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Abstract

Understanding the transport processes of soil moisture and heat is critical for vegetation restoration in karst rocky desertification
areas where serious soil erosion and extensive exposure of carbonate rocks occur. Numerical simulation can provide an important
approach to explore the transport processes of soil moisture and heat, but few studies employing this technique have been carried
out in karst rocky desertification areas of southwest China. In this study, a model of coupled soil moisture and heat transport was
established using HYDRUS-1D based on the high-resolution data of soil moisture, soil temperature, and meteorological param-
eters obtained throughout a year in a typical karst rocky desertification area in Yunnan province, southwest China. The modeling
results reflect the rainfall-infiltration-evaporation processes in rocky desertification areas well. The frequently rainfall events in
small intensity in the study site often induced great variations of soil moisture in the near-surface soil layer (< 1-cm depth).
However, soil moisture in deep soil layer (> 10-cm depth) kept stable during light rainfall events, implying that the deep soil was
only influenced by heavy rainfall events. The variations of soil temperature showed a high sinusoidal fitting trend. At the annual
scale, variations of soil temperature were distinct apparent evident below the depth of 40 cm, but no evident daily variations were
observed. The simulated fluxes of soil water showed that the vapor fluxes were lower than the liquid water fluxes by 3—6 orders of
magnitude, suggesting the control of soil thermal gradients. Our results also indicate that the vapor flux has great significance for
plant water utilization in the drought periods. The simulation errors are small for soil temperature but slightly more significant for
the soil moisture in deep soil layer. This primary failure may result from the occurrence of preferential flows at the rock-soil
interface, which needed to be further investigated in the future.

Keywords Karst rocky desertification area - In situ monitoring - Soil moisture - Soil temperature - Numerical simulation

Introduction

Soil moisture and temperature coupling are an important sub-
ject in hydrology, agricultural science, and ecological research
as they are critical factors affecting material and energy trans-
port in a soil-plant-air system (SPAC) (Philip 1966; Hall and
Kaufmann 1975; Federer 1979; Passioura 1982; Seneviratne
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etal. 2010; Mahdavi et al. 2017). Areas with the occurrence of
karst rocky desertification are characterized by soil disconti-
nuity, high bedrock exposure rate, and serious soil erosion
(Wang et al. 2004; Dai et al. 2017). Soil moisture and temper-
ature are good indicators for soil degradation in the rocky
desertification process and also are the limiting factors for
agricultural development and ecological restoration. The slow
formation of soil, shallow soil depths, and loose soil nature are
the important reason for the low soil-loss tolerance and high
soil erosion in the karst area (Jiang et al. 2014). Different from
the soil and water loss in non-karst areas, which is mainly
caused by slope loss, the process of soil and water loss in karst
areas is very complicated. Sediment not only enters the flow
system through surface runoff in the course of rainfall but also
carries sediment into underground pipes and rivers through
fall-water holes, shafts, and funnels (Bai et al. 2013; Jiang
et al. 2014). So, water and energy transport along soil profiles
are complicated in karst regions. Therefore, it is essential to
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conduct more investigations into soil moisture and tempera-
ture in rocky desertification areas (Chen et al. 2010). Previous
studies have revealed that strong temporal and spatial variabil-
ity of soil moisture and temperature often occurred in karst
areas (Western and Bloschl 1999; Qiu et al. 2001; Western
et al. 2004; Chen et al. 2010; Zhang et al. 2011; Vereecken
et al. 2014; Yang et al. 2019) and there are preferential flows
existing at rock-soil interface (Wilcox et al. 1988; Sohrt et al.
2014; Zhao et al. 2018). However, researches on the processes
and mechanism of soil water infiltration and energy transfers
in the karst rock desertification area are still limited.

Commonly, in situ monitoring, physical modeling, and re-
mote sensing are the primary techniques used to investigate
soil moisture and temperature. The remote sensing has an
advantage in obtaining data over a large area fast, but it just
collects data of the surface moisture and temperature of the
soil, limiting the vertical resolution of data (Kostov and
Jackson 1993; Jackson et al. 1996; Zhang and Zhou 2016;
Zhuo and Han 2016; Luo et al. 2019). However, the distribu-
tion of soil moisture and temperature along a soil profile is
significant for microbial activity, ecological processes, and
agricultural water supply (Dunn et al. 1985; Davidson et al.
1998; Zhang et al. 2009; Li et al. 2017; Smith et al. 2018).
Traditionally, manual instruments were used to monitor the
soil profile. Along with the time development, geophysical
techniques such as ground-penetrating radar (GPR), electrical
resistivity tomography (ERT), and wireless sensor network
have been increasingly employed (Cardelloliver et al. 2005;
Vereecken et al. 2014; Guo et al. 2015; Watlet et al. 2018).
Guo et al. (2015) applied the time-lapse ground-penetrating
radar to study the subsurface lateral preferential flow (LPF)
and its dynamic characteristics. The long-term ERT moni-
toring of the water infiltration and recharge in the karst
vadose zone was carried out by Watlet et al. (2018). The
in situ method can accurately estimate soil moisture and
temperature throughout the profile, but the monitoring data
need to be combined with theoretical models for further
analysis. There are numerous models for simulating water
and heat transport in the vadose zone, such as the WAVE
and CTSPAC models for agricultural engineering, the
VS2D, SUTRA, and HYDURS models for solving hydro-
logical issues, the PORFLOW, FEMWATER, and
2DFATMIC models for environmental problems, and the
TOPOG Dynamic and WAVES models for ecological
problems (Jianfeng et al. 2005). Different models should
be applied to a specified research field. The HYDRUS-1D
is a finite element numerical simulation software package
that can simulate soil water, heat, multiple solute transport,
root water uptake, and CO, release process in variably
saturated porous media (Simunek et al. 2005; Saito et al.
2006; Siminek et al. 2016). Yet, it has been rarely used to
simulate the coupled soil moisture and heat transport in the
karst rocky desertification regions.

Yunnan province is one of the most vulnerable rocky de-
sertification areas in southwest China, with the extent of rocky
karst desertification about 2.35 x 10* km®. Many projects on
rocky desertification treatment, for example, the countermea-
sures used to prevent soil and water erosion, were carried out
here (Li et al. 2016; Qiang et al. 2017). Therefore, understand-
ing the transport processes of soil moisture and temperature is
critical for ecological restoration in karst rocky desertification
areas. In this study, a CR800 wireless weather station and soil
moisture and temperature sensors have been installed along
the soil profile in a typical karst rocky desertification area in
Yunnan province. Based on the monitoring data, numerical
simulation of coupled water and heat transport was performed
using the HYDRUS-1D to estimate the water and heat flux in
the soil profile. This study will contribute to a deep under-
standing of the ecological and hydrological process in the
karst rocky desertification areas, and provide a guide for the
rocky desertification treatment and ecological restoration.

Materials and methods
Study area

The Nandong Underground River System (NURS) is located
in southeastern of Yunnan Province, China (Fig. 1a). The
topography in the NURS area is mainly composed of a karst
mountain and basin system, with the low karst basin
surrounded by mountainous karst area (Fig. 1b). The altitude
sharply decreases from the mountainous karst area (mean al-
titude of 2200 m a.s.l.) to the basin (mean altitude of 1250 m
a.s.l.) within an east-west lateral distance of about 2 km (Li
et al. 2020). This area is mainly underlain by rocks of the
Triassic Gejiu formation (T2g), which consists of thick lime-
stone and dolomite units. Carbonate rocks cover about 950
kmz, or 58.7% of the total area, and limestone and dolomite
each comprise approximately 50% of the carbonate rocks
(Jiang 2011). There are some karst springs or underground
river on the margin of the basin. The mountainous karst area
with altitude of about 2200 m (Fig. 1b) is an ancient planation
surface with wide outcrops of middle Triassic carbonate rock
(Gejiu formation). There are five land use types in the NURS:
forested land, grassland, cultivated land, water bodies, and
construction land (towns and other urbanized areas). In
2010, the percentages of land use for each type were 50%
cultivated land, 13.4% forested land, 30.43% grassland,
2.45% construction land, and 2.62% water bodies (Li et al.
2020). Sinkholes are ubiquitous and located in the bottom of
the depressions in the mountainous karst area, approximately
30 sinkholes per square kilometer. In the mountainous karst
area, soil erosion and water leakage are serious ecological
environment issues, resulting in severe karst rocky desertifi-
cation and water shortage.
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Fig. 1 a Location of the study area, b DEM image of the Nandong Underground River Basin, ¢ bird view of the study site, d monitoring sensors

embedded along the soil profile, and e, f soil profile depictions

This region has a subtropical monsoon climate with obvi-
ous dry and wet seasons. The average annual rainfall is
831 mm and the mean air temperature is 19.5 °C, and most
rainfall occurs during July—October (Jiang 2011). Under the
influence of graben basin topography, the vertical variation of
meteorological parameters in NURS is obvious. Annual rain-
fall is the highest on the mountainous karst area (1027.4 mm),
followed by the basin (662.6 mm), and the lowest on the
transitional hillslope (574.4 mm). The topographic relief
makes the annual variation coefficient of rainfall in the basin
reached 152.36%, which is much larger than the hillside
(113.81%) and the mountain (99.36%), and amplifies the
change of “dry and wet” in the vertical direction. In addition,
in mountainous areas of karst graben basins, light rainfall
event with short occurrence takes a big proportion in annual
precipitation (Li et al. 2019). The aridity index shows that the
basin is the highest (1.74), the transitional hillslope is the
second (1.70), and the mountain area is the lowest (0.88)
(Wang et al. 2019).

For understanding the variations of soil moisture and tem-
perature, this study established an in sifu monitoring station in
the mountainous karst area, which is located in an apple or-
chard near Xibeile village (103° 27’ 14.19", 23° 26' 57.22";
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Fig. 1c). The exposure rate of carbonate rock in this apple
orchard reaches up to 45-65%.

Filed monitoring

The CR800 wireless weather station (Campbell Company,
USA) was installed in the study site. The 5TM soil moisture
and temperature sensor (Decagon Company) were connected
to the data collector in the weather station. According to the
actual soil structure in the site, we installed the sensors at the
depth of 10 cm, 40 cm, and 80 cm (Fig. 1d). Precipitation,
atmospheric pressure, atmospheric vapor pressure, air temper-
ature, air humidity, solar radiation, wind speed, wind direc-
tion, soil water content, and soil temperature were automati-
cally logged by the weather station at a time interval of 30
min. Because it is possible that the natural structure of soil has
been disturbed when embedding the sensors, we only use the
data collected after 2 months when the sensors were installed.
A 365-day time series data from 01/01/2017 to 31/12/2017
were processed in this study. In order to analyze the data
conveniently, this study used the daily cumulative values of
precipitation and solar radiation. The other meteorological
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Table 1 Physical properties of soil samples
Sample number Silt (%, 2-50 pm) Clay (%, <2 um) Sand (%, 50-2000 pm) p(gem™) 0 (cm® cm ™)
Mean Mean Mean Mean Mean

P1 48.4 39.2 12.4 1.15 30.8

P2 46.9 36.3 16.8 1.20 345

P3 50.5 39.1 10.4 1.00 26.3

P4 56.6 25.6 17.8 1.35 40.6

P5 54.7 28.6 16.7 1.32 30.8

P6 46.5 42.8 10.7 1.35 22.6

P7 42.7 424 14.9 1.32 20.4

data, such as air temperature and air humidity, were processed
using average daily value.

Well-preserved soil profiles with grass cover are sam-
pled near the weather station on August 20, 2017 (Fig. 1c).
The soil profile stratification is obvious (Fig. le). The up-
per layer (020 cm) is an eluvial horizon with higher or-
ganic matter content and loose soil texture. In the eluvial
horizon (0-20 cm), a composite sample was taken for ev-
ery 5 cm (Fig. 1f, P1 0-5 cm, P2 5-10 cm, P3 10-15 cm,
P4 15-20 cm). The lower layer (20-80 cm) is a sediment
horizon with stronger viscosity. In the sediment horizon
(20-80 cm), a composite sample was taken for every
20 cm (Fig. 1f, P5 20-40 cm, P6 40-60 cm, P7 60-80
cm). The physical properties of these soil samples, such
as the composition of grain size (silt, clay, and sand), bulk
density (p), and natural moisture (f, soil moisture is
expressed by soil volumetric water content in this study),
were tested at the Environmental and Geochemical
Analysis Laboratory of the Institute of Karst Geology,
Chinese Academy of Geological Sciences. The basic phys-
ical properties of soil samples are listed in Table 1.
According to the UNSODA database chart (Nemes et al.
2001), the soil textures are plotted in Fig. 2, which shows
that the soil textures of the samples are mainly silty clay
loam and silty clay.

Filed data analyses
Evapotranspiration calculation

There are numerous methods to calculate potential evapo-
transpiration (E7,) (Xu and Singh 2001). This study
chooses the Penman-Monteith equation which is recom-
mended by the Food and Agriculture Organization of the
United Nations (FAO). The Penman-Monteith equation is
often adopted when dealing with long-term monitoring and
meteorological data based on the energy balance and water
vapor diffusion theory (Monteith 1981; Valipour et al.
2017). The equation uses assumed plant type and geo-
graphical coordinates of the monitoring site, combined

with radiation and aerodynamic conditions, to deduce high
accuracy results. It is expressed as
900
0.408A(R,—G ————U>(es—e
(Ra=G) + B 7zta(esea) 0
A+ ﬂ(l + 0.34U2)

where ET), is the reference evapotranspiration (mm
day "), A is the slope vapor pressure curve (kPa °C™"), R,
is the net radiation at the crop surface (MJ m ~ day '), G is
the soil heat flux density (MJ m 2 day '), T is the mean
daily air temperature at 2-m height (°C), u, is the wind
speed at 2-m height (m s '), e, is the saturation vapor
pressure (kPa), e, is the actual vapor pressure (kPa), 0 is
the psychrometric constant (kPa °C™'). In most cases, the
estimation of G is minimal compared to R, and thus can be
ignored. We used the ETq software (Raes and Munoz
2009) to calculate ET,,. The input parameters of ETy are
meteorological data which can be directly obtained from
the weather station.
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Fig. 2 Soil textures of samples in the UNSOAD database triangular chart
(Nemes et al. 2001)
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Soil temperature fitting

Commonly, shallow soil heat is derived from solar radiation.
Autobiography and revolution of the Earth cause changes in
solar radiation intensity at diurnal to annual time scales, there-
by inducing the sinusoidal cycle for soil temperature and air
temperature in the time series (Parton and Logan 1981; Kang
et al. 2000). Bhumralkar (1975) assumed that air temperature
and surface soil temperature obey sinusoidal periodic distri-
bution. The formula can be expressed as

Ts(t) = T+ ATysin(wt + ¢) 2)

where T is the average temperature (°C), ATy is the tem-
perature amplitude (°C), w is the frequency of oscillation
expressed as w = 27/p, and p represents the period of the wave.
@ is the phase of the wave. Assuming that the soil is homog-
enous and heat flow is only in the vertical direction, the heat
conduction equation can be solved with method of separation
of variables, The soil temperature along the profile can be
expressed with an analytical formula:

Ts(z,t) = T+ AToe #/sin(wt-z/d)] (3)

where d = (2Ncw)" is the depth where the soil temperature
amplitude is closed to zero. The value of d in the mid-latitude
area often exceeds 15 m. In this study, the temperature was
measured within 1 m in the filed site; this depth of the soil can
also be regarded as surface soil of the ground. The term ¢ 7/~ 1.
Therefore, it is better to fit the soil temperature using Eq. [2]

Soil water and heat transport simulation model
Governing equations

Water and heat transport in soil is a quite complex process,
and in most cases, they are coupled with vapor flow and ther-
mal effects. In the arid and semiarid regions, the thermal vapor
flux may dominate in the total water flux (Scanlon et al. 2003;
Simtnek et al. 2012). Thus, the water movement in the soil
should involve the isothermal liquid flow, isothermal vapor
flow, gravitational liquid flow, thermal liquid flow, and ther-
mal vapor flow. This study neglects the water uptake by roots
due to the low vegetation coverage around the monitoring site.
The modified mass balance Richards equation for a vertical
profile can be expressed as

091(h 0 oh 0
gf‘ ) =2 (Kih + Kun) P + (KLt + Kor) 61 (4)

where 07 is the total volumetric water content (m*> m>), 4 is
the water pressure head in the vadose zone (m), 7 is the soil
temperature (°C), K;, (ms '), and K, (m s 1) are isothermal
hydraulic conductivities for liquid and vapor respectively, K; 7
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(m*> K 's Y and K,7 (m® K ! s7!) are thermal conductivities
for liquid and vapor under thermal gradients. The variables of
K; 7, K., and K7 can be defined as

1 d
Kir(T) = Kin(h) <hGWT’YOd;/—> s Kvn
D, Mg D, dpys
pu R, T, T o

where G,,r is the grain factor (unitless), v is the surface
tension of soil water (J m ), 7o is the surface tension at 25
°C(=71.89 gs 2),~ycan be expressed as y=75.6 — 0.1425 T—
2.387%/10% (~visin g s % and T is in °C. D, is the vapor
diffusivity in soil (m* s '), p,, is the saturated vapor density
(kg m *), M is the molecular weight of water (M =
0.018015 kg mol '), g is the gravitational acceleration (=
9.81 m*s '), R, is the universal gas constant (R, = 8.314 ]
mol ' K, 7 1s the enhancement factor (unitless), and H, is
the relative humidity (unitless). Some details about variables’
definition can be found in the previous studies (Cass et al.
1984; Nimmo and Miller 1986).

Soil heat convection-dispersion equation in the vertical
profile was described in Nassar and Horton (1992) and Saito
(20006):

oT a0y

Cp(e)ﬁ + LOE

N oT\ . oT _ oq,T , aq,
_E<A(9)5_D Cuagg Oy by

In the equation, the first term on the right side is defined as
the conduction of sensible heat by Fourier’s law, and the sec-
ond term is the convection of sensible heat by liquid flow, the
third term is the convection of water vapor, and the fourth term
is the convection of latent heat by vapor flow. In terms of
variables, C,(0), C,,, and C, are volumetric heat capacities of
the porous media, liquid phase, and vapor phase (J m >°C "),
respectively. T is the soil temperature (°C), L, is the volumet-
ric latent heat of vaporization of liquid phase (J m ), and 6, is
the volumetric vapor content (m® m™?), M) is the apparent
thermal conductivity of soil J m ' s '°C™"). ¢ and g, are flux
density of liquid water and water vapor (m s '), respectively.
The g, can be expressed as

oh oT
qy = R (E + 1>_KVT§ (7)

The variables in this equation are the same as Eq. [4].

Initial and boundary conditions

After the establishment of soil water and heat transport model
based on filed conditions along the vertical profile, the
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HYDRUS-1D package software was used to solve the
governing equations in finite element method for spatial
discretization and finite difference for temporal discretization
(Simunek et al. 2005; Saito et al. 2006). The total length of the
profile is 100 cm, and at the surface z =0 m and z = 100 cm at
the bottom. The profile was discrete into 100 grids with a
constant nodal space of 1 cm. The soil textures at the depth
of 0—15 cm are silty loam, and 15-100 cm are silty clay. The
initial conditions in the model mainly include soil water con-
tent and soil temperature, and they can be given as

9(2, t) = 90(2),
T(z,1) = To(2),

t=0,z=z (8)
t=0,z=2z 9)

where 6, is the initial soil volumetric water content (m>
m ) and 7y, is the initial soil temperature (°C). The z is the
depth of the observation point (z;=10 cm, z,=40 cm, z3=80
cm). Because the initial conditions of soil moisture and tem-
perature have some impacts on soil water movement, the mea-
sured data on the first day was used and interpolated linearly
into the soil profile. The initial soil moisture and temperature
are shown in Fig. 3.

The terms of sources and sinks in the model are precipita-
tion, potential evapotranspiration, and deep drainage. The po-
tential evapotranspiration was calculated by the Penman-
Monteith formula. We neglected the root water uptake, be-
cause there are weeds around the monitoring site, and the
weed roots are shallow in the soil. The soil-air interface was
considered as an atmospheric boundary with surface runoft.

z=0, §7=11.12

temperature

z=10 cm 13.4
ST=11.39 13.2

z=10cm
6=0.184

z=40 cm
$T=11.81

40 - Z40cm
8=0.708

80 80
100 100 $T=1348

Fig. 3 Initial conditions of soil water content and soil temperature on the
profile

The bottom of the profile was considered as a free drainage
boundary. The surface boundary can be given as

oh

K== qO(t)v

> —
- >0,z =0 (10)

where ¢ is the soil surface flux including infiltration and
evapotranspiration. Assuming that the free drainage boundary
at the bottom has a zero gradient of water head pressure, then
it can be given as

oh(z,t)

— > =L 11
p 0, =0,z (11)

In terms of temperature boundary, the heat flux boundary
can be applied to the surface, but it is too complex and needs
many parameters, so we take the measured soil temperature at
z=10 cm (Dirichlet type) as the surface boundary. The bottom
was considered as a thermal zero gradient (Neuman type)
boundary which can be expressed as
oT(z,t)

S0, =0,

o z=1L (12)

Model parameterization

The model parameters mainly include soil hydraulic, heat
conductive properties, and numerical solution parameters.
The soil water retention curve (WRC) plays a critical crucial
role in soil water and solution transport. The most widely used
empirical models for describing WRC are Gardner, Brooks-
Corey (BC), and van Genuchten (VG) model. The VG model
belongs to the pedotransfer function method, based on semi-
empirical theory, and has been applied to a wide range of soil
textures (Mualem 1976; Van Genuchten 1980). This study
uses the van Genuchten-Malem (VGM) model to predict the
hydraulic parameters. The input data for the VGM model are
soil particle grading and soil density. This study selected the
RETC code as an efficient tool. The equation of the VGM
model can be expressed as

0s—6,

o(h) = [1+ |ah|"]" <0 (13)
5 h>0

K(h) = Kssg[l—(l—s‘e/m)mr (14)

where (h) is the volumetric water content (m®> m >) and &
is the water pressure head (m). 6, and 6, are saturated and
residual water content (m> m™>), respectively. « (m™h), n
(unitless), and m (m =1 — 1/n) are empirical parameters. K(h)
and K; are unsaturated and saturated hydraulic conductivity
(m s~ ") respectively, S’ is the adequate saturation (unitless),
and / is the pore-connectivity parameter given a value of 0.5
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usually. Previous studies have shown that the » and « are the
most sensitive parameters in the VG model while 6, is insen-
sitive to the WRC (Younes et al. 2013).

The soil heat capacity and thermal conductivity are key
parameters in the heat transport equation. The soil heat capac-
ity C(f) can be expressed as

C(0) = Cnbp + Collo + Cuby + Cylly (15)
~(1.920, +2.510, + 4.186) x 10°

where 6 is volumetric friction (m® m ™), C'is the volumetric
heat capacity (J m > °C ™), the subscripts 7, 0, w, and g rep-
resent solid phase, organic matter, gas phase, and liquid phase
respectively. The apparent thermal conductivity A(6) com-
bines the thermal conductivity Ao(#) of the porous media in
the absence of flow and the macro-dispersivity (Saito et al.
2006; Simtinek et al. 2012). A(#) can be expressed as

A() = Xo(0) + B7Cwla.| (16)

where (7 is the thermal dispersivity (m), C,, is the volumet-
ric heat capacity for the liquid phase J m > °C "), and ¢, is the
flux density of liquid water (m s '). In this study, the Chung
and Horton (1987) equation was used to describe the thermal
dispersivity (Chung and Horton 1987):

Xo(8) = by + by6 + b36°° (17)

where by, b,, and b; are empirical parameters (W m!
OCfl). In most cases, the thermal dispersion effect can be
neglected for little liquid water flux, and only \y(f) will be
considered. So the key parameters in the heat transport process
are by, b,, and b3, and they have been given by Chung and
Horton (1987) for three texture soils (i.e., clay, loam, and
sand) (Chung and Horton 1987). Other parameters like C,,
c,, C,,0,,0,, and B7, we can use literature values from pre-
vious studies (Chung and Horton 1987; Saito et al. 2006;
Wang et al. 2013). In this study, the centimeter (cm) for length
and day for time unit was used in HYDRU-1D, so other pa-
rameters should keep consistent. The parameters for the water
and heat transport model are summarized in Table 2.

Table 2 Main parameters for the numerical simulation model

Results and discussion
Precipitation and evapotranspiration

MATLAB was used to process the recorded precipitation data
to obtain the distribution of rainfall time interval, rainfall du-
ration, rainfall amount, and rainfall density. The rainfall after
2 h without the recording of data would be judged as a new
rainfall event. The 1-year precipitation data were analyzed
with the statistical approach. The statistical data for rainfall
attributes are shown in Fig. 4 and Table 3. The annual cumu-
lative precipitation is 1027.2 mm, and precipitation concen-
trates on a period from June to August when the total precip-
itation is 624.0 mm (60.7% of 1 year). Total 381 rainfall
events, with the highest single rainfall event of 45.4 mm and
the highest rainfall intensity of 9.52 mm/h, were recognized.
The biggest time-interval between two different rainfall events
is 289.5 h. The frequency of rainfall duration showed that
duration of 0.5-1.5 h accounted for 64.6% with 246 times.
The frequency of 0.2-2.2 mm rainfall amount and 0.2-0.6
mm/h rainfall intensity is 289 times and 255 times, which
accounted for 75.9% and 66.9%, respectively. These rainfalls
are frequent, short, and have low intensity in the mountainous
karst area. This is one of the reasons why the surface soil
moisture fluctuates rapidly but the deep soil can hardly get
water recharged from the rains.

Although the precipitation has an intense temporal variabil-
ity, the potential evapotranspiration has a fairly uniform dis-
tribution throughout the whole year (Fig. 5). The annual cu-
mulative potential evapotranspiration is 901.4 mm and has
little difference in all seasons (Fig. 6). In general, the charac-
teristics of precipitation and evapotranspiration in the moun-
tainous karst area determine the soil moisture variability com-
bined with soil texture classes. Due to the impacts of small
rainfall events, most of the precipitation reaches the surface
soil layer and increases the surface soil moisture. Thus, the
rainwater infiltration depth is limited. The deeper soil can only
get rainwater supply in the concentrated rainfall period (July—
August).

VGM parameters Value Value Chuang-Horton Value Value Additional Value
(silty loam) (silty clay) parameters (silty loam) (silty clay) parameters

6, (cm® cm ) 0.51 0.44 6, (cm® cm™) 0.57 0.62 C,dm>°C" 14

6, (cm® cm ™) 0.09 0.078 6, (cm® cm™) 0.01 0 C,(Jm>°Ch 19
a(em Y 0.0105 0.0063 Br (cm) 5 7 C,(Im?3°Ch 3.1

n 1.46 1.56 by (kg cm day > °C™") 1.6 x10'° -13x10'° 18tePmax (days) 1

l 0.5 0.5 b, (kg cm day > °C 1) 2.5x%10'° -6.2x10'° 18tePmin (days) 1E-5
K, (cm/day) 39.5 14.6 by (kg cm day > °C") 9.9x10' 1.6 x 10V Tomax (days) 365
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Fig. 4 Statistical histogram of rainfall interval, rainfall duration, rainfall amount, and rainfall intensity

Table 3 Distribution statistics for

rainfall attribute Variables Min  Max Main range ~ Frequency within the main range ~ Percentage
Rainfall interval (h) 2 2895  2-12 214 56.2
Rainfall duration (h) 0.5 24.0 0.5-1.5 246 64.6
Precipitation (mm) 0.2 45.4 0.2-2.2 289 75.9
Rainfall density (mm/h) 0.4 9.52 0.4-0.6 255 66.9

Soil temperature fitting results

The soil temperatures at different depths were fitted by sinu-
soidal curves (Fig. 7). From the fitting results, we found that
(1) temperature and soil temperature at a depth of 10 cm
showed the same trend but slightly lagged (Fig. 7a). This trend
implies that the surface soil temperature was mainly affected
by the air temperature. But the soil temperature at depth of
40 cm and 80 cm almost shows no fluctuation and present
nearly a straight line, which indicates that they are hardly
affected by the temperature difference between day and night.
The dynamic regulation of soil temperature at different depths
are in accord with previous studies which were revealed that
the soil temperature would present an exponential decay along
the profile, and the amplitude of the variation of soil temper-
ature in a day is inconspicuous when the depth exceeds 30—60
cm and thus only clear annual amplitude of variation can be
observed (Carson 1963; Jaynes 1990; Shao et al. 1998); (2) at
the aspect of annual variation, soil temperature increases with
depth in both 0-39 days and 253-365 days, while in other
periods, it decreases with depth (Fig. 7b).

The fitting parameters are listed in Table 4. The determi-
nation coefficient (R*) reflects the accuracy of curve fitting.
The R? has a low value of 0.34 for soil temperature at 80 cm,

which implies that the deeper soil has experienced subtle in-
fluence from the air temperature and weak sinusoidal trend.
For daily average soil temperature throughout the year, the R*
increase with depth, which can also indicate the deep soil
temperature is relatively stable and has subtlety influenced
by the variable air temperature but may be influenced by cli-
mate change throughout the year. All soil temperature dynam-
ic regulations are related to the Earth’s rotation and revolution.

Numerical simulation results and model evaluation

The comparison of simulated and measured soil water content
is shown in Figs. 8 and 9. The soil moisture simulation results
match the measured values greatly at the depth of 10 cm,
while the difference is larger at 40 cm and 80 cm. Soil tem-
perature shows highly consistent at all three depths of 10 cm,
40 cm, and 80 cm. The soil moisture simulation accuracy
cannot be improved effectively in this study, as the soil mois-
ture has many influencing factors, such as precipitation,
evapotranspiration, soil textures, and the dominant channel
for infiltration between soil and rock. In the karst desertifica-
tion areas, the preferential flow at the interface between soil
and rock may contribute a lot to the deeper soil moisture (Li
et al. 2014; Sohrt et al. 2014; Jarvis et al. 2016; Zhao et al.
2018). We still need more evidence to verify this conclusion.

o= W Precipitation
2 % == Potential evapotranspiration
o ~
S E
g E
3=
o c
=3
8§
0 30 60 90 120 150 180 210 240 270 300 330 360
Time (day)
Fig. 5 Variations of precipitation and potential evapotranspiration within 1 year

@ Springer



4724 Environ Sci Pollut Res (2021) 28:4716-4730

300 —

[ Precipitation

[ Potential evapotranspiration
250 —

200 —
150 —

ETp (mm)

100 —

g1 1 [ [ P

1

Precipitation (mm)

2

Month
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Automatic steps were adopted in the model, and the print- The value of NSE, RMSE, and RRMSE are listed in
out times were set to 1 day in order to compare with the = Table 5. In the table, the value of NSE for SWC are 0.73
measured data. Here, we use the Nash-Sutcliffe efficiency  and — 0.04 at the depth of 10 cm and 80 cm respectively,
(NSE) coefficient, root-mean-square error (RMSE), and rela- which implies the reliable simulation results, but the NSE
tive root mean square error (RRMSE) to evaluate the model ~ value is — 1.78 at 40 cm, which means a slightly big error

and simulation error. They can be expressed as for simulation results. All NSE values for ST are close to 1,
N which means high precision for S7 simulation results. We can
S (M~C))? conclude from the RMSE and RRMSE that the model perfor-
NSE = 1- =1 RMSE mance can be accepted within the normal error tolerance be-
g <C’_E>2 7 cause the value of RRMSE is within 20% for all depth of
i1 SWC and ST. After all, the HYDRUS-1D model established
in this study can be used to understand the process of soil
g ( MI_CI)2 /N water and heat transport on the soil profile.
— |3 (M—C?/N, RMsE =V
i=1 Cmaxfcmin

Water flux and vapor transport on the soil profile

where N is the number of measured data, A, is the simulated

value, C; is the measured average daily value. Cy,.x and Cpyi, An important function of the model is to provide flux and
are the maximum and minimum of C; respectively. The value  velocities at some observation points. The daily average
of NSE varies from — oo to 1, and indicates that the model is  fluxes of liquid water at different depths in the whole year
highly accurate when the NSE is between 0 and 1. The model ~ are shown in Fig. 10, as well as the volume of water storage
will be unreliable if NSE is much less than 0. NSE is not  in the model. The actual surface flux seems the same as the
suitable for judging the quality of the model alone (Willmott  flux at z = 10 cm, and the flux decreases intensely with depth.
1981, 1982), so RMSE and RRMSE were used as a reference. We can deduct from the curves that the deeper soil can only
The model is reliable when RMSE and RRMSE are closedto  get water recharged when the rains are heavy and concentrate
zero. when RRMSE < 10% the model performance can be  in a short period (from June to August). The fluxes at the

evaluated as “excellent,” 10% < RRMSE < 20% as “good,”  observation points are the combined results of model input
20% < RRMSE < 30% as “acceptable,” and 30% < RRMSE  (rainfall) and output (surface evapotranspiration, bottom leak-
will be evaluated as “poor.” age) (Sala et al. 1992). The summation of the volume of water
22 ; “  Air temperature === air temperature fitted s i @ ST-10cm measured === ST-10cm fitted
o ST-10cm measured === ST-10cm fitted O ST-40cm measured === ST-40cm fitted

71 o ST-40cm measured === ST-40cm fitted 0 0 g 304 4 ST-80cm measured === ST-80cm fitted it -253
1 12
i

20 4 & ST-80cm measured === ST-80cm fitted o
18 °
BN
~:

Temperature (°C)
Temperature (°C)

10 —— T T T T T T T T T T T 1 0 \ \ \ \ \ \
0 4 8 12 16 20 24 0 60 120 180 240 300 360
Time (hour) Time (day)
Fig. 7 Empirical formula fitting of air temperature and soil temperature at different depths. a Daily fitting with average hourly data, b annually fitting
with average daily data
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Table 4  Air temperature and soil temperature fitting parameter and determination coefficients
T AT, w © R?
Average hourly temperature in a day
Air temperature 13.73 2.480 0.2918 -2.83 0.95
T1oem 17.39 2.807 0.2815 -3.31 0.93
T40em 16.96 0.120 0.2578 0.31 0.99
T80cm 17.37 0.002 0.2513 1.83 0.34
Average daily temperature in a year
T'oem 17.39 5.52 0.0162 - 1.51 0.76
Tsocm 16.96 4.74 0.0162 - 1.70 0.88
T80em 17.37 4.01 0.0162 - 1.87 0.93

storage in the model varied with time and reached the summit
point during periods of concentrated rainfall.

The cumulative water flux was calculated with temporal
water flux (Fig. 11). The precipitation and infiltration are as-
sumed to be the positive scalar, and other variables are vector
(positive when migrating upwards such as the actual evapora-
tion and negative when migrate downwards such as flux). The
surface runoff of the model turns out to be zero for the small
rains; therefore, the cumulative precipitation equals to the cu-
mulative infiltration throughout the whole year, which implies
that all precipitation has infiltrated into the soil. This phenom-
enon may result from two reasons: (1) The HYDRUS numer-
ical simulation has certain errors. We can observe a relatively
large simulation error compared with measured data from 40-
and 80-cm depth soil in Fig. 8. The measured data show some
individual peak value. However, it is difficult to deal with
such sudden changes in numerical simulation. From the soil

SWC simulated-10cm

0 SWC measured-10cm

Soil volumetric
water content (%)
Soil volumetric
water content (%)
3
]

SWC simulated-40cm
0 SWC measured-40cm

10_&_,;}%-

moisture simulation results at 80-cm depth (Fig. 8), an in-
crease can be seen at the time of 120 days, and the curve
fluctuates at a higher level, then decreases to normal level at
the time of 270 days. During this period, the soil moisture is
quite higher than the actual amount, resulting in more water
storage in soil. (2) The accumulation of rainfall and average
soil moisture in 1 day through a year were used in the numer-
ical method, which may neglect some details. The amount of
daily rainfall seems large during 160 and 255 days (Fig. 5),
but the rainfall may be a summation of multiple rain events on
that day. These amounts of rainfall can totally infiltrate into
the soil and drain from the bottom boundary of the HYDRUS
model and generate no surface runoff.

The results show that the sum of the actual evaporation is
587.2 mm in the year, which is far less than the potential
evapotranspiration (ET,) with a value of 901.4 mm. The cu-
mulative water fluxes at observation points are presented in
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Compared to the simulated results of soil volumetric water content with the measured data at different depths
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Fig. 9 Compared the simulated results of soil temperature with the measured data at different depths
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Table 5
temperature in the table)

The parameters of NSE, RMSE, and RRMSE for the model evaluation (SWC represent the soil water content, ST represent the soil

SWC NSE RMSE RRMSE Performance ST NSE RMSE RRMSE Performance
010cm 0.73 0.0119 0.105 Excellent ST 0em 0.99 0.32 0.016 Excellent
O40cm - 1.78 0.0204 0.161 Good ST40em 0.98 0.43 0.033 Excellent
O30cm —0.04 0.0377 0.132 Good STs0em 0.99 0.27 0.027 Excellent

Fig. 11b. It can be noticed that the fluxes are close to zero in
the first 150 days, then increase sharply during 150 and 250
days, and eventually tend to be stable after 250 days. The main
span for soil water storage is during the days from 150 to 250.

The liquid water and vapor flux along the profile at speci-
fied times were visualized in Figs. 12 and 13. The flux is a
vector that is positive when water or vapor flows upwards, and
vice versa. The liquid water flux is 3—6 orders of magnitude
larger than vapor flux. In the theory of soil water heat transfer,
Philip and Devries (1957) applied the thermal dynamic equi-
librium hypothesis to the process of soil vapor transport and
supposed that the soil water vaporizes at one end of the soil
pores and condenses at the other end; therefore, the conden-
sation and evaporation rate reach a balance, and the rate equals
to water vapor transport flux density. So the soil vapor water is
mainly affected by soil thermal gradient and air temperature
and soil water pressure head (Philip and Devries 1957; Saito
et al. 2006). The liquid water and vapor flux on a specific day
can be analyzed with the meteorological and measured soil
temperature data as listed in Table 6. For example, at the time ¢
= 10 days, there was no rain on the day but had rain on the
previous day, and the potential evapotranspiration was greater
than the precipitation, therefore leading to the liquid water

actual surface flux

flux at z=10 cm

flow upwards at z = 40 cm but downwards between the depth
of 40 and 100 cm. However, the vapor flux was always up-
wards because the soil temperature has upward gradients.
Water transport at any time can be analyzed by the above
method which can be used as basic evidence for soil water
isotopic analysis in isotopic hydrology study.

Conclusions

The long-term field monitoring of soil moisture and tem-
perature was carried out in the karst rocky desertification
area. The water flux along the soil profile and the variation
of soil moisture and temperature were studied based on the
coupled soil moisture and heat transport model. The con-
clusions can be drawn as follows: (1) The rainfall is very
low on the plateau with the annual cumulative that is
1027.2 mm which concentrates from June to August.
Therefore, the surface soil moisture fluctuates rapidly but
the deeper soil hardly gets moisture recharged from the
rains except for during the heavy rainfall period. The soil
temperature is mainly affected by the air temperature and
its variation fits the sinusoidal curve perfectly, which

flux at z=40 cm
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Fig. 10 a—f The variation of soil water flux with time at different depths and the total volume of water in the model
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Fig. 11 a-b The cumulative precipitation, infiltration, and water flux at different depths on the profile

implies the intimate relationship to the Earth’s rotation and
revolution; (2) the simulated results show a larger error for
soil water content while small error for soil temperature.
The model performance was evaluated to be good and ex-
cellent for SWC and ST, respectively. The model error is
within the normal tolerance, and large errors may result
from the monitoring and observation error and the igno-

rance of the preferential flow throughout the interface be-
tween soil and rock; (3) the analyses of liquid water and
vapor flux throughout the soil profile show that there is no
surface runoff and the precipitation infiltrates into the soil.
In general, the liquid water flux is 3—6 orders of magnitude
larger than vapor, but the vapor water transportation has
some significance under a drought weather condition.
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Fig. 13 Vapor water flux curve of the soil profile at specified times
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Table 6  Precipitation, potential evapotranspiration, and soil temperature monitoring data at specified times (ET), potential evapotranspiration, ST soil temperature)

@ Springer

ST10em (°C)  STaoem (°C)  STsoem (°C)

Precipitation (cm/day)  ET,, (cm/day)

STi0em (°C)  STagem (°C)  STsoem (°C)  Time (days)

Precipitation (cm/day)  ET,, (cm/day)

Time (days)

20.74
20.77

21.35
21.00
21.07
21.07
20.09

21.80
21.81
21.83
20.00

0.2

0.1

174
175
176
236
237
238
297
298
299

13.36
13.40
13.32
13.70
13.92

14.01

12.42
11.89
10.78
14.20

14.11

11.14

7.26
6.08

0.09

0.04

0.3

0.66

0.05
0.07
0.19
0.3

10

20.70

0.25
0.1

0.06
0.04

11
54
55
56

20.66
20.83

3.56
1.02
0.08

0.3

15.46
15.69

19.15

0.14
0.31

20.63

19.89
17.15

20.39

14.23
17.04
17.51
17.91

16.60
20.05

0.32
0.45
0.52

0.54

18.60
18.44

14.30
15.41
16.71

0.08
0.12
0.14

16.46
16.64
16.84

101

102

16.64
16.71

0.02
0.14

20.53

18.22

21.67

103

Further investigations should consider the preferential flow
throughout the rock-soil interface, which would make the
model more accurate, and thus the role of rocks in the infiltra-
tion process can be discussed in detail. Moreover, we have
done some field dye tracer experiments in the study site, and
the stable hydrogen and oxygen isotopes for rainfall and soil
water are under laboratory detection. All these new data and
evidence will contribute to understanding the complex process
of water transport and the energy transfer process in karst
rocky desertification areas.
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