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Abstract
Groundwater recharge is critical to water circulation in arid and semi-arid regions. The accurate determination of groundwater
recharge is required for assessing water resources and effectively managing groundwater, especially in water-limited areas. Based
on field experiments and numerical models in a semi-arid region, this study assessed the effect of non-isothermal flow on
groundwater recharge. A lysimeter was used in the Mu Us Desert, northwestern China, to monitor groundwater recharge from
1 June to 30 September 2018. The numerical models (isothermal and non-isothermal models) were calibrated with the measured
soil moisture and soil temperature. Groundwater recharge was found to take up nearly 29% of rainfall. The non-isothermal model
was capable of accurately assessing groundwater recharge based on the accurate calculation of evaporation. The isothermal
model, however, underestimated the groundwater recharge by 13.2% and overestimated the evaporation by 16.2%. The isother-
mal model overestimated evaporation during the drying process. In contrast, cumulative net recharge was underestimated after
heavy rainfall events. It was therefore suggested that the non-isothermal flux should be considered in semi-arid regions, espe-
cially when assessing groundwater recharge.
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Introduction

Groundwater is a vital source of fresh water worldwide (Varis
2014). Globally, over 1.5 billion people use groundwater as a
source of potable water (Sakram and Adimalla 2018). As the
world’s population continues rising, more people will rely on
groundwater, especially in arid and semi-arid regions (Hamed
2013). To ensure that the groundwater supply for emerging
populations is available in the long term, it is necessary to
develop and implement an effective management plan.
Accordingly, the determination of groundwater recharge is

critical in order to achieve efficient groundwater management
(Gleeson et al. 2016). Accurately assessing groundwater re-
charge remains challenging, however, continues to be a hot
research topic in hydrological science (Camacho Suarez et al.
2015) since recharge is difficult to measure directly and varies
extensively in space and time.

The assessment of groundwater recharge in arid and semi-
arid regions is more difficult in the relatively deep unsaturated
zone and in complex climatic conditions (Li et al. 2017). Thus
far, numerous methods have been proposed in attempts to
determine groundwater recharge from available climatic and
hydrogeologic observations (Meixner et al. 2016; Hartmann
et al. 2017; Bhaskar et al. 2018; Zhao et al. 2020). Based on
data-gathering techniques, the methods for estimating ground-
water recharge can be categorized in terms of the following
(Xu and Beekman 2019): (1) data from surface-related ap-
proaches such as remote sensing techniques, land-use change,
and evapotranspiration; (2) data from subsurface approaches,
including vadose zonemethods, methods based on groundwa-
ter level data (Nimmo et al. 2015; Cuthbert et al. 2016), and
tracer methods (Moeck et al. 2017; Huang et al. 2017); and (3)
data related to conceptual approaches such as numerical
models and water budget methods.

This article is part of the topical collection “Groundwater recharge and
discharge in arid and semi-arid areas of China”

* Wenke Wang
wenkew@chd.edu.cn

1 Key Laboratory of Subsurface Hydrology and Ecological Effects in
Arid Region, Chang’an University, Ministry of Education,
Xi’an, The People’s Republic of China

2 School of Water and Environment, Chang’an University, Yanta
Road 126, 710054 Xi’an, Shaanxi, The People’s Republic of China

https://doi.org/10.1007/s10040-020-02217-8

/ Published online: 6 August 2020

Hydrogeology Journal (2021) 29:541–549

http://crossmark.crossref.org/dialog/?doi=10.1007/s10040-020-02217-8&domain=pdf
mailto:wenkew@chd.edu.cn


A wide range of lysimeters have been adapted to capture
the groundwater recharge within a prescribed area (Meissner
et al. 2010). Lysimeters may be either non-weighing or
weighing (Meshkat et al. 1999). Water gains and losses in
weighing lysimeters are quantified by weighing the entire ly-
simeter. In non-weighing lysimeters, water fluxes are either
estimated from observations of soil moisture content, or mea-
sured by volume after the water has drained or been extracted
from the soil (Bergström 1990). Numerical models based on
Richards’ equation, involving HYDRUS (Tonkul et al. 2019),
VS2DI (Szymkiewicz et al. 2015), SHAW (Gosselin et al.
2016), SWAT (Jin et al. 2015), and SWIM (Purandara et al.
2018) methods, have been utilized to assess groundwater re-
charge. Numerical modeling can efficiently investigate differ-
ent hypothetical scenarios. Moreover, it can be adopted to
simulate future groundwater recharge if the model is
calibrated and validated rigorously. Turkeltaub et al. (2015)
developed into the calibration of a Richards’ equation-based
model with transient deep vadose zone data. They reported
that recharge fluxes are largely affected by the relatively re-
cent precipitation patterns. Lu et al. (2011) studied five repre-
sentative sites in order to ascertain the effects of irrigation and
water table depth on groundwater recharge using a numerical
model. They highlighted that different time lags
corresponding to different water table depths should be
considered when assessing groundwater recharge. Batalha
et al. (2018) employed the HYDRUS-1D method to assess
the sensitivity of groundwater recharge to the use of meteoro-
logical time series of different temporal resolutions. As re-
vealed by their results, an increase in the time over which
the meteorological data were averaged led to a lower assess-
ment of groundwater recharge. Most groundwater recharge
studies, however, have utilized isothermal models, thereby
overlooking the effects of temperature. The application of
the aforementioned methods of assessing groundwater re-
charge in arid and semi-arid regions is subject to various chal-
lenges, primarily due to the large diurnal temperature ranges
in these areas, as well as the fact that precipitation events occur
in short pulses, with highly variable intensities. Wang et al.
(2011) demonstrated that if the higher temperature of the soil–
atmosphere interface is overlooked in arid and semi-arid re-
gions, this will cause larger errors in the isothermal modeling
of the flux between the water table and the atmosphere.

Although it is widely recognized that water and heat trans-
port should be coupled in order to determine the processes of
groundwater recharge and discharge (Ren et al. 2017a), the
non-isothermal model remains limited in most practical appli-
cations since it is complex and requires more observed data in
order to calibrate parameters. Hou et al. (2016) constructed a
HYDRUS-1Dmodel to simulate the coupling of water, vapor,
and heat in desert soil. Subsequently, the calibrated model was
adopted to assess groundwater recharge. They found that the
assessed groundwater recharge rates were significantly higher

than those based on chemical information. Ren et al. (2017a)
tested the coupling of water and heat transport in the root zone
of winter wheat and found the non-isothermal model to be
highly accurate in simulating soil moisture and temperature
variations. Ren et al. (2017b) ascertained the effects of tem-
perature gradient on soil-water–salt transfer with evaporation
in the laboratory. They reported that the non-isothermal model
could achieve better results than the isothermal model since
the effect of temperature gradient on salt migration was larger
than that of water. In spite of these results, few studies have
explored the difference between isothermal and non-
isothermal models when assessing groundwater recharge tak-
ing account of the water table (Han et al. 2014).

The main goal of this study was to provide a more process-
based ascertainment of the effects of soil temperature on
groundwater recharge in arid and semi-arid regions. A lysim-
eter was adopted to accurately observe the amount of ground-
water recharge in arid and semi-arid regions from 1 June to 30
September 2018. Subsequently, non-isothermal and isother-
mal models based on HYDRUS-1D software were developed.
Observed soil moisture and soil temperature data were
employed to calibrate both numerical models. The calibrated
numerical models were then utilized to calculate the ground-
water recharge. Based on the numerical results, a determina-
tion was made whether the effect of soil temperature can be
overlooked when assessing groundwater recharge in arid and
semi-arid regions.

Materials and methods

Study site

The lysimeter data applied here were obtained from in-situ
experiments performed on the Ordos Plateau, northwestern
China (Fig. 1). This study used a large non-weighing lysime-
ter with an initial water-table depth of 2.0 m below the surface.
The lysimeter had a diameter of 2.0 m. To prevent water
leakage, the bottom of the lysimeter was sealed. The lysimeter

Fig. 1 a–b Location of the Henan Town national weather station in
China, and c photograph of a lysimeter outcrop
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was filled with uniform sandy loam. The volumetric soil mois-
ture content and soil temperature were monitored with
ECH2O-5TM probes (Decagon Devices, Inc.), featuring an
accuracy of approximately ±2%, installed in the lysimeter at
various depths (3, 10, 20, 30, 50, 80, 150, 190, and 250 cm).
Water-table fluctuations were observed with a CTD-Diver
sensor (DI271, Van Essen, Inc.), featuring an accuracy of
±0.1%, installed deep in the lysimeter. The data were harvest-
ed at intervals of 5 min. Rainfall, wind speed, air temperature,
and net radiation (i.e., the meteorological variables) were mea-
sured at intervals of 1 h. Soil samples were taken, and their
soil-moisture retention curves were plotted in the laboratory
using a Ku-pF apparatus (UGT GmbH, Muncheberg,
Germany). The van Genuchten (1980) model was adopted to
fit the soil-moisture retention curves. The experimental period
lasted from 1 June to 30 September 2018.

The climate at the in situ experiment location is semi-arid,
temperate, continental monsoon, exhibiting mean annual rain-
fall, potential evapotranspiration, and air temperature of
320 mm, 2,266 mm, and 8.0 °C, respectively (Zhang et al.
2018). Most of the annual rainfall (60–80%) occurs during the
summer, from June to September. The in situ experiment lo-
cation has been used for studies of the hydrological cycle on
the Ordos Plateau since 2003. Based on previous studies, the
main water exchange in arid and semi-arid regions occurs in
the vertical direction (Chen et al. 2018); thus, a 1D numerical
model was adopted to simulate water flow in this study.

Isothermal flow model

One-dimensional water movement in a partially saturated po-
rous medium can be expressed by Richards’ equation, in ac-
cordance with the assumptions that water flow resulting from
thermal gradients can be overlooked:

∂θ
∂t

¼ ∂
∂z

K hð Þ ∂h
∂z

þ 1

� �� �
ð1Þ

where θ denotes the volumetric water content (cm3/cm3); z is
the vertical distance from the datum, with positive defined as
upward (cm); t represents the time (T); K(h) is the unsaturated
hydraulic conductivity function (cm/T); and h refers to the
pressure head (cm).

Non-isothermal flow model

A numerical HYDRUS-1D model (Simunek et al. 2013) was
employed in this study to simulate both the vertical dual-phase
flow and heat transport. The governing equation for the dual-
phase flow is (Saito et al. 2006):

∂θT hð Þ
∂t

¼ ∂
∂z

K hð Þ þ Kvhð Þ ∂h
∂z

þ 1

� �
þ KLT þ KvTð Þ ∂T

∂z

� �
ð2Þ

where θT is the total volumetric water content (= θL + θv) (cm
3/

cm3); θL denotes the volumetric liquid water content (cm3/
cm3); θv is the volumetric water vapor content (cm3/cm3); t
is the time (T); z is the vertical distance from the datum, with
positive defined as upward (cm); h refers to the pressure head
(cm); T is the soil temperature (°C); Kvh is the isothermal
vapor hydraulic conductivity (cm/T); and KLT (cm2/°C/h)
and KvT (cm

2/°C/h) are the thermal hydraulic conductivity of
the liquid phase and the thermal hydraulic conductivity of the
vapor phase, respectively.

K(h) and θL denote the nonlinear functions of h (van
Genuchten 1980).

θ hð Þ ¼ θr þ θs−θr
1þ αhj jn½ �m h < 0

θs h≥0

8<
: ð3Þ

K hð Þ ¼ KsSle 1− 1−S1=me

� �mh i2
ð4Þ

where Se ¼ θ−θr
θs−θr , in which θr is the residual moisture content

(cm3/cm3); θs is the saturated moisture content (cm3/cm3);α is
a soil pore-size distribution parameter (1/cm); n is a function
of the pore size distribution (−); and Ks is the saturated hy-
draulic conductivity of the soil (cm/T). KLT is a function of
KLh, h, and T, as computed internally with HYDRUS.

The heat transport is solved simultaneously to characterize
the temperature distribution of the vertical profile. The equa-
tion governing heat transport, accounting for the effects of
water vapor diffusion, is expressed as (Saito et al. 2006):

Cp θLð Þ ∂T
∂t

þ Lo
∂θv
∂t

¼ ∂
∂z

λ θLð Þ ∂T
∂z

� �
−CwqL

∂T
∂z

−Cv
∂ qvTð Þ
∂z

−Lo
∂qv
∂z

ð5Þ

where Cp(θL), Cw, and Cv denote the volumetric heat capacity
(J/cm3/°C) of the porous medium, liquid water, and water
vapor, respectively; Lo represents the volumetric latent heat
of vaporization of liquid water (J/cm3), computed internally as
a function of air temperature; and λ(θL) is the thermal conduc-
tivity of the porous medium (J/°C/cm/h). Cp(θL) is determined
by the time-varying θL and calculated internally.

The thermal conductivity λ(θL) is (de Marsily 1986):

λ θLð Þ ¼ λ0 θLð Þ þ βTCw qj j ð6Þ
where βT denotes the thermal dispersity (5 cm); and λ0(θL) is
the baseline thermal conductivity, which is defined as (Chung
and Horton 1987):

λ0 ¼ b1 þ b2θL þ b3θL
0:5 ð7Þ

where b1, b2, and b3 represent empirical parameters (W/cm/
°C). These parameters were based on the literature (Huang
et al. 2016).

543Hydrogeol J (2021) 29:541–549



Initial and boundary conditions

Proper initial conditions are required to correctly simulate
dual-phase flow and heat transport. For dual-phase flow, ei-
ther the pressure head or the moisture content can act as the
initial condition. In the respective model, this study linearly
interpolated the moisture content measured at various depths
on 1 June 2018 over the entire profile; the interpolated mois-
ture content distribution acted as the dual-phase flow initial
condition. Likewise, the soil temperature measured on 1
June 2018 was linearly interpolated over the entire profile,
and the temperature distribution acted as the initial condition
for the heat transport.

In each model, the top boundary was specified with an atmo-
spheric boundary condition consisting of several time-dependent
variables (e.g., net radiation, precipitation, air temperature, rela-
tive humidity, and wind speed). These time-dependent variables
were adopted to calculate the evaporation rates and ground heat
fluxes required as direct boundary conditions to solve the
governing equations for dual-phase flow and heat transport.
Time-dependent pressure head and temperature variables were
assigned to the bottom boundary of each model in order to sim-
ulate the dual-phase flow and heat transport, respectively.

The models were split into two layers for the lysimeter
using correlation analysis of the moisture content time series.
The single layers in both models were initially tested after the
lysimeter had been packed with identical sandy loam soil
(Zhang et al. 2018), although reasonable fitting statistics could
not be calculated for soil moisture and soil temperature simul-
taneously. Thus, two layers were adopted based on correlation
analysis. The soil heterogeneity most likely resulted from un-
even packing and later salt movement driven by evaporation
(Hernández-López et al. 2016). More layers could be
exploited to enhance the model’s accuracy, although this
would obviously increase the number of uncertain parameters
requiring calibration. Thus, the number of layers complied
with a compromise between accuracy and the degree of free-
dom of the model.

Model parameters were required for all of the layers. Given
the number of layers considered, the measured soil hydraulic
parameters acted as initial estimates of the parameter values.
All of the parameters were derived from the following cali-
bration process:

Bias ¼ 1

N
∑N

n¼1 θsim−θobsð Þ ð8Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N
∑N

n¼1 θsim−θobsð Þ2
r

ð9Þ

where n denotes the number of days; and θsim and θobs refer to
the simulated and observed values of a variable on the ith day,
respectively. Since both the soil moisture and temperature
acted as calibration targets, a total of four metrics were

assessed for the respective model. The calibration module
included in HYDRUS-1D was employed here to optimize
θs, θr, α, and n for all of the layers (Table 1).

Results

Rainfall and groundwater level

Rainfall data for the study area were collected from 2014 to
2018. The mean annual rainfall for this area was 315.9 mm,
approximately 80% of which occurred between June and
September. Most of the rainfall events were light, with the
majority <5 mm. The frequency decreased as the amount of
the individual rainfall events increased from 5 to 50mm. Light
rainfall events (< 5.0 mm) were most frequent, whereas larger
rainfall events (≥10.0 mm) were infrequent but considerably
impacted the total rainfall. The percentages of the total amount
and frequency of events decreased with increasing rainfall. All
of these characteristics exhibited the rainfall pulse patterns of a
semi-arid area. Figure 2 presents the fluctuations in water table
depth and precipitation at the study location for the experi-
ment period. A total of 34 rainfall events occurred during the
experimental period. Themaximum andminimum amounts of
rainfall were 4.35 and 0.01 cm, respectively, and 73% percent
of the rainfall events were <1 cm.

Moreover, the groundwater level fluctuations in the lysim-
eter were primarily affected by precipitation. The groundwater
level always maintained an increasing trend, indicating that
evaporation only slightly impacted groundwater. During the
experiment, the groundwater level rose by 49.1 cm.

Soil moisture and temperature

The observed and calculated daily average soil temperatures at
depths of 10 and 150 cm below the ground surface were sim-
ulated with the non-isothermal model (Fig. 3). The bias and
RMSE at the depths of 10 and 150 cm were –0.27 and 2.7 °C
and –0.8 and 1.1 °C, respectively. Figure 3a,b shows that the
calculated soil temperature was fitted at the observed depths,
demonstrating that the non-isothermal model could be
exploited to simulate heat transport in the vadose zone. Both
the observed and simulated soil temperatures exhibited diur-
nal periodic patterns, as imposed by the underlying soil

Table 1 Calibrated parameters of the van Genuchten model

Layer θs
(cm3/cm3)

θr
(cm3/cm3)

α
(cm−1)

n

Layer 1 (0–7 cm) 0.31 0.01 0.02 2.03

Layer 2 (7––250 cm) 0.34 0.01 0.043 1.61
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temperature wave at the water table and the overlying atmo-
spheric conditions. The soil temperature close to the upper
boundary fluctuated more significantly; for instance, the aver-
age diurnal amplitude of the soil temperature at a depth of
3 cm was approximately 30 °C (not shown in Fig. 3). As the
depth increased, the amplitude and delay decreased; for in-
stance, the average diurnal amplitude of the soil temperature
at a depth of 150 cm was <1 °C. In addition, rainfall events
could also affect the amplitude of the soil temperature as a
result of less net radiation and lower air temperatures.

Themeasured soil moisture content and the values simulated
with the non-isothermal model at depths of 10 and 150 cm are
presented in Fig. 3c,d. As suggested from the figures, the mea-
sured and simulated soil moisture content values typically fluc-
tuated due to rainfall events, especially in the upper soil layers
(e.g., at a depth of 10 cm). Yeh and Eltahir (2005) pointed out
that groundwater and soil moisture act as two low-pass filters of
atmospheric forcing, thereby causing the fluctuation amplitudes

to attenuate with depth. Accordingly, the amplitude of the soil
moisture at a depth of 150 cm was <0.01 cm/cm. The non-
isothermal model, which considers liquid water and heat trans-
port, effectively captured the sharp increase in the soil-moisture
content and the general decrease with depth. The bias and
RMSE at depths of 10 and 150 cm were –0.0009 and 0.016
(cm3/cm3) and 0.00035 and 0.016 (cm3/cm3), respectively. It
was therefore revealed that the non-isothermal model could be
used to assess groundwater recharge.

The simulated results of the isothermal model at depths of
10 and 150 cm are illustrated in Fig. 4. As indicated by the
figure, the isothermal model slightly underestimated near-
surface soil moisture. The bias and RMSE values at 10 and
150 cm reached −0.0088 and 0.018 (cm3/cm3) and –0.002 and
0.016 (cm3/cm3), respectively, demonstrating that the isother-
mal model could reproduce the observed soil-moisture data.

Cumulative evaporation

Evaporation is critical to the hydrological cycle, representing a
water flux interaction between the ground surface and the
atmosphere. Figure 5 illustrates the observed cumulative
evaporation and the values estimated with the non-
isothermal and isothermal models. At the end of the experi-
ment, the cumulative evaporation values reached 20.13,
20.90, and 23.40 cm for the observations, the non-
isothermal model, and the isothermal model, respectively.
The non-isothermal model results comply with the observed
results, whereas the isothermal model overestimated the
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values by 16.2%. Figure 5 indicates that the cumulative evap-
oration values calculated with the 2 models were similar in
mid-June. After the rainfall events in late June, the results of
the models progressively diverged with time. The cumulative
evaporation assessed with the non-isothermal model continu-
ously increased in response to precipitation, while the isother-
mal model significantly overestimated the evaporation values
in the experiment. It was therefore demonstrated that the non-
isothermal model is more applicable to the calculation of
evaporation during rainy periods than the isothermal model.

Cumulative groundwater recharge

The cumulative groundwater recharge ascertained from the
lysimeter observations as well as the non-isothermal and iso-
thermal models are illustrated in Fig. 6. At the end of the
experiment, the cumulative groundwater recharge reached
8.30, 8.33, and 7.24 cm for the observed results, the non-
isothermal model, and the isothermal model, respectively.
Thus, the isothermal model underestimated the cumulative
groundwater recharge by 13.2%. The observed and simulated
results all increased slightly from June to mid-July. In re-
sponse to heavy rainfall events, the amount of recharge sig-
nificantly increased by 2.6 cm from August 19 to August 29.
The distribution of the cumulative groundwater recharge
values calculated with the non-isothermal model complied
with the levels of the measured data were more closely than
the values calculated with the isothermal model. The

differences between the values simulated with the non-
isothermal and isothermal models increased continuously
over time after June. The isothermal model led to the under-
estimation of recharge, especially after heavy rainfall. As
demonstrated by these results, the non-isothermal model more
accurately estimates groundwater recharge under natural
conditions.

Discussion

Rainfall infiltration critically impacts groundwater recharge.
Insights into the mechanism of groundwater recharge should
also be gained in order to assist groundwater-water-resource
management. Accurately assessing groundwater recharge is
challenging, due to the difficulty of obtaining field observa-
tions, numerous controlling factors, and complex physical
mechanisms (Chen et al. 2012). According to the results of
this study, the non-isothermal model can produce more
accurate groundwater recharge results, indicating that the
non-isothermal model outperforms the isothermal model in
simulating evaporation, which overlooks the thermal and va-
por fluxes. The smaller groundwater recharge values pro-
duced by the isothermal model may also stem from its over-
estimation of evaporation during rainfall events. The
variations in the evaporation of both models during rainfall
events were plotted (Fig. 7a). As can be seen in this figure, the
isothermal model underestimated evaporation after the
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precipitation ended (e.g., from July 23–25). In contrast, the
isothermal model overestimated evaporation during dry
periods (e.g., from July 25–August 7; Fig. 7a). These factors
caused the cumulative evaporation calculated with the
isothermal model to be greater than that of the non-
isothermal model (Fig. 5).

The accuracy of the estimated evaporation affected the
groundwater recharge calculations. According to Fig. 7b, the
groundwater recharge values estimated with the non-
isothermal and isothermal models rose by 0.87 and 0.69 cm,
respectively, during the heavy rainfall events from July 20–
August 6. Furthermore, the water flux near the surface after
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the rainfall event on August 24 was plotted (see Fig. 7c). The
water flux value produced with the isothermal model was
significantly less prominent than that produced with the non-
isothermal model. As revealed from these results, the isother-
mal model overestimated evaporation, thereby yielding a low
value for infiltration water flux. Ultimately, the groundwater
recharge was underestimated with the isothermal model.

Conclusions

In the present study, a lysimeter was adopted to collect data in
the Mu Us Desert, located in the Ordos Basin of China.
Subsequently, these measurements were utilized to assess
the groundwater recharge results of non-isothermal and iso-
thermal numerical models. These models were developed to
simulate evaporation and groundwater recharge. Both models
were calibrated based on lysimeter data for 122 summer days.
The observed soil hydraulic properties were employed to pa-
rameterize the model. The models were driven by meteoro-
logical forcing data (e.g., net radiation, wind speed, and air
temperature). The soil moisture and temperature observations,
along with the soil profile, were used to calibrate the model.
The simulated soil moisture and temperature results were
found to be consistent with the observed values, demonstrat-
ing that both models can satisfactorily simulate these param-
eters. Compared to the isothermal model, the non-isothermal
model could more accurately assess the evaporation and
groundwater recharge. The isothermal model overestimated
evaporation by 16.2%, while underestimating groundwater
recharge by 13.2%. The isothermal model overestimated
evaporation in dry periods, thereby causing the infiltration
flux to be underestimated.

The lysimeter observations were useful since they allowed
for exploration of the differences between the isothermal and
non-isothermal numerical models. Given the implications of
soil temperature in the simulation of groundwater recharge in
arid and semi-arid regions, the non-isothermal model is con-
sidered as a better choice. Due to the complexity of the non-
isothermal model, however, comprehensive uncertainty anal-
ysis is required. The results presented here are important as
they provide additional insight into the groundwater recharge
processes taking account of the water table.
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