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Abstract: Precipitation has a significant influence on
the hydro-thermal state of the active layer in
permafrost regions, which disturbs the surface energy
balance, carbon flux, ecosystem, hydrological cycles
and landscape processes. To better understand the
hydro-thermal dynamics of active layer and the
interactions between rainfall and permafrost, we
applied the coupled heat and mass transfer model for
soil-plant-atmosphere system into high-altitude
permafrost regions in this study. Meteorological data,
soil temperature, heat flux and moisture content from
different depths within the active layer were used to
calibrate and validate this model. Thereafter, the
precipitation was increased to explore the effect of
recent climatic wetting on the thermal state of the

Received: 04 August 2018
Revised: 12 November 2018
Accepted: 14 November 2018

active layer. The primary results demonstrate that the
variation of active layer thickness under the effect of
short-term increased precipitation is not obvious,
while soil surface heat flux can show the changing
trends of thermal state in active layer, which should
not be negligible. An increment in year-round
precipitation leads to a cooling effect on active layers
in the frozen season, i.e. verifying the insulating effect
of “snow cover”. However, in the thawed season, the
increased precipitation created a heating effect on
active layers, i.e. facilitating the degradation of
permafrost. The soil thermal dynamic in single
precipitation event reveals that the precipitation event
seems to cool the active layer, while compared with
the results under increased precipitation, climatic
wetting trend has a different influence on the
permafrost evolution.
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Introduction

The top layer of the ground subject to annual
thawing and freezing in permafrost regions is
defined as the active layer (Zhou 2013). The active
layer responds quickly to climate change, which
leads to dramatic changes in the physical and
chemical properties of the soil, as well as its hydro-
thermal dynamics and nitrogen and carbon cycles
(Koven et al. 2011; Nelson et al. 2004). Climate
change has a significant influence on the active
layer, i.e. causing the extensive degradation of
permafrost all over the world (Iijima et al. 2010;
Jin et al. 2007; Schuur et al. 2015; Stendel and
Christensen 2002; Zimov and Schuur 2006).
Furthermore, the Qinghai-Tibet Highway and
Qinghai-Tibet Railway have been constructed
across the Qinghai-Tibet Plateau (Q-T Plateau)
distributed with discontinuous permafrost (Ma et
al. 2008). The hydro-thermal transport during the
freeze-thaw cycle significantly influences linear
cold region engineering (Kroener et al. 2014).

Previous studies focused more on the effect of
global warming on the permafrost active layer, and
the research results showed that the active layer
responds positively to global warming (Anisimov et
al. 1997; Stendel and Christensen 2002), whereas
less attention was paid to the effects of increased
precipitation. Compared with the influence of air
temperature changes, the effect of precipitation
changes on the permafrost was not significant (Hu
et al. 2015; Zhao et al. 2013). Nevertheless, from
monitoring data it is found that the increasing
precipitation did influence the permafrost active
layer (Wen et al. 2014; Wu et al. 2015; Zhu et al.
2011).

In the Chinese Qinghai-Tibet Plateau, the
influence of precipitation on the hydro-thermal
dynamics in different seasons varied distinctly: the
precipitation in the frozen season tends to cool the
active layer. Furthermore, the insulating effect of
snow cover promote positive development of
permafrost in winter (Zhang 2005; Ling and Zhang
2003; Stieglitz et al. 2003; Zhang et al. 2001).
Opinions divide concerning the effect of rainfall in
the thawed season. Using monitoring data, Wu et
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al. (2015) suggested that increased precipitation in
summer warmed the active layer and increased the
thickness of the active layer. Zhou et al. (2017)
concluded that precipitation, together with a
warming climate, led to the degradation of
grassland. Through the comparison of the active
layer’s thermal state between pre- and post-rainfall
events, Wen et al. (2014) found that the rainfall
events in summer chilled the active layer. Kokelj et
al. (2015) believed that greater frequency and
magnitude of precipitation events can affect the
geomorphic evolution of permafrost landscapes by
increasing the heat transfer and accelerating
thermal erosion. The effect of extreme precipitation
events is also significant for the thermal state of the
active layer. Zhu et al. (2017) indicated that the
precipitation events with higher rainfall quantities
show a greater influence on the hydro-thermal
state of the active layer than rainfall events with a
longer duration.

Several numerical simulation models have
been used in order to analyze the thermal condition
and variation of active layer thickness in response
to precipitation changes in the Q-T Plateau. These
simulations improved the understanding of the
hydro-thermal transfer process and the mechanism
of soil water infiltration and evaporation. This
research involves a predictable changing trend of
permafrost active layer thermal state in response to
increased precipitation. Little progress has been
made in this area before, qualitatively or
quantitatively. Hence, in this study the simulated
thermal state of the active layer in the Q-T Plateau
under increased precipitation was discussed.

In this study, the CoupModel published by
Jansson and Karlberg (2001) was first applied to
the simulation of the hydro-thermal dynamics of
the active layer in the Beiluhe area. The
meteorological and hydro-thermal data from the
study site are used to validate and calibrate the
model. Thereafter, conditions with increased
precipitation to different extents are imported to
explore the effect of changing precipitation on the
thermal state of permafrost active layer in the Q-T
Plateau.

1 Monitoring Data

1.1 Study site



The field observation site is located between
Fenghuo Mountains and the Kekexili volcanic area
in the Qinghai-Tibet Plateau, the ground is flat with
an elevation of 4620 m (34.51°N and 92.56°E)
(Figure 1). The annual mean air temperature and
accumulated precipitation amounts in 2013 are
-3.29°C and 318.8 mm, respectively. The vegetation
in this region is alpine meadow with a height of less
than 0.1 m.

S

Figure 1 Overview of the study area in Beiluhe area at
Qinghai-Tibet Plateau.

1.2 Soil profile

In this model, the compartment number is 20
and the depth of the lower boundary is 10.2 m. The
shallow compartments are set to correspond to
those compartments divided by hydro-thermal
sensors at the monitoring site, namely, the
midpoint of each compartment in the model is the
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position where the sensor was installed (Figure 2).
The deep compartments were separated at the
intervals of 1 m from 2.2 m to 10.2 m, which could
more effectively simulate the changes in the
permafrost active layer. The thickness of the
humus layer is less than 0.1 m.
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Figure 2 Vertical distributions of soil layer and
temperature sensors at ten different depths.

1.3 Data

The air temperature, precipitation, relative
humidity, global radiation, net radiation and wind
speed at 2.20 m above the ground were measured
every half hour at the meteorological station in the
Beiluhe area from January 1st 2013 to December
315t 2013 (Figure 3). Soil temperature and water
content were measured at depths of 0.05, 0.15,
0.25, 0.35, 0.75, 1.50, 1.60, 1.70, 2.00 and 2.20 m
(Figure 2). The soil heat flux was measured at the
depths of 0.05 m and o0.15 m. All data were
recorded once every 30 minutes. The calculation
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Figure 3 Measured atmosphere data from Beiluhe atmospheric station in 2013. (a) Daily mean precipitation and
accumulated precipitation; (b) air temperature at 2 m above the ground surface; (c¢) wind speed at 2 m above the
ground surface; (d) relative humidity at 2 m above the ground surface; (e) global radiation.

step in this model is one day, so the data used in
this study is the daily mean values.

2 Model Validation

In this study, the atmospheric driving data in
2013 was applied as input data. Then, the
simulated  hydro-thermal  alternation  was
calibrated and compared with the measured data in
2013.

2.1 Model description

The CoupModel (Jansson and Karlberg 2001)
is the updated and modified version evolved from
the SOIL (Jansson 1991) and SOILN (Johnsson
and Jansson 1993) Model, which was published by
Jansson and Karlberg. The new version could be
applied to any type of terrestrial system, including
semi-arid regions (Rockstrom et al. 1998) and
permafrost regions (Hollesen et al. 2011). This
model concentrates on soil physics, which couples
water flow using the Richard equation and heat
flow using the Fourier equation for soil-plant-
atmosphere systems in a one-dimensional domain.
The best merit of this model is that the desirable
result could be achieved through the input of finite
data.
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Brief descriptions of the important heat and
water modules used in this model are shown below:

(a) Soil heat process.

The heat flow in this model is expressed as the
sum of conduction, liquid and vapor convection:

orT
qn = —ky 7 +CyTqw + Luvqy (®

where the indices h, w and v mean heat, liquid and
vapor water, respectively, q is the flux, T is the soil
temperature ('C), C is the heat capacity (J/ms3-C),
L is the latent heat (J/m3) and z is the depth (m).
Thus, g, is the heat flux (J/m2-s), q,, and q,, are the
liquid and vapor water fluxes (m/s), respectively.
kj, is thermal conductivity (W/m-°C), and C,, is the
soil water heat capacity (J/ms3-C). L, is the latent
heat of vaporization (J/ms3).
The upper boundary condition is defined as:

(Ts—T1)
Qh(o) = —Kno £1 - ATpa)qin + L, qyo (2)

2

+ Cy (T,

where k;,, is the conductivity of the soil surface
organic material (W/m-C), T, is the soil surface
temperature (C), T; is the soil temperature of the
first compartment (°C), AT, is the temperature
difference between precipitation and air (C), q,,, is
the vapor water flow, and L, is the latent heat
(J/kg).
The lower boundary condition is defined as:

Trows = Tamean — Taamp e da cos((t — tph)w - aia)(3)



where t is time, t,, is the phase shift, w is the
frequency, d, is the damping depth, and T,,cqn
and T, are the mean and amplitude values of air
temperature, respectively.

(b) Soil water flow.

Soil water is assumed to obey Darcy’s law as
generalized for unsaturated flow by Richards (1931),
and the total flow g,, is the sum of the matrix flow,
vapor flow and bypass flow:

P acy
qw = _kw(a_f -1)-D, a_CZ + Qvypass (4)

where k,, is the unsaturated hydraulic conductivity
(m/s), i is the water tension (m), z is depth (m), c,
is the concentration of vapor in soil air, D, is the
diffusion coefficient for vapor in the soil (m2/s) and
dbypass 1S @ bypass flow in the macro-pores (m/s).

(c) Surface energy balance approach.

Based on the law of energy conservation, the
net radiation amounts to the latent heat flux,
sensible heat flux and heat flux into soil:

Rys = LyEs + Hg + qp (5)
where L,E is the latent heat (W/m?2), H, is the
sensible heat flux (W/m2), and g, is the heat flux
into soil (W/m?2).

The latent heat flow is expressed as:

_ Patp (esurf — €a)

LoEs==———— (6)
where 15 is the aerodynamic resistance calculated
as a function of wind and temperature gradients
(s/m), egyrs is the vapor pressure at the land
surface (Pa), e, is the actual vapor pressure in the
air (Pa), p,, is the air density (kg/m3), c, is the heat
capacity of air (J/kg-'C), and y is the psychrometric
constant (kg/m3).

Sensible heat flow is expressed as:

H; = PaCp % 7)
where T; is the land surface temperature ('C), and
T, is the air temperature (C).

(d) Snow dynamics.

Snow conditions are considered as a water
storage and boundary condition for soil water flows
and are an important factor influencing the soil
heat boundary condition. Snow melting is based on
the air temperature, global radiation and the heat
flow from the soil:

M = My, + MgRys + 700 ©)
where R;; is global radiation, f;, is a scaling
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coefficient, Ly is the latent heat of freezing, and
qn(0) is the land surface heat flow. M, is a
temperature function and My is a function
accounting for the influence of solar radiation.

mr T, = 0
M; = { L R (9)
Azgnowmys a
Mg = mp min(1 4 s,(1 — e™2%age)) (10)

where mr, mg, s;, Mpmin and s, are parameters.
AZgp 0w is the snow depth, which indicates that the
refreezing efficiency is inversely proportional to
snow depth. s, is the age of surface snow.

In this study, the precision of this model is
evaluated by Root Mean Square Error (RMSE),
Mean Error (ME) and determination coefficient of
linear regression (R2) between the simulated and
measured values. The calculation formulas are
listed below:

RMSE = |=XI(C; — M;)? (11)

ME = %N, (C; — M) (12)
R2=1-3N (C;—M)? /T M? — (T M)?)
(13)

where C; and M; are the simulated value and
measured data, respectively. N is the number of
observation samples. RMSE and ME represent the
deviation of the simulated value from the observed
value. Smaller absolute value represents better
simulation  accuracy. @ The  coefficient of
determination in linear regression, namely, R
represents the extent of correlation between
simulated and measured values. An R2 of 1
indicates that the simulated value perfectly fit the
measured data.

2.2 Input data

Measurements were conducted from January
15t 2013 to December 315t 2013. The meteorological
data used as the driving variables are the daily
mean of air temperature (C), precipitation (mm),
relative humidity (%), global radiation (W/m2), and
wind speed (m/s), which were measured in the
Beiluhe area. In 2013, the annual mean air
temperature value was -3.29 °C and the annual
precipitation value was 318.8 mm. Precipitation
events in the Beiluhe area are concentrated in the
period from May to September, and extreme
precipitation events usually occur in July or August
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(Yang et al. 2008). In this study, the maximum
daily precipitation amounts in 2013 occurred on
July 314 2013 and August 27th 2013, with amounts
of 19.36 mm/day and 18.78 mm/day, respectively.
Except for some default parameters, the input
parameters are listed as below. The latitude and
altitude of the observation site are 34.51° and 4600
m, respectively. The wet and dry albedo are 0.25
and 0.35, respectively. The amplitude and mean
values of air temperature are 16.40 and -3.29C,
respectively. The organic layer thickness is 0.1 m.
The initial soil water contents and soil
temperatures for each compartment measured in

January 1st 2013 are input into the model. The
calculation step is 24 hours and the simulation
period is five years.

2.3 Model verification

2.3.1 Simulation of soil temperature

As shown in Figure 4, the results of shallow
compartments (0.05-0.75 m) fit well through the
comparison between the simulated and measured
soil temperatures. The variation of simulated
annual temperature cycling coincided closely with
the measured data. The maximum discrepancy of
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Figure 4 Comparison of measured and simulated daily mean soil temperatures at different depths.
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the daily temperature value at each depth is
approximately 3°C. As the depth increased, the
year-round amplitude of simulated soil
temperature gradually faded. The correlation
extents are poor in lower compartments (0.75-2.2
m in Figure 4), but in actuality, the discrepancy
between simulated and measured soil temperature
is still under 3°C. In the shallow compartments, the
simulated soil temperatures are lower than the
measurements. However in lower compartments,
the simulated soil temperatures in the first half of
2013 are higher than measured data; while in the
second half of 2013, the simulated soil
temperatures are lower than measurements. Apart
from the minor defects above, the simulated and
measured soil temperatures exhibit similarly
annual sinusoidal variations, fading amplitudes
with depth and synchronous appearance of the
maximum. All in all, the result is fairly satisfactory
for the entire soil profile.

Besides that, the summary statistics in Table 1
exhibit a convincing output. R2 is greater than
0.6731, especially for the shallow compartments
where Rz is greater than 0.8825. From the top layer
downwards, RMSE experiences a decline and the
maximum is 2.9082, while ME increases from -
1.7698 to 0.6038. For the simulation under
complicated meteorological conditions in the Q-T
Plateau, Timlin et al. (2002), Banimahd and Zand-
Parsa (2013) suggested that the mean error is quite
desirable when it is under 2°C.

2.3.2 Simulation of soil moisture content

The simulated soil water contents are quite
consistent with the measured soil water contents
(Figure 5). From June to October, namely, the
warm season, the soil water content of shallow
compartments (0.05-0.75 m) is approximately 4%
higher than the measured data, while in frozen
seasons, the simulated soil water content of
shallow compartments is approximately 1% less
than what was measured. In the lower
compartments, except for the soil water content at
2 m and 2.2 m are remarkably higher in autumn,

the simulated soil water content is approximately 4%

higher than the measurements in the year round.
In the start of thawing season, the measured soil
water content is sharply increasing and then falling
slowly in the shallow compartments. The simulated
variation curve comparably flattens due to the

J. Mt. Sci. (2019) 16(2): 309-322

imperfect consideration for water draining. Apart
from these negligible discrepancies, the model can
effectively simulate the delay of peak value for soil
water content with soil depth.

As shown in Table 2, the RMSE and ME
increased with depth, while the determination
coefficient (R2) decreased. R2 of the shallow
compartments are above 0.8570, RMSE are under
4.5973, and ME ranges from -2.4512 to 0.9430.
Obviously, the difference between the simulated
value and monitoring data increases from the
shallow compartments to the lower compartments.
ME between the simulated and measured soil
water content in the thawed season is somewhat
higher, which result from the poor consideration
for frequent precipitation in summer on the Q-T
plateau. While in the lower compartments (below
0.75 m), the difference between simulated and
measured soil water content is completely different,
avoiding from the influence of dramatically varied
seasonal precipitation. This interesting
phenomenon also indicates that the rain water
cannot reach deeper compartments, especially
those deeper than 0.75 m. In summary, the

Table 1 Summary statistics of discrepancy between
simulated and measured soil temperatures

Depth Simulated Measured Re RMSE ME
(m) mean ('C) mean (C) () ()

0.05 -2.3722 -0.1084 0.9396 2.9082 -2.2639
0.15 -2.23092 -0.4693 0.9578 2.2307 -1.7698
0.25 -2.0863 -0.4827 0.9639 1.9471 -1.6036
0.35 -1.9377 -0.2230 0.9637 2.0380 -1.7148
0.75 -1.2105 -0.7815 0.8825 1.3183 -0.4291
1.5 -0.4546 -0.5956 0.8668 1.1592 0.1410
1.6 -0.3129  -0.6206 0.7918 1.3664 0.3077
1.7 -0.2223  -0.52906 0.8353 1.2998 0.3073
2 -0.1863 -0.7893 0.7060 1.3029 0.6031
2.2 -0.1722 -0.7760  0.6731 1.2374 0.6038

Table 2 Summary statistics of discrepancy between
simulated and measured soil water content

Depth Simulated Measured ,, RMSE ME
(m) mean (%) mean (%) (%) (%)

0.05 9.9905 9.1546 0.9318 2.1710 0.8358
0.15 10.1975 11.5110 0.9151 2.2318 0.8501
0.25 9.6175 8.6745 0.9089 2.2021 0.9430
0.35 9.7321 9.9730 0.9082 2.1884 0.7591
0.75 11.2215 10.9218 0.8570 2.1635 0.2997
1.5 7.8961 11.2251 0.8447 3.5547 -3.3290
1.6 8.1549 11.3922 0.8191 3.5509 -3.2374
1.7 8.2334 11.8202 0.7412 3.9271 -3.5868
2 9.4123 12.1219 0.6373 4.5973 -3.7095
2.2 9.8723 12.3235 0.5587 3.8958 -2.4512
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Figure 5 Comparison of measured and simulated daily mean soil water content at different depths.

simulation of soil water content is quite desirable.
2.3.3 Simulation of heat flux

Figure 6 shows the comparison between the
simulated and measured soil heat fluxes at depths
of 0.05 m and 0.15 m. It is clear that the simulated
soil heat flux coincided with measured data for the
entire observed period. The only deficiency of the
simulation result is that the variation in the diurnal
amplitude of the soil heat flux was comparatively
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weaker. This difference is also shown in Table 3,
the absolute mean of ME is small, whereas the
RMSE is somewhat higher. With an excellent
outcome for R2, it is concluded that the simulation
for soil heat flux is perfect. Considering the good
accuracy, the heat flux could be an important
indicator for the prediction of soil thermal state.
Using the heat flux to explore the variations of the
active layer’s thermal state under climatic change
conditions will be convincible.
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2.4 Model application

The successful validation facilitated the
application of the varied atmospheric data into the
model above. The accumulated precipitation
amount in 2013, i.e. the research period, is 318.8
mm/a. While the mean accumulated precipitation
of recent 10 years in Beiluhe area is 388 mm/a, and
the extremely high accumulated precipitation
emerged in 2011, with the accumulated
precipitation amount of 495 mm/a. The mean

Table 3 Summary statistics of discrepancy between simulated

and measured soil heat flux

Simulated Measured

accumulated precipitation amount of recent 10
years is approximately a quarter more than the
accumulated precipitation amount in 2013, the
maximum accumulated precipitation amount in
recent 10 years is approximately a half more than
the accumulated precipitation amount in 2013.
Therefore, the year-round precipitation amount
input into the predicted model were increased by
25% and 50% for 1.25P and 1.5P, respectively.
Through linear regression, the precipitation
amount has a trend to increase by 3.8 mm/a, even
the accumulated precipitation amount in
research period (2013) is almost the
minimum in recent 10 years (Figure 7). So,

Depth ) RMSE ME the accumulated precipitation amounts for
mean mean R W/m?) (W/m?) . .
M) W/mz)  (W/m2) W/m?)  (W/m 1.25P and 1.5P have potential to emerge again
0.05 0.5186 -1.0410 0.9176 5.4224 -0.8552 in long term, due to its appearance in merely
0.15  1.3738 0.5907 0.8879 4.4467  -1.6316 recent 10 years. The annual increased
precipitation amounts, with other
500 i i
B A ccumulated precipitation jcltmospherlc data Pnchangeq, were appl}ed
[ Accumulated rainfall into the model again. The reliable prediction
400 L of the permafrost active layer’s thermal state
under the effect of increasing precipitation at
_ the Q-T plateau was obtained.
£ 300
E
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Figure 7 Accumulated precipitation and accumulated rainfall

in recent 10 years.

0 1
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

conditions is very close, which means the
increased precipitation didn’t influence the
temperature much from macro perspective in
the model. As shown in Figure 8, the two
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thermal contours are very similar, and 0
the 0°C isotherms are almost identical.
So, it is required to analyze the energy
budget at land surface in order to
research whether active layer has
gained or lost energy. Then the -1
changing trend of soil thermal state in

the long run could be obtained. 15
Therefore, the analysis of soil surface

heat flux budget is especially important.

-0.5

3.2 Prediction of soil heat flux 0
under increased
precipitation
-0.5

From the comparison between
simulated and  measured soil 4
temperature, soil water content and soil
heat flux, it is found that the simulation
of the soil heat flux is the most accurate.
Apart from the moderately weaker
diurnal cycle, this model can perfectly 2
reproduce the shallow soil heat flux.
Therefore, the change in soil heat flux
is used as an indicator to detect the
subtle change of thermal state in
permafrost active layer under the
effects of increased precipitation.

As shown in Figure 9, the soil surface heat
fluxes under three precipitation patterns are drawn
with different colors, while the precipitation
amount of the three patterns was only left with the
unchanged precipitation amount for explicit
illustration. The effect of precipitation on the soil
surface heat flux varies with the season alternation,
which promotes the analysis of the effect of
increased precipitation amount on the thermal
dynamics of the active layer in a particular season.
Only in this way can we summarize the laws and
mechanisms of how changing precipitation affects
the permafrost active layer.

There is no difference in surface heat flux in
spring and autumn under different precipitation
patterns, three lines almost overlapped in Figure 9
(a) and (c), which means increased rainfall amount
does not influence soil surface heat flux obviously.
In summer and winter, however, the increa sed
precipitation amount of some precipitation events
may trigger a heat flux disturbance. These events in
Beiluhe area were summarized as: (1) extreme

-1.5

Jn
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Oct  Nov Dec

\
May Jun Jul Aug Sep Oct Nov Dec

Figure 8 Predicted isotherms. The isotherm of (a) and (b) are based
on the simulated soil temperature under the condition P and 1.5P,
respectively. (The P condition means precipitation unchanged and
1.5P condition means precipitation was increased by a half.)

precipitation events in summer, namely, heavy
rainfall or longer duration rainfall; (2) snowfall in
winter.

As shown in Figure 9 (b), the precipitation
amount on July 314, 2013 reached 19.36 mm/day,
while the rainfall capacities of 1.25P and 1.5P
reached 24.20 mm/day and 29.04 mm/day,
respectively. The soil surface heat flux showed a
positive correlation with rainfall amount: the soil
surface heat flux increased from 16.94 W/m2 (P) to
18.33 W/m2 (1.25P) and 18.51 W/m2 (1.5P),
respectively. A Soil Surface Heat Flux below zero
means that the active layer releases heat. In other
words, the influence from extreme rainfall events
in summer leads to an increase in the incoming
heat flux, caused by the infiltrated water bringing
more energy into the permafrost active layer. In
actuality, increased rainfall amount brings more
water into the permafrost active layer and deepens
the infiltration depth of rainfall water. Therefore,
the additional energy, accompanied with the
infiltrating water, warmed the active layer and
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accelerated the degradation of permafrost.

As shown in Figure 9 (d), the precipitation
amount on December 10th, 2013 was only 0.10
mm/day, so the precipitation amount of 1.25P and
1.5P were 0.13 mm and 0.150 mm, respectively,
and the soil surface heat flux decreased with
increasing rainfall amount, dropping from -13.16
W/m2 (P) to -13.61 W/m2 (1.25P) and -15.20 W/m?2
(1.5P). It is known that a negative value of soil
surface heat flux means that the active layer
releases heat outwards. The intensified
precipitation, which is snowfall in the frozen
season, decreased the soil surface heat flux, which
indicates that more snowfall made the active layer
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Figure 9 Predicted year-round variation of soil surface
heat flux in P, 1.25P and 1.5P are plotted in red, dark
yellow and olive, respectively. For brevity, only measured
daily mean precipitation (P) is plotted in magenta circle.
The specific variation of soil surface heat flux in four
seasons are amplified in (a), (b), (c¢) and (d), respectively.
SSHF is short for soil surface heat flux. Positive value
means soil releases heat into air.

release more heat outwards and promoted the
development of permafrost in the frozen season.
Snowfall in the frozen season accumulated on the
soil surface and resembled the insulating cover,
which prevented the solar energy from penetrating
into the active layer. The snow cover formed on the
soil surface reflected solar radiation and absorbed
the heat of phase changes released from the active
layer. This phenomenon provides another
simulated demonstration for the thermal insulation
effect of snow cover (Luetschg 2005; Zhang et al.
2001).

Recent studies indicate that increased
precipitation tends to occur in the thawed season,
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it means the effect from snow cover is limited,
especially in Q-T Plateau. It is widely accepted that
global warming and high radiation will intensify
the extreme precipitation (Chung and Power 2015;
Utsumi et al. 2011), therefore, the warming effect of
increased summer rainfall also deserves attention.
Overall, regardless of the small change in soil heat
flux under increased amounts of precipitation, the
wetting climate trend in the Q-T Plateau has less
influence on the thermal dynamic of the
permafrost active layer than global warming, the
thermal state responds to the changes in air
temperature, solar elevation angle and global
radiation more violently. While in the long term,
the wetting trend of climate still plays an important
role in the thermal state of permafrost active layer.

4 Discussion

Based on the comparison between simulated
and measured data, the application of the
CoupModel in this study is convincing, and the
simulated results are quite satisfactory. Using finite
atmospheric data, the hydro-thermal dynamics of
the permafrost active layer can be satisfactorily
reproduced. Previous researchers successfully
applied the CoupModel to the simulation of the
hydro-thermal state of active layers in other area of
the Q-T plateau (Hu et al. 2015; Zhou et al. 2013).
When introduced to the Beiluhe area, the selection
of specific parameters needs time to calibrate and
update. Determining more accurate soil
characteristics of each compartment and selecting
input parameters suitable for the Q-T plateau area

could significantly improve the simulation accuracy.

From these results, it is found that the
simulation results are quite satisfactory for thermal
data, especially for the soil surface heat flux. An
accurate simulation guarantees the reliability of the
prediction for the thermal state of the active layer
under increased precipitation patterns. Even
though the simulation of soil water content is fairly
poor, the precision of the simulated active layer’s
hydrological state under constantly changing
meteorological conditions at the Q-T plateau is
quite desirable (Zhang et al. 2016). Furthermore,
the simulation precision has improved compared to
previous models used in this area. The defect in the
simulated water content is also obvious: in shallow
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compartments (0.05-0.75 m), the simulated water
contents are much higher than those measured in
the thawed season and relatively smaller than the
measured in the frozen season. While in lower
compartments, the simulated water contents are
lower than the measured data overall. This
deviation may result from the improper selection of
hydraulic parameters.

Concerning the predicted results, the most
important finding deviating from former
researches is that the increased precipitation in
different seasons disturbed the ground heat flux
with different effects. It is believed that the winter
precipitation lowering the soil temperature and soil
surface heat flux through monitoring analysis (Wen
et al. 2014), and in the simulation the increased
precipitation also reduced the soil surface heat flux.
The summer rainfall is believed to lower the soil
temperature and soil surface heat flux through
monitoring analysis too (Wen et al. 2014), while in
the simulation, the increased precipitation elevated
the soil surface heat flux compared with the
unchanged precipitation pattern. In other words,
the monitoring analysis indicated that precipitation
events cool the active layer both in summer and
winter. Based on comparative analysis, the
simulated results indicated the increased
precipitation in the Q-T plateau further cools the
active layer in winter but warms it in summer.
Thus in the predicted model, inconspicuous
variation of the active layer’s thickness under
increased precipitation (Figure 8) is partly
attributed to that contradictory effect, the warming
effect in summer offsets the cooling effect in winter
to some extent.

As previous researches indicate, the climate at
the Q-T plateau trends towards more precipitation.
More importantly, the increased precipitation is
concentrated in the thawed season. To explore the
seasonal variation of precipitation on the active
layer thickness and its thermal state, we encourage
adding some working conditions to the simulation:
for example, raising precipitation amounts in the
thawed season and keep the precipitation in the
frozen season unchanged, vice or versa. Under
these circumstances, a different conclusion for
wetting trends of the climate in the Q-T plateau
area may be obtained.

However, the model was only applied to a
single point in Q-T plateau, and the measured data



were only from one year in this study. Further
studies should concentrate more heavily on using
simulations with long-term measured data from
different sites in the Q-T Plateau.

5 Conclusions

Based on the above analysis and discussion of
the simulated active layer thermal state under
increased precipitation, some conclusions are
summarized as follows:

(1) The results in this study demonstrated that
the CoupModel could accurately model the hydro-
thermal transfer process and land surface energy
balance of the active layer in permafrost regions in
the Qinghai-Tibet Plateau. With this model, the
variations of land ground heat flux and active layer
thickness under the circumstances of increased
seasonal precipitation were successfully predicted.

(2) While the variation of active layer
thickness is almost negligible, the soil surface heat
flux does change under extreme rainfall events in
summer and sparse precipitation in winter.
Furthermore, the effects of these precipitation
events differ distinctively in different seasons.
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