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In arid areas, vapor flow has been recognized to contribute significantly to the mass and energy transfers and to
play a critical role in maintaining surface vegetation and ecosystems. To better understand the continuous spatial
and temporal variations in liquid water and water vapor contents under different climatic conditions, soil water
contents, temperatures, and micrometeorological variables were observed in-situ in the Mu Us Desert of
northwestern China. The collected data were then used to calibrate and validate the Hydrus-1D model simulating either the coupled movement of water, vapor, and energy or only isothermal water flow in soils (the latter
as a reference). The results of the coupled model were not only in better agreement with observed data, but also
advanced our understanding of underlying mechanisms of soil water flow. For the coupled model, the isothermal
liquid flux was the most significant component of the total water flux. Three diurnal stages were identified for
thermal liquid and vapor fluxes on dry days, while the vapor flux became almost negligible during rainfall
events. The results indicate that isothermal liquid, thermal liquid, and thermal vapor fluxes should be considered
simultaneously when evaluating soil water flow in arid regions, while the isothermal vapor flux can be neglected. Vapor flow contributed, on average, about 13% of the total water flux in the uppermost soil layer during
the analyzed period at the study area, and this ratio often exceeded 20%.
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1. Introduction
Arid and semiarid regions cover more than 40% of the land surface
around the world, and their areas are continuously increasing due to
human activities and climate change (Gong et al., 2016; Scanlon et al.,
2005). In these regions, due to the scarcity of water resources (e.g.,
surface water and precipitation), there may exist a series of ecological
issues, which seriously affects the sustainable development of these
areas and attracts much attention (Kuriqi et al., 2019; Zeng et al.,
2009b). During the past several decades, it has been gradually recognized that vapor flow plays a crucial role in maintaining plant
growth and healthy ecosystems, and many researchers have emphasized the role of water vapor in evaluating soil water flow (Banimahd
and Zand-Parsa, 2013; Bittelli et al., 2008). In arid regions, soil water
movement takes place not only in the liquid phase but also in the form
of vapor flow, especially under conditions where temperature gradients
are large (Deb et al., 2011; Scanlon et al., 2003). Under very dry soil

⁎

conditions, water vapor and liquid water fluxes may be on the same
order of magnitude near the soil surface, and vapor flow was reported
to account for almost 30% of the total water flux (Cahill and Parlange,
1998; Zhang et al., 2016a). Additionally, vapor flow has a great effect
on heat movement, because it carries a substantial amount of the latent
energy of vaporization (Sakai et al., 2009; Zhang et al., 2016b). Since
vapor flow was estimated to account for about 40–60% of the total heat
flux near the soil surface (Cahill and Parlange, 1998), soil temperatures
would be severely underestimated if vapor flow was not considered in
the energy transfer (Kroener et al., 2014). Therefore, it is essential in
many arid-region studies and applications to simultaneously evaluate
liquid water, water vapor, and heat transport.
Although the importance of the coupled nature of soil water and
heat movement has been long recognized, only isothermal conditions
based on the Richards equation are considered in most studies of soil
water flow. The pioneering theory for the coupled movement of water
and heat in unsaturated soils under non-isothermal conditions was
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developed by Philip and de Vries (1957) (hereafter called the PDV
model). Philip and de Vries (1957) divided the total water flux into four
components: the isothermal liquid, isothermal vapor, thermal liquid,
and thermal vapor fluxes. Subsequently, Milly (1984) modified the PDV
model by adopting the matric head as the driving force for water flow
instead of the total water content. Cass et al. (1984) estimated the enhancement factor of the thermal conductivity for the vapor flux and
compared different approaches. Nassar and Horton (1989) additionally
included in the PDV model the effects of the osmotic pressure on liquid
water and water vapor flow.
The resulting PDV model can simultaneously calculate water flow
driven by soil temperature, pressure head, and osmotic head gradients,
and heat flow driven by conduction, convection, and dispersion. This
model has been extensively used in many studies (e.g., Deb et al., 2011;
Huang et al., 2016; Wang, 2015; Zeng et al., 2011). As a result of
growing computational capacity and simulation accuracy, numerical
models based on underlying mechanisms of coupled water, vapor, and
heat movement has attracted increasing interest (e.g., Banimahd and
Zand-Parsa, 2013; Saito et al., 2006; Yu et al., 2018).
Although the studies mentioned above addressed issues related to
the simultaneous movement of liquid water and water vapor, modeling
studies of continuous spatial and temporal variations in driving forces,
and water and vapor fluxes under different climatic conditions, as well
as quantitative evaluations of the contribution of the water vapor flux
to the overall moisture transfer, are still limited. Therefore, the specific
objectives of this study are (i) to monitor the variations of soil water
contents, temperatures, and micro-meteorological variables in the Mu
Us Desert of northwestern China, (ii) to develop and calibrate numerical models for simulating either the coupled movement of water,
vapor, and heat or isothermal water flow (as a reference), (iii) to analyze spatial and temporal variations in soil water contents, temperatures, and water fluxes during the selected typical dry and wet periods,
and (iv) to discuss the seasonal movement of soil water and the contribution of vapor flow. The manuscript is organized as follows: Section
2 introduces information about the experimental site and the numerical
model, Section 3 provides the main modeling results, Section 4 presents
the discussion and interpretation of the main results, and finally,
Section 5 provides conclusions.

properties (Table 1) indicate that the soil profile can be divided into five
layers. Sand is the dominant soil fraction, accounting for about 95% of
the soil mass in the vadose zone, except in the soil horizon between 80
and 230 cm, where the clay content was slightly higher.
A monitoring well was dug up at the study site down to a depth of
900 cm to install sensors at different depths. Volumetric soil water
contents and temperatures were measured at depths of 10, 20, 50, 100,
130, 200, 400, and 630 cm by the Hydro Probe sensors (Stevens Inc.,
USA). Before monitoring, the sensors were calibrated using gravimetric
measurements taken from the same soil horizons. Soil heat fluxes were
monitored using the HFP01 probes (Hukseflux Inc., the Netherlands)
installed at depths of 20, 200, and 800 cm. The groundwater level,
which was located at a depth of about 880 cm below the ground in
April, was observed using the Submersible Depth Transmitter probe
(Stevens Inc., USA). All sensors in the monitoring well were connected
to the CR1000 data-logger, which recorded data at a 1 min interval and
stored them in 10 min averages.
Additionally, micro-meteorological data, including air temperature,
precipitation, relative humidity, and wind speed, were available at the
study site at a 30-minute interval at fixed positions of 20, 20, 200, and
240 cm. Fig. 2 shows the measured air temperature and rainfall data at
the study site in 2018. The cumulative rainfall reached a value of
658 mm in 2018, while 97% (about 640 mm) of the total amount occurred between April and October.
2.3. Numerical modeling
2.3.1. Water flow
In this study, the Hydrus-1D model was applied to simulate the
coupled transport of water, vapor, and heat in the vadose zone
(Šimůnek et al., 2008). For one-dimensional vertical water flow, the
governing equation for liquid water and water vapor flow in a variablysaturated rigid soil is given by the following mass conservation equation (Saito et al., 2006):
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where θ is the volumetric water content (L L ), which is equal to the
sum of the volumetric liquid water θl and water vapor θv contents (L3 L3
), t is time (T), ql and qv are the flux densities of liquid water and water
vapor (L T−1), respectively, z is the spatial coordinate positive upward
(L), and S is a sink term (T−1), which usually accounts for root water
uptake and can be neglected for bare soil.
Driven by the pressure head, temperature, and gravitational gradients, the total water flux qtotal (L T−1) can be divided into four
components, as shown in Eq. [2]:

2. Materials and methods
2.1. Study site
The field observations were conducted at the Yu Lin Desert
Ecosystem Research Station in the Mu Us Desert, northwestern China,
with coordinates of 109°42′29″E and 38°23′19″N (Fig. 1). The soil
surface is flat, and vegetation (mainly Salix Pasmmophila) is quite
sparse, covering less than 5% of the land surface. The climate at the
study site can be characterized as dry and cold, with large diurnal and
seasonal temperature differences. The average annual air temperature
is 6.4 °C, with a diurnal range of about 20 °C. The mean annual precipitation and potential evaporation are 360 and 2343 mm, respectively. Rainfall is concentrated mainly in summer, from July to September, when precipitation contributes over 60% of the annual rainfall.
The groundwater level usually fluctuates around 900 cm below the soil
surface during most of the year. Although soil temperatures usually
become negative between November and March, the soil freezingthawing process is not taken into consideration in this study (Zheng
et al., 2020).

qtotal = qlh + qlT + qvh + qvT
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where qlh, qlT, qvh, and qvT are the isothermal liquid water flux, thermal
liquid water flux, isothermal water vapor flux, and thermal water vapor
flux (L T−1), respectively, Klh (L T−1) and KlT (L2 K−1 T−1) are the
isothermal and thermal hydraulic conductivities for liquid water, respectively, Kvh (L T−1) and KvT (L2 K−1 T−1) are the isothermal and
thermal hydraulic conductivities for water vapor, respectively, h is the
pressure head (L), and T is the temperature (K).
Combining Eqs. [1] and [2], the governing equation for liquid water
and water vapor flow is obtained as follows (Saito et al., 2006):

2.2. In-situ measurements

l

t

Soil samples were collected at a 20-cm interval from the soil surface
to the 300 cm depth and at a 50-cm interval in the rest of the profile
(down to a depth of 630 cm) to determine soil physical properties.
Three replicates were taken at each depth. The collected soil physical
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In the text below, we will refer to the model that considers all terms
of Eq. [3] as the coupled model, and the model that only considers
liquid flow due to isothermal forces as the isothermal model.
2
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Fig. 1. Location of the study site and the field instrumentation layout.
Table 1
Measured soil particle distribution and optimized soil hydraulic parameters.
Soil layer (cm)

Soil particle composition

0–80
80–160
160–230
230–560
560–630

Soil hydraulic parameters

Sand (%)

Silt (%)

Clay (%)

θr (cm3 cm−3)

θs (cm3 cm−3)

α (cm−1)

n (-)

Ks (cm d-1)

95.8
90.1
91.7
94.0
95.4

3.2
5.4
5.2
4.7
3.5

1.0
4.5
3.1
1.3
1.1

0.008
0.015
0.011
0.010
0.011

0.375
0.427
0.415
0.402
0.380

0.027
0.028
0.029
0.021
0.023

1.57
1.51
1.64
1.87
1.76

1368
816
1200
1224
1272

2.3.2. Soil hydraulic properties
The soil water retention curve is the fundamental soil hydraulic
characteristic required to solve the water flow equation. Using the van
Genuchten (1980) model (Eq. [4]) and the pore-size distribution model
(Eq. [5]) of Mualem (1976), the soil water retention function and the
isothermal hydraulic conductivity function Klh can be described as
follows, respectively:
l
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The thermal hydraulic conductivity KlT is defined as follows:

KlT = Klh hGwT

(8)

d sv
dT

(9)
−1

where D is the vapor diffusivity in soil (L T ), which is defined as
D = Daθaτ, where Da is the vapor diffusivity in air (L2 T−1,
=2.12 × 10−5(T/273.15)2), θa is the air-filled porosity (L3 L−3), τ
(=θa7/3/θs2) is the tortuosity factor (-) as defined by Millington and
Quirk (1961), ρw is the density of liquid water (M L-3), ρsv is the saturated vapor density (M L-3), Hr is the relative humidity (-), M is the
molecular weight of water (M mol−1, =0.018015 kg mol−1), g is the
gravitational acceleration (L T−1, =9.81 m s−2), R is the universal gas
constant of water vapor (J mol−1 K−1, =8.315 J mol−1 K−1), and η is
the enhancement factor (−).
The ρsv can be expressed as a function of temperature:

(4)

1 d
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where θr and θs are the residual and saturated water contents (L L ),
respectively, α(L-1), n (-), and m (-) are empirical parameters, Ks is the
saturated hydraulic conductivity (L T−1), l is equal to 0.5 as defined by
Mualem (1976) (-), and Se is the effective liquid saturation (-), which is
described as:
s

D
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The isothermal and thermal hydraulic conductivities for vapor
fluxes due to pressure head (Kvh) and temperature (KvT) gradients are
defined, respectively, as follows (Saito et al., 2006):
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The relative humidity Hr can be calculated using a thermodynamic
relationship between liquid water and water vapor in the soil as follows
(Philip and de Vries, 1957):

where Gwt is the gain factor (−), which amends the temperature dependence of the soil water retention curve (defined as 7 in this study), γ
is the surface tension of soil water (M T−2), which can be calculated as
γ = 75.6–0.1425 T-2.38 × 10-4T2, and γ0 is the surface tension at 25 °C
(M T−2, =71.89 g s−2).

Hr = exp

3

Mgh
RT

(11)
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Fig. 2. (a) Measured daily air temperature and precipitation at the study site in 2018; (b), (c), and (d) hourly rainfall during three selected periods.

The enhancement factor, which was derived by Cass et al. (1984) to
describe an increase in the thermal vapor flux due to liquid islands and
increased temperature gradients, can be calculated as follows:

= 9.5 + 3

2.6
1+
fc

8.5 exp
s

sensible heat as described by Fourier’s law, sensible heat by convection
of liquid water and water vapor, respectively, and latent heat by vapor
flow:

4
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where Cn, Cw, Cv, and Cp are volumetric heat capacities (M L T K−1)
of solid, liquid water, water vapor, and moist soil, respectively, θn is the
volumetric solid phase fraction (L3 L-3), and L0 is the volumetric latent
heat of vaporization of liquid water (M L-1 T−2), which can be expressed as follows:
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2.3.4. Soil thermal properties
The soil thermal conductivity depends on both the water content
and soil texture, and can be calculated in Hydrus-1D as follows (Chung
and Horton, 1987):

(14)

v

v

t

where the last term on the right side represents energy uptake associated with root water uptake that can be neglected for bare soil.

(13)

l

+ L0

(17)

where Sh is the storage of heat in the soil (M L-1 T−2), qh is the total heat
flux density (M T−3), and Q accounts for sources and sinks of energy (M
L-1 T−3). The storage of heat is calculated as follows:

Sh = Cn T

(16)
−1

where λ is the soil thermal conductivity (M L T
K ).
Combining Eqs. [13], [14], and [16], the governing equation for
heat movement is described as follows (Nassar and Horton, 1992; Saito
et al., 2006):

2.3.3. Heat transport
The governing equation for the heat movement in a variably-saturated rigid soil is given by the following energy conservation equation
(de Vries, 1958):

qh
z

T
+ Cw Tql + Cv Tqv + L 0 qv
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−3

where fc is the mass fraction of clay in the soil (-).
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=
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l

+ b3

0.5
l

(18)

where b1, b2, and b3 are empirical parameters that depend on soil textural classes (M L T−3 K−1) and are defined in the Hydrus-1D code as
0.228, −2.406, and 4.909 W m−1 K−1 for sands, respectively.

(15)

2.3.5. Initial and boundary conditions
The soil profile was considered to be 630 cm deep, and the spatial
discretization of 1 cm was applied, leading to 631 nodes across the flow
domain. As initial conditions, we applied the measured soil water

where Lw is the latent heat of vaporization of liquid water (M L-1 T−2,
=2.501 × 106-2369.2 T J kg−1).
The total heat flux density is defined as the sum of the conduction of
4
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contents and temperatures at 0:00 on April 1, 2018. Due to the limited
number of observation points in the profile, the linear interpolation was
used to obtain the initial values between different measurement depths.
The atmospheric boundary condition was imposed at the soil surface to account for time-dependent data of precipitation and potential
evaporation for liquid water and water vapor flow. Hourly potential
evaporation (Ep) was estimated as follows:

Ep =

vs

va

rv + rs

respectively) were solved using the finite elements and finite differences methods for spatial and temporal discretizations by the Hydrus1D model, respectively. A detailed description of the calculation procedure can be found in Šimůnek et al. (2008).
The measured soil water contents and temperatures data at various
depths (10, 50, 100, 200, 400, and 630 cm) from April 1 to October 31,
2018, were used for model calibration. The optimized soil hydraulic
parameters are listed in Table 1. Then the measured data at the same
depths from April 1 to June 30, 2019, were used for model validation.
In addition to the coupled model, the isothermal model was also run as
a reference. The performance of both models was evaluated using the
root mean square error (RMSE) and the Nash-Sutcliffe efficiency (NSE,
Nash and Sutcliffe, 1970), defined as follows:

(19)

where ρvs and ρva are vapor densities (M L-3) at the soil surface and the
20-cm height (where the air temperature is measured), respectively,
and rv and rs are the aerodynamic and soil surface resistances (T L-1) for
vapor movement, respectively. Detailed calculations of the parameters
can be obtained from Bittelli et al. (2008) and Kroener et al. (2014).
Calculated values of Ep were in close agreement with the observed data
at the Yulin meteorological station (a national weather station), which
is approximately 15 km from our study site. Since the groundwater
level fluctuated around a depth of 900 cm and there was the lack of
accurate bottom flux data, the free drainage boundary condition was
considered at the bottom of the profile at a depth of 630 cm (far above
the groundwater table).
For the soil heat transport, hourly surface temperatures, estimated
from measured soil temperatures at shallow depths (Dahiya et al.,
2007), and measured soil temperatures at the 630 cm depth were applied as the upper and bottom boundary conditions, respectively.

RMSE =

NSE = 1

1
n

N

(Si

Oi ) 2

(Si

Oi )2

(Oi

O¯ )2

i=1
N
i=1
N
i=1

(20)

(21)

where N is the number of observations, Si and Oi are the simulated and
observed values at a given time, respectively, and‾O is the mean of
observed values. The NSE value close to 1 indicates that simulated
values match very well measured values, while the NSE value close to 0
indicates that the mean of measured data describes the data better than
simulated values (Amin et al., 2014; Wang et al., 2010). Additionally,
the coefficient of determination (R2) was calculated to indicate if there
exists a linear relationship between observed and simulated values
(Stumpp et al., 2012).

2.3.6. Water flow and heat transport simulations
The flowchart shown in Fig. 3 summarizes the applied methodology,
which includes four main steps. After collecting experimental data in
the first step, the numerical model was set up in the second step. In
addition to simplifications involved in specifying the boundary conditions, the lack of laboratory experiments to determine the soil hydraulic
and thermal properties was another limitation. The parameters representing these properties were instead initially predicted using the
neural network method from measured soil physical properties, and
then optimized using the Levenberg-Marquardt algorithm in the Hydrus-1D model (Šimůnek et al., 2012). After the model setup, the soil
water flow and heat transport equations (Eqs. [3] and [17],

3. Results
3.1. Model calibration and validation
During both calibration and validation periods, the simulated soil
water contents at selected depths fitted the observed data well (Fig. 4).
Due to complex weather conditions (such as frequent precipitations and
intense evaporation), deviations between simulated and measured soil
water contents in the topsoil layers were larger than at deeper depths.

Fig. 3. The conceptual flowchart of the applied methodology. Step 3 describes the calculation procedure during one timestep in the Hydrus-1D model.
5
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Fig. 4. Comparison of observed and simulated daily (a) soil water contents and (b) soil temperatures at 10, 50, 100, 200, 400, and 630 cm depths during the
calibration (from April 1 to October 31, 2018) and validation (from April 1 to June 30, 2019) periods. There is an interval of 5 months between the calibration and
validation periods.
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Table 2
Model performance statistics for simulated soil water contents (SWC) and temperatures (ST) at depths of 10, 200, and 400 cm.
Criteria

SWC(Coupled model)
SWC(Isothermal model)
ST(Coupled model)

RMSE
NSE
R2
RMSE
NSE
R2
RMSE
NSE
R2

Calibration depths (cm)

Validation depths (cm)

10

200

400

10

200

400

0.017
−0.19
0.69
0.018
−0.35
0.67
0.363
0.98
0.98

0.005
0.05
0.87
0.008
−0.08
0.85
1.394
0.89
0.98

0.002
0.92
0.94
0.003
0.84
0.88
0.817
0.92
0.99

0.014
−0.26
0.68
0.014
−0.26
0.68
1.109
0.96
0.96

0.002
0.31
0.81
0.004
0.02
0.83
0.641
0.96
0.99

0.003
−2.31
0.84
0.004
−6.10
0.82
0.303
0.95
0.97

Note: The units of the RMSE are cm3cm−3 and °C for soil water contents and temperatures, respectively.

Simulated results predicted well both sharp increases due to precipitation and gradual decreases due to evaporation and redistribution.
There exist two main differences in simulation results between the
isothermal and coupled models. First, soil water contents simulated by
the isothermal model were relatively lower under continuously dry
conditions compared to those simulated by the coupled model. Second,
the peaks of soil water contents due to rainfall events were overestimated by the isothermal model. The reasons for these discrepancies
are discussed below in detail. In contrast, simulated temperatures fitted
the observed data very well at most depths. The discrepancies in 200
and 400 cm depths are likely caused by selected values of thermal capacities and conductivities, which were not changed from the default
values in the model.
The statistical criteria quantifying the model performance are
summarized in Table 2. For soil water contents, RMSEs were largest at
the shallow depth and decreased with increasing depth. At a certain
depth, RMSEs for the isothermal model were slightly higher than those
for the coupled model (e.g., 0.008 and 0.005 cm3 cm−3 at the 200 cm
depth for the isothermal and coupled models during the calibration
period, respectively), indicating a better simulation accuracy of the
coupled model. On the other hand, NSE values varied greatly (from
−6.1 to 0.92) with depths. Since soil water contents in this study varied
in a very narrow range (especially during the validation period), the
small denominator of the second term in Eq. [21] resulted in negative
NSE values. This indicates that NSE is not a useful criterion when
variations in observed soil water contents are small (Stumpp et al.,
2012). Instead, R2 can be used to evaluate the model prediction precision. Calculated R2 values indicated that simulated water contents
were in good agreement with observed data, particularly in deeper
depths (with R2 > 0.8). For soil temperatures, all three indices indicated a strong correlation between observed and simulated data. For
example, R2 is greater than 0.95 at all depths for both calibration and
validation periods.

the shallow layer, the matric potential gradually increased with depth
during the three dry days, which caused an upward driving force for
water flow. For isothermal conditions, the matric potential at most
depths showed a gradually declining trend with time, indicating a soil
drying process. For example, the matric potential decreased from
−1134 to −1155 cm at the 10 cm depth on the first day of Period 2.
Small diurnal fluctuations in the matric potential were simulated by the
coupled model as a result of the day/night behavior of liquid water flow
and vapor flow due to temperature gradients (as discussed below in
detail). During the rainy period, the matric potential profiles completely changed, and the contours in the top 20 cm depth became instantly dense. This increase in the matric potential quickly propagated
to deeper depths as the infiltration front moved deeper. Once precipitation stopped, the contours of the soil matric potential became
sparse again from top to bottom.
The matric potential below a certain depth showed no obvious
fluctuations (usually less than 5 cm) in each period. Influenced by
seasonal climate variations, the matric potential profiles in deep layer
were clearly different in the three periods, with the lowest matric potentials occurring at depths of 330, 600, and 80 cm, respectively. At the
same time, there existed some distinct differences between the simulated results of the two models. For instance, the matric potential simulated by the isothermal model was lower than that simulated by the
coupled model at the same depth in Period 2 (e.g., about −550 and
−520 cm for the isothermal and coupled models at the 600 cm depth,
respectively).
In addition to changes in the matric potential, variations of soil
temperature also represent a vital factor affecting soil water movement
in the coupled model. Soil temperature variations are shown in Fig. 6,
with contour intervals of 1 and 0.5 °C for shallow (0–80 cm) and deep
(80–600 cm) layers, respectively. In the shallow layer, soil temperatures
exhibited apparent diurnal variations, and these fluctuations decreased
with depth. While the temperature contours were relatively sparse before dawn close to the surface, they became dense during the day time.
Note that each day there exists two contours for the zero-temperature
gradient, indicating the change in the direction of the temperature
gradient. The first zero contour is the divergent plane (which usually
occurred during nighttime), with temperature gradients above and
below this plane being positive (upward) and negative (downward),
respectively. On the other hand, the second zero contour is the convergent plane (which usually occurred during daytime), with temperature gradients above and below this plane being reversed. Soil
temperatures were relatively high during Period 2 due to intense solar
radiation, with an average value of 32.3 °C at the soil surface, while the
mean surface temperatures in Periods 1 and 3 were 16.9 and 12.8 °C,
respectively. During the rainy period, the contours became more sparse,
indicating that rainfall events decreased diurnal variations in soil
temperature.
Being less affected by solar radiation and precipitation, soil temperatures in deeper layers showed no obvious diurnal changes in both

3.2. Variations in soil matrix potential and temperature
Three typical periods in spring (Period 1, from April 21 to 23),
summer (Period 2, from August 6 to 8), and autumn (Period 3, from
October 13 to 15) of 2018 were selected to analyze the spatial and
temporal distributions of the soil matric potential and temperature. The
first day of each period represented dry conditions (without rainfall for
about ten days), while rainfall occurred during the next two days (as
shown in Fig. 2).
Fig. 5 shows the soil matric potential profiles simulated by both the
coupled and isothermal models for the three selected periods. Counter
intervals for shallow and deep soil profiles are 50 and 10 cm, respectively. Affected by evaporation, soil water contents near the soil surface
were very low, which resulted in extremely low soil matric potentials in
this layer (1–2 orders lower than in the rest of the profile). For this
reason, the soil matric potential of the 0–10 cm depth is not depicted. In
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Fig. 5. Spatial and temporal distributions of soil matric potentials simulated by the coupled (a, b, c) and isothermal (d, e, f) models for Period 1 (a, d), Period 2 (b, e),
and Period 3 (c, f). Different vertical scales and counter levels are used for the upper (0 to 80 cm) and lower (80–600 cm) parts of the soil profile.

dry and rainy days. However, there existed clear distinctions in soil
temperature profiles during different periods. During the three evaluated periods, the highest temperatures were 13.1, 27.3, and 17.1 °C at
depths of 80, 80, and 306 cm, respectively, while the lowest temperatures were 8.2, 12.7, and 13.5 °C at depths of 320, 600, and 80 cm,
respectively.

reason for the overestimation of the total flux by the isothermal model,
which in turn caused the relatively lower soil water content. However,
the effect of qvT flux became almost negligible during wet days. The
downward and upward isothermal liquid fluxes (qlh) driven by the
matric potential gradient dominated flow throughout the soil profile
during (46 h) and after (58 h) the rainfall event, respectively. During
this time, the differences between total water fluxes simulated by the
two models were smaller than before the rainfall event and were caused
mainly by the thermal liquid flux (qlT). It can be seen that qlT flux in the
top 20 cm layer at 46 h became 1–2 orders of magnitude larger than
before rainfall.
Since the qlh flux dominated soil water flow in deeper layers under
both dry and wet conditions, the total fluxes simulated by the two
models were similar. The maximum difference occurred at the 250 cm
depth, where the total water flux simulated by the isothermal model
(-0.047 cm d-1) was lower than that the one simulated by the coupled
model (-0.062 cm d-1). This difference could be mainly attributed to
neglecting the qlT flux.
Table 3 lists the quantitative contribution of each soil water flux to
the total water flux during Period 2. The qlh flux is the most significant
component throughout the entire profile, followed by the qvT and qlh
fluxes. The contribution of the qvT flux during dry days was considerable in the shallow layer (e.g., 25.9% at 2 cm and 13.2% at 10 cm),
while the ratio between the thermal vapor and total water fluxes

3.3. Comparison of water fluxes simulated by the coupled and isothermal
models
Affected by different driving (isothermal and thermal) forces, soil
water fluxes simulated by the coupled and isothermal models were
different. Fig. 7 shows the vertical flux profiles simulated by both
models at different times in Period 2, including 0 h (midnight between
dry days), 12 h (noon of a dry day), 46 h (during rain), and 58 h (after
rain).
There are distinct differences between fluxes simulated by the two
models in the shallow layer during dry days, which are caused mainly
by the thermal vapor flux (qvT). For example, the upward total fluxes at
the 2 cm depth simulated by the isothermal and coupled models were
0.094 and 0.039 cm d-1 at 12 h (noon of a dry day), respectively. In
contrast, the downward qvT flux simulated by the coupled model was
−0.083 cm d-1 due to a relatively large temperature gradient.
Neglecting the downward qvT flux under dry conditions was the major
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Fig. 6. Spatial and temporal distributions of soil temperatures simulated by the coupled model for Period 1 (a, d), Period 2 (b, e), and Period 3 (c, f). Different vertical
scales and counter levels are used for the upper (0 to 80 cm) and lower (80–600 cm) parts of the soil profile. The solid and dotted lines represent convergent and
divergent temperature gradient planes, respectively.

−4.9 cm d-1 in the three periods, respectively, corresponding to applied
rainfall (Fig. 2). The peak of downward flux decreased with time (again
reflecting rainfall) and gradually moved to deeper soil depths. For instance, the depth of the flux peak in Period 1 dropped from 10 to 47 cm
between 50 and 68 h, with the flux ranging from −5.01 to −0.51 cm d1
. After rainfall, a divergent plane occurred in the shallow layer and
moved downward, indicating that the qlh flux was again upward toward
the surface due to evaporation. Due to different rainfall amounts, the
infiltration front reached the depth of 98, 71, and 51 cm after 72 h in
the three periods, respectively.
Driven by a temperature gradient, diurnal changes in the qlT and qvT
fluxes during three selected dry days are plotted in Fig. 9 and Fig. 10,
respectively. Based on the direction of the qlT fluxes at the soil surface,
three stages can be identified during dry days. For example, in Period 2,
the first stage occurs from midnight to before sunrise (around 7 a.m.)
when the qlT flux is directed toward the soil surface. During this stage, a
divergent plane continuously dropped from a depth of about 20 cm at
0 h to a depth of about 35 cm at 6 h. In the meantime, the depth with
the maximum upward qlT flux dropped as well, with the flux varying
from 0.005 to 0.007 cm d-1. The qlT flux at the soil surface became
negative (downward) during the second stage (between 8 and 18 h),
and the downward flux increased as the air temperature increased. The
position of the maximum downward flux gradually dropped from a
depth of 10 cm to about 20 cm, with the maximum downward flux of
−0.021 cm d-1. During the third stage (after 18 h), the surface flux
became again positive (upward), and a divergent plane occurred above
the 20 cm depth. This stage can be regarded as a transitional stage when
the flux profiles change from that of the second stage to that of the first
stage. The maximum downward fluxes (at about 35 cm) dropped to
−0.017 cm d-1 at 22 h.
Similarly, there exist three stages for the qvT flux as well. Contrary to
the qlT flux, the largest vapor fluxes usually occurred at the soil surface
and decreased sharply with depth. Fluctuations in the qvT flux meantime showed a gradually declining trend. For example, in Period 2, the
qvT flux varied from −0.038 to 0.013 cm d-1 and from −0.017 to
0.005 cm d-1 at depths of 10 and 20 cm, respectively, while fluctuations
at depths of 40 and 60 cm were approximately 6 and 12 times smaller.
Below the 60 cm depth, the qvT flux tended to remain stable during a

gradually decreased with increasing depth. In contrast, the contribution
of the qlT flux in the deep layer was stable and not negligible. Affected
by the soil texture, the qlh flux decreased in the soil layer between 80
and 160 cm, which resulted in a relatively large contribution of qlT flux
to the total flux (e.g., 31.8% and 27.9% at the 100 cm depth under dry
and wet conditions, respectively). Besides, the isothermal water vapor
flux (qvh), which was always 2–5 orders of magnitude smaller than the
other fluxes, can be ignored under both dry and wet conditions.
In general, the results simulated by the coupled model have not only
higher accuracy, but also advance our understanding of the underlying
mechanisms for soil water flow. Therefore, the coupled model should be
applied in evaluating soil water flow in arid regions, especially under
dry conditions with relatively low soil water contents.
3.4. Diurnal soil water dynamics
After comparing the performance of the two models, the results simulated by the coupled model during three selected periods were used
to investigate further the diurnal dynamics of the qlh, qlT, and qvT fluxes
on both dry and wet days. Due to small diurnal variations in water
fluxes in deeper soil layers, only fluxes between the soil surface and a
depth of 80 cm are considered.
Fig. 8 depicts variations of the qlh flux during three selected periods.
During dry days, the qlh flux is upward throughout the entire shallow
soil profile, which indicates that the qlh flux was dominated by the
matric potential gradient rather than by the gravitational gradient.
Affected by a relatively high gradient, the qlh flux was large near the
surface, with the maximum values of 0.119, 0.148, and 0.098 cm d-1
during the three periods, respectively. Below the 20 cm depth, the qlh
flux gradually decreased with depth. For instance, the highest qlh values
at depths of 20, 40, and 80 cm in Period 2 were 0.098, 0.082, and
0.043 cm d-1, respectively. Additionally, the qlh fluxes were higher in
summer compared to those in spring and autumn, which was partly
attributed to the higher matric potential gradient caused by intensive
evaporation in summer.
Due to the negative matric potential gradient, the qlh flux was
downward (i.e., infiltration) during rainy days. The surface flux became
extremely large, with the maximum values of −18.8, −11.1, and
9
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Fig. 7. Simulated vertical flux profiles at different times in Period 2: (a) 0 h, (b) 12 h, (c) 46 h, and (d) 58 h. (qtc and qti are total fluxes simulated by the coupled and
isothermal models, respectively; qlh, qlT, qvh, and qvT are isothermal liquid, thermal liquid, isothermal vapor, and thermal vapor fluxes simulated by the coupled
model).

day. Due to larger temperature gradients, the qvT fluxes were greater in
summer. The maximum downward and upward fluxes were −0.119
and 0.038 cm d-1 during Period 2, while they varied from −0.058 to
0.015 cm d-1 and −0.039 to 0.011 cm d-1 during Periods 1 and 3, respectively.
The thermal water flux showed no obvious diurnal variations during
rainy days, and both the qlT and qvT fluxes displayed very different
profiles compared to dry days (Fig. 11). The upward qlT fluxes in the

shallow 20 cm layer became very large, with the maximum values of
0.804, 0.512, and 0.202 cm d-1 during the three periods, respectively.
These fluxes were over one order of magnitude larger than the maximum upward qlT fluxes during dry days. On the other hand, the qvT flux
in the uppermost soil layer decreased rapidly and dramatically during
the rainy period. For example, upward surface fluxes at 48 h were 5.6e04, 4.1e-03, and 7.2e-04 cm d-1 during the three periods, respectively,
while they were 9.6e-03, 0.029, and 8.4e-03 cm d-1 at 24 h,
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maximum downward qlT flux (-0.052 cm d-1) was smaller than the qvT
flux (−0.144 cm d−1). On the other hand, both the upward qlT and qvT
fluxes were relatively small below the convergent plane. In the meantime, a divergent plane of the matric potential gradient, which was
affected by evaporation and precipitation, fluctuated between depths of
80 and 120 cm. Without considering the influence of rainfall, the instantaneous maximum upward and downward qlh fluxes above and
below this plane were 0.184 and −0.039 cm d-1, respectively. This
indicates that the soil water flux in the shallow soil profile was dominated by the qvT and qlh fluxes, while the downward qlh flux dominated
the soil water flux in the deep soil profile (Zeng et al., 2009b).
From June to August, the thermal flux was consistently downward
throughout the soil profile (except for the soil surface layer due to
diurnal variations in temperature). Variations in downward qlT and qvT
fluxes were from −0.058 to −6.9e-05 cm d-1 and −0.148 to −1.5e05 cm d-1, respectively. Affected by frequent rainfall events in this
period, the planes of convergence and divergence of the matric potential gradient appeared alternatively in the shallow layer (Zeng et al.,
2009a). For instance, actual downward and upward fluxes reached the
maximum values of −37 and 2 cm d-1, respectively, reflecting the
maximum rainfall and evaporation events, and suggesting that the qlh
flux dominated the total soil water flux during the rainy period.
Meanwhile, various evaporation and precipitation events caused the
previously divergent water potential gradient plane to fluctuate
quickly. Above this plane, the upward qlh flux was less significant than
the downward qvT flux in the uppermost soil layer (usually above the
10 cm depth), while it exceeded the thermal flux in the rest of the
profile. Below this plane, the thermal liquid water, thermal water
vapor, and isothermal liquid water fluxes contributed together to the
downward soil water movement, which is a major source for groundwater recharge (Hou et al., 2016).
From September to October, soil temperature started decreasing in
the surface layer due to decreasing air temperature. The daily temperature gradient near the surface became positive in early September,
and a divergent plane gradually moved to a depth of about 400 cm at
the end of this period. Without considering the influence of rainfall, the

Table 3
Contributions of each soil water flux (qlh, qlT, qvh, and qvT are isothermal liquid,
thermal liquid, isothermal vapor, and thermal vapor fluxes) to the total flux
during Period 2.
Depth (cm)

2
10
50
100
200
400
600

Dry conditions

Wet conditions

qlh

qlT

qvh

qvT

qlh

qlT

qvh

qvT

72.8%
80.4%
83.5%
63.3%
84.7%
85.1%
91.2%

1.1%
6.4%
13.2%
31.8%
13.5%
11.3%
7.0%

0.2%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

25.9%
13.2%
3.3%
4.8%
1.8%
3.5%
1.8%

90.8%
90.4%
89.9%
67.5%
82.9%
85.3%
91.1%

7.9%
8.7%
8.1%
27.9%
15.1%
11.2%
7.1%

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

1.3%
1.0%
2.0%
4.6%
2.1%
3.5%
1.8%

respectively. This phenomenon could be attributed mainly to two factors. First, the temperature gradient in the shallow layer decreased due
to rainfall events, and second, increased water contents in the soil resulted in lower air contents, and reduced vapor flux.
4. Discussion
4.1. Seasonal soil water migration
In general, the thermal and isothermal liquid water and water vapor
fluxes vary greatly in different months during the year, as shown in
Fig. 12. While some of these variations are in response to short-term
meteorological events (e.g., rainfall), significant seasonal trends can be
detected as well. Since rainfall is mainly concentrated in summer, the
influence of the rainfall process on soil water flow is only considered in
the period from June to August.
From April to May, soil temperature in the upper part of the vadose
zone increased due to increasing air temperature. The convergent plane
of the soil temperature gradient occurred in early April at a depth of
about 200 cm, and then it gradually decreased with time to the bottom
of the soil profile. Above the convergent plane, the instantaneous

Fig. 8. Diurnal patterns of isothermal liquid water flux (qlh) profiles for Period 1 (a, d), Period 2 (b, e), and Period 3 (c, f) on selected dry (a, b, c) and rainy (d, e, f)
days.
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Fig. 9. Diurnal patterns of thermal liquid water flux (qlT) profiles during selected dry days: Period 1 (a, b, c) is in the first row, Period 2 (d, e, f) is in the middle row,
and Period 3 (g, h, i) is in the bottom row; the early stage (a, d, g) is in the left column, the middle stage (b, e, h) is in the middle column, and the late stage (c, f, i) is in
the right column.

instantaneous maximum upward qlT and qvT fluxes above this plane
were 0.017 and 0.025 cm d-1, respectively. Meanwhile, the divergent
water potential gradient plane returned to a depth of about 120 cm,
with the maximum upward qlh flux of 0.151 cm d-1. This indicates that
both the thermal liquid and vapor fluxes and isothermal liquid fluxes
are upward towards the shallow soil layer, supplying soil water for
evaporation. Below the divergent plane, the maximum downward qlh
flux was −0.052 cm d-1, which dominated soil water flow in the deep
layer.

sinusoidal variations in the soil water content (Deb et al., 2011; Yu
et al., 2018). The quantitative analysis of vapor flow and its contribution to the total mass transfer is thus of great significance.
In this study, the vapor flux accounted for 13.1%, 6.4%, 6.1%, 4.4%,
and 2.5% of the total soil water flux at depths of 2, 10, 100, 200, and
400 cm, respectively, from April to October in 2018. The results of our
simulations are similar to those of Deb et al. (2011). They calculated
that the vapor flux was approximately 10.4% of the total water flux
near the soil surface during 50 days with frequent irrigations. Note that
although ratios of the vapor fluxes to the total fluxes are less significant
in deeper depths, that does not mean that vapor flow can be neglected.
The continuous vapor flux driven by a temperature gradient could affect the overall soil moisture distribution (Fig. 4). Similar behavior was
also reported by Grifoll et al. (2005) and Scanlon et al. (2003). In
contrast, Xiang et al. (2012) indicated that the vapor flux dominated the
total water fluxes in the deep layer. They observed that liquid flow
could only reach a certain depth (of about 185 cm) and that the liquid
flux became extremely small below this depth. This was likely caused
by the fact that liquid flow in arid regions rarely occurs below certain
depths in the sandy and loamy layered profiles. This phenomenon did
not occur in our simulations due to a similar soil texture (sandy) in the
entire profile at the study site.
Because vapor transport is impeded during and after rainfall events,
frequent and intensive rainfalls caused lower ratios of vapor fluxes to

4.2. The role of vapor flow
It has been increasingly recognized that in arid regions, vapor flow
plays a crucial role in providing water for vegetation and in ecological
environments. The water vapor fluxes are highest in the surface soil
layer, which can be attributed to (1) the large temperature gradients,
(2) the high air-filled porosity due to the low soil water content, and (3)
the large vapor density gradients between the atmosphere and the soil
(Bittelli et al., 2008). Although during wet conditions, liquid water
fluxes dominated water flow, water vapor and liquid water fluxes were
on the same order of magnitude in the surface soil layer during dry
conditions (Fig. 7), indicating that the soil water movement occurred
both in the form of water vapor and liquid water (Zeng et al., 2009b).
Besides, the day/night behavior of the vapor flux may induce the
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Fig. 10. Diurnal patterns of thermal water vapor flux (qvT) profiles during selected dry days: Period 1 (a, b, c) is in the first row, Period 2 (d, e, f) is in the middle row,
and Period 3 (g, h, i) is in the bottom row; the early stage (a, d, g) is on the left, the middle stage (b, e, h) is in the middle column, and the late stage (c, f, i) is on the
right.

total fluxes in our simulation. While average annual rainfall at our
study site is approximately 360 mm, 640 mm of rain occurred during
the analyzed period, which seldom happens in this arid area. To better
identify general trends of vapor flow at the study site, three additional
rainfall scenarios with rain totals of 512, 320, and 128 mm (accounting
for 80%, 50%, and 20% of rain totals during the simulation period,
respectively) were simulated. The modeling results indicated that the
vapor flux at a depth of 2 cm would contribute 15.3%, 20.6%, and
31.7% of the total moisture flux for these three rainfall scenarios, respectively. Similarly, Zhang et al. (2016a) also reported larger ratios
(i.e., over 20%) of the vapor flux to the total water flux in the uppermost layer during a long term observation in an arid field with little
rainfall. This confirms the importance of vapor flow in arid areas and
indicates that it is necessary to consider the effects of vapor flow when
evaluating soil water flow.
The above analysis focuses on the non-freezing period, while vapor
flow may play an important role during the freezing period as well.
Since the liquid water content and the hydraulic conductivity for liquid
water significantly decreases due to the presence of ice, soil water may
be mainly transported by vapor flow in the frozen soil. Even the often
neglected isothermal vapor flux could contribute a considerable part of
the total water flux (Yu et al., 2018). Due to its complexity (e.g., phase

changes between ice and liquid water), the coupled movement of water,
vapor, and heat during freezing periods at the field scale is not fully
understood and needs further investigation.
5. Conclusions
In this study, the Hydrus-1D model simulating the coupled movement of water, vapor, and heat was calibrated and validated using the
measured soil moisture and temperature data. The Hydrus-1D model
simulating only isothermal water flow was also run for comparison.
Since it neglects the effects of vapor and heat on water flow, the isothermal model would underestimate and overestimate soil water contents during dry and rainy conditions, respectively. On the other hand,
the simulation results of the coupled model were not only closer to the
measured data, they also advanced our understanding of the underlying
mechanisms of soil water flow. Then, diurnal and seasonal variations of
each soil water flux were simulated by the coupled model. The results
indicated that the isothermal liquid flux was the most significant
component of the total flux under both dry and wet conditions. Three
diurnal stages were identified for the thermal liquid and vapor fluxes in
dry days, while the vapor flux became almost negligible during rainfall
events.
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Fig. 11. Diurnal patterns of thermal liquid water (qlT) flux profiles (a, b, c) and thermal water vapor flux (qvT) profiles (d, e, f) for Period 1 (a, d), Period 2 (b, e), and
Period 3 (c, f) on selected rainy days.

In general, it is necessary to simultaneously consider the isothermal
liquid, thermal liquid, and thermal vapor fluxes in studies evaluating
soil water flow in arid regions. Vapor flow accounted for 13.1% of the
total moisture transfer near the soil surface during our study. However,
this ratio usually exceeds 20% at this study site during more common,
drier years. Although this study was carried out in northwestern China,

similar results could be expected in other arid regions. The future study
will focus on the coupled movement of water, vapor, and heat during
the freezing period and the contribution of water vapor to the vegetation growth.

Fig. 12. Schematic illustration of seasonal trends in soil water flows: (a) the thermal liquid water (qlT) and water vapor (qvT) fluxes, (b) the isothermal liquid water
flux (qlh). The solid ellipses show the approximate locations with minimum soil temperatures (a) or water potentials (b), and the empty ellipses show the approximate
locations with maximum soil temperatures (a) or water potentials (b). Seasonal trends in various water fluxes (qlh, qlT, and qvT) are indicated by arrows. The
embedded figure in (b) represents the planes of convergence and divergence occurring in the shallow layer during and after a rainfall event.
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The list of variables (with units) used in the governing equations for water flow and heat transport.
Cn

Volumetric heat capacity of solid, J m−3 K−1

Cp
Cv
Cw
D
g
h
Klh
KlT
Ks
Kvh
KvT
L0
M
qlh
qlT
qvh
qvT
R
S
T
t
z
γ
λ
θl
θn
θr
θs
θv
ρsv
ρv
ρw

Volumetric heat capacity of moist soil, J m−3 K−1
Volumetric heat capacity of water vapor, J m−3 K−1
Volumetric heat capacity of liquid water, J m−3 K−1
Vapor diffusivity in air, m2 s−1
Gravitational acceleration, m s−2
Pressure head, m
Isothermal hydraulic conductivity for liquid water, m s−1
Thermal hydraulic conductivity for liquid water, m2 K−1 s−1
Saturated hydraulic conductivity, m s−1
Isothermal hydraulic conductivity for water vapor, m s−1
Thermal hydraulic conductivity for water vapor, m2 K−1 s−1
Volumetric latent heat of vaporization of liquid water, J m−3
Molecular weight of water, kg mol−1
Isothermal liquid water flux, m s−1
Thermal liquid water flux, m s−1
Isothermal water vapor flux, m s−1
Thermal water vapor flux, m s−1
Universal gas constant, J mol−1 K−1
Sink term, s−1
Temperature, K
Time, s
Vertical depth from the surface, m
Surface tension of soil water, J m−2
Soil thermal conductivity, W m−1 K−1
Volumetric liquid water content, m3 m−3
Volumetric solid phase fraction, m3 m−3
Residual water content, m3 m−3
Saturated water content, m3 m−3
Volumetric water vapor content, m3 m−3
Saturated vapor density, kg m−3
Vapor density, kg m−3
Liquid water density, kg m−3
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