its changing trend. 
Therefore, the soil infiltration driven by the upper rainfall 
is not enough to cause the change in the suprapermafrost 
water level of the uphill slope.

This is similar to the time of the first change of the supra-
permafrost water level of the downhill slope and shows that 
there is a certain degree of hydraulic connection between the 
groundwater in the talik channel and the suprapermafrost 
water. The groundwater in the talik channel is saturated in 
mid–early July, leading to the suprapermafrost water level of 
the uphill rising to a certain extent. The nearer the river, the 
greater the recharge of groundwater in the talik channel to the 
suprapermafrost water. As a result, its main recharge affects the 
suprapermafrost water of the downhill and causes the rapid rise 
of the suprapermafrost water of the downhill.

Figure 8 shows the seasonal variation of the suprapermafrost 
water temperature of seasonally frozen ground in Kangqiong 
small basin. As can be seen from the figure, the water tempera-
ture of the suprapermafrost water in the seasonally frozen 
ground area of the uphill changed from negative (−) to positive 
(+) on 7 July. This shows that soil temperature, soil moisture, 
suprapermafrost water temperature and suprapermafrost water 
were all in the thawed stage on 7 July. The groundwater in the 
talik channel was in the saturated state and it recharged the 
suprapermafrost water in the seasonally frozen ground area of 
the uphill slope.

5 Conclusions

(1) During the rapid thaw phase, influenced by the freezing 
of the underlying soil, soil infiltration is limited. It leads 
only to a slight rise in the suprapermafrost water level. 
During the stable thawed stage, rainfall infiltration 
increases gradually, which leads to an increase in soil 
moisture content and an increase in soil water infiltra-
tion. In the permafrost area, due to the barrier effect of 
the permafrost layer, the interflow in the soil accumu-
lates near the permafrost table. This leads to the supra-
permafrost water level rising significantly. In the 
seasonally frozen ground area, soil water movement is 
dominated by lateral flow and downward infiltration.

(2) Influenced by freeze–thaw action, the infiltration pro-
cess of soil moisture in the permafrost area is more 
stable than that in the seasonally frozen ground area. 
The response time of soil moisture infiltration to 

rainfall in the permafrost area also lags behind that in 
the seasonally frozen ground area. With the thawing of 
soil from the surface layer to the deep layer, the soil 
water content in the permafrost area gradually 
increases until it reaches a state of saturation. Rainfall 
loss is affected by terrain, soil texture, evapotranspira-
tion and infiltration capacity, producing a large varia-
tion in the topsoil moisture content of the seasonally 
frozen ground area of the uphill slope.

(3) Groundwater in the talik is well developed in the 
Kangqiong small basin. By early–mid July, the soil has 
completely thawed. During this period, the ground-
water in the talik is saturated. This leads to a slight 
increase in the suprapermafrost water level in season-
ally frozen ground area of the uphill. In addition to 
rainfall infiltration, the change of the suprapermafrost 
water level in permafrost area of the downhill is also 
affected by groundwater in the talik. It mainly recharges 
the suprapermafrost water, which causes the rapid rise 
of the suprapermafrost water on the downhill slope.

Although many analyses have been carried out on the soil 
hydrological processes in permafrost areas and in seasonally 
frozen ground areas, this study is limited to the period of the 
field observation; in particular, the time series of monitored 
data of rainfall, soil moisture and suprapermafrost water level 
is relatively short. Thus, to some extent, this has restricted the 
study’s potential to reveal the differences in soil water move-
ment between the permafrost area and the seasonally frozen 
ground area. In addition, the hydraulic connection and rela-
tionship between the groundwater in the talik and the supra-
permafrost water is only a small part of the hydrological 
processes affecting the permafrost area. All of the above 
requires more field-monitoring data in the future to verify 
the validity of the conclusions.
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