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A B S T R A C T

The use of water temperature as a tracer has been widely utilized for characterizing the dynamics of water flow
and heat transport in riparian zones. By using experimental approaches, we investigated the effects of water
temperature, hydraulic head, and heat radiation on water flow and thermal dynamics in riparian zones through
sand tank experiments, which simulate the dynamics of water flow and heat transport in riparian zones. Water of
low temperature was pumped into the sand tank, and changes of temperature at different locations of the sand
tank were measured. Temperature data was examined for three different water temperatures (4.0 °C, 6.0 °C, and
9.5 °C), two different hydraulic heads (25 cm and 45 cm), and two different radiation temperatures (no radiation
and 22 °C). The thermal dynamic variation pattern in different types of water temperatures, hydraulic heads, and
radiation combinations, was also analyzed using a HYDRUS-2D model. The temperature sensors, located near
the inlet infiltration boundary, required a shorter time to reach the steady state, because the temperature de-
clined more rapidly near the inlet. The effect of lateral inflow on the temperature gradient was obvious. The
temperature gradient in the horizontal direction gradually decreased, and the vertical temperature gradient
gradually increased. In the initial stage of infiltration, the temperature gradient in the horizontal direction was
larger than the temperature gradient in the vertical direction, however, as time goes on, the temperature gra-
dient in the vertical direction was larger than the temperature gradient in the horizontal direction. In addition,
the horizontal temperature gradient of the top sand layer was less affected by the water temperature. The closer
the temperature observation point of the same horizontal section was to the infiltration boundary, the higher the
rate of temperature difference changes. Comparison of the predicted and observed thermal dynamics variation of
the 2-D sand tank shows good agreement, indicating that the major mechanism for water flow and thermal
dynamics variation was hydraulic head. The sensitivity analysis results illustrate that the model was most
sensitive to hydraulic head (H ), followed by Van Genuchten parameter (α), permeability coefficient (Ks), water
temperature (T ), Van Genuchten parameter (n), residual moisture content (θr), and saturated moisture content
(θs). The variation of each parameter was linear with the change of temperature field. Parameters which were
positively related to the temperature field wereT , α, θr and θs, which means the parameter value becomes larger
as the temperature becomes larger, and vice versa. The parameters which were negatively related to the tem-
perature field were H , Ks and n.

1. Introduction

Water temperature is one of the important factors that influences
hydrologic and aquatic ecological environments. Large reservoirs are
stratified with depth due to their capacity and slow flow rate. Water
temperatures decrease with depth in large reservoirs and temperatures

at the deepest layer remain constant all year. Release of low-tempera-
ture water from reservoirs can impact downstream aquatic environ-
ments. For example, the water temperature was low in discharges from
reservoirs in spring and summer (Preece and Jones, 2002; Prats et al.,
2010), and it was high in winter (Maheu et al., 2016). The low-tem-
perature water from large reservoirs had an extremely important
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impact on aquatic organisms and even aquatic ecosystems downstream
of the dam.

Using groundwater temperature as a natural tracer, as opposed to
using a chemical tracer, reduces negative impacts on the aquatic en-
vironment (Anderson, 2005; Constantz, 2008). In recent studies, water
temperature as a natural tracer was used extensively to estimate heat
exchange processes (Xie et al., 2015; Klepikova et al., 2016), ground-
water discharges to surface waters (Duque et al., 2016), SW/GW in-
teractions(Hyun et al., 2011; Naranjo and Turcotte, 2015; Munz et al.,
2016; Schneidewind et al., 2016), and aquifer characteristics
(Wildemeersch et al., 2014; Doro et al., 2015; Sakata, 2015; Colombani
et al., 2015; Klepikova et al., 2016). Duque et al. (2010) studied the
relations between rivers and the associated aquifers using groundwater
temperature measurements, and general data on river discharge, and
environmental and river temperatures. Sellwood et al. (2015) used in-
well heat tracer tests to estimate borehole fluid flow rates and to
evaluate the range of flow rates. Although the on-site thermal tracing
test has yielded positive results, a more quantitative mechanism ana-
lysis is needed for the study of river ecology and solute exchange pro-
cesses.

In recent years, with the application of automated observation
technology, as well as the progress of data processing technology, the
effects of water temperature changes over time on the physical prop-
erties of river beds can be more accurately examined. For example,
temperature time series methods were extensively used to calculate
vertical water fluxes (Keery et al., 2007; Gordon et al., 2012), Darcy
velocity (McCallum et al., 2012), and groundwater-surface water ex-
change (Irvine et al., 2015). Tonina et al. (2014) based on temperature
time series of surface and streambed pore waters, monitored local
changes in streambed surface elevations at a daily time scale. He found
that time series analysis of paired in-stream and pore water tempera-
tures can predict variations in streambed surface elevations at the daily
time scale with a 20% accuracy. More recently, Wilson et al. (2016)
presented a method that inverts thermal time series data to estimate the
timing and depth of transient hydrodynamic exchange. They found that
it was possible to identify the depth of flushing using shallow datasets,
in which flushing extended below the deepest sensor. This finding was
used to estimate the influence of streambed or riverbed sediments on
groundwater surface water exchange fluxes (Irvine et al., 2015).

Several research efforts were designed to characterize groundwater
discharge to surface waters and ground velocities by performing dis-
tributed temperature sensing (DTS). Among them, Mamer and Lowry
(2013) represented the initial lab testing of a new combined method to
assess the viability of using pairs of DTS time series profiles to quantify
and locate zones of discrete groundwater discharge throughout an en-
tire stream reach. Bakker et al. (2015) presented a new methodology for
using a heat tracer test to determine groundwater velocities. It inserts
fiber optic cables vertically into unconsolidated sedimentary aquifers
without the need for boreholes, and to measure temperature along
these cables using DTS. Hare et al. (2015) compared thermal infrared to
fiber-optic distributed temperature sensing for locating discrete
groundwater discharges to surface water.

The above studies show that many scholars have used water tem-
perature as a tracer to study the river-related problems, but the eva-
luation of water temperature as a tracer to study water flow and
thermal variation mechanisms in riparian zones is rarely reported.
Somewhat later, Sawyer et al. (2009) monitored water-table elevation,
temperature, and specific conductivity along a transect perpendicular
to the Colorado River (Austin, Texas, USA), 15 km downstream of the
Longhorn dam to evaluate the penetration distance and rates of dam-
induced lateral hyporheic exchange paths. They found that wooded
riparian zones can reduce stream temperatures, particularly in terms of
maximum temperatures. Bowler et al. (2012) conducted a systematic
review of the available evidence for the effects of wooded riparian
zones on stream temperature to assess the effectiveness of this inter-
vention. They used hydraulic and temperature data to calibrate the

reliable conservative transport model as calibration constraints. Due to
the interface between surface water and groundwater in riparian zones
and the particularity of the hyporheic location and structure, its diffi-
cult to measure water flow and heat transport in riverbed hyporheic
exchange processes. These exchange areas are an important manifes-
tation of the complex edge effect of the riparian zone, which have
important protection functions for rivers and groundwater. And it is
becoming a hot topic for future research.

Riparian zones played the key role in the function of aquatic eco-
systems which could affect the chemical, physical and biological pro-
cesses. When low-temperature water from a reservoir is released, it
infiltrates into the riparian zones, and mixes with natural groundwater
allowing for heat exchange. Then, the low temperature water released
from the reservoir forms the soil non-isothermal environment under the
two-way radiation conditions which consists of the low temperature
water layer in lower part and the upper natural temperature surface,
and could cause the redistribution of temperature and moisture field
inevitably. There were significant changes on riverbed sediment and
riparian saturation-unsaturated zone heat state, and these differences
could be characterized by groundwater activities. Soil moisture and
temperature were the most important influencing factors of geochem-
ical and ecological processes in the unsaturated zone (Halloran et al.,
2016). The distribution and variation of soil temperature affects the
physical and chemical properties of the soil and the biochemical cycle
(Paul et al., 2004; Maurer and Bowling, 2014). Studies have shown that
soil temperature changes directly affected the soil respiration rate
(Contosta et al., 2016; Wang et al., 2016). Soil respiration was one of
the main fluxes of the global carbon cycle and was an important de-
terminant of ecosystem carbon balance (Riveros-Iregui et al., 2007), its
strength was second only to primary productivity (Laganiere et al.,
2012), and it was mainly composed of microbial decomposition of soil
organic matter and root respiration (Curtin et al., 2012). Low-tem-
perature water also had adverse effects on downstream cropland irri-
gation. Yang et al. (2012) concluded that the maximum impact scope of
low-temperature water was 55 km and water temperature reached the
minimum growth temperature of rice during April and June. The use of
engineering or non-engineering measures to manage the reservoir dis-
charge temperature regulation and to reduce the adverse effects of low-
temperature water on the environment and ecology has become a major
problem in the field.

Recent experimental studies have been concerned with the effect of
hydraulic conductivity of silty clay under infiltration of low-tempera-
ture water (Ren et al., 2014), the purpose of this study was to develop a
process, using the 2-D riparian zone test and to use this new test to
evaluate water flow and thermal dynamics in riparian zones using the
injection of a heat tracer test. In Section 2, we present a methodology
for of laboratory experiments and the numerical modeling utilized in
this study. In Section 3, we describe laboratory experimental proce-
dures used to evaluate water flow and thermal dynamics in a sand tank.
We also reconstructed a numerical model, using three sets of experi-
ments to calibrate and verify. In addition, we used the sensitivity
analysis method to analyze the parameters of the model.

2. Methodology

2.1. Laboratory experiments

Experiments were conducted in a sand tank with a precise heating/
cooling control system (see Fig. 1). The total sand tank length is 80 cm.
The working sediment-filled section is 60 cm in length, 20 cm wide, and
80m in height. Water flow in the tank was horizontal (Fig. 1b). The
inlet and outlet were furnished with perforated plates and gauze to
ensure uniform flow across the entire cross-section without losing any
sediment. The perforated plates device at the upstream end minimizes
pulsing action and facilitates a smooth flow of water into the study
section. The upstream reservoir has two overflow holes, 30 cm and
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50 cm of the height, respectively. The downstream reservoir has one
overflow hole, 5 cm of the height. Prior to each infiltration test, the
hydraulic head was kept steady at an initial level of 30 cm or 50 cm
from the upstream reservoir of sand tank. The hydraulic head was
controlled by the outlet. The sand tank was equipped with a heating
and cooling system and the walls and floor insulated to minimize
temperature losses. Sand tank infiltration water temperature was con-
trolled by a heating/cooling control system. For each test, a constant
infiltration water temperature was applied. Tests were run for three
different water temperatures (4.0 °C, 6.0 °C, and 9.5 °C), two different
hydraulic heads (25 cm and 45 cm), and two different radiation tem-
peratures (no radiation and 22 °C). The summary of the experiment

conditions is given in Table 1.
In all experiments, the sample used was sand (with the 50th per-

centile grain diameter D50=0.68mm and the uniformity coefficient
Cu=0.5). Air-dried sand used in the sand tank had an average bulk
density of 1.56 g/cm3 and was contained in the high and low tem-
perature alternation hydrothermal box (see Fig. 1). The initial average
water content, measured on sand samples taken during packing, was
0.02 cm3/cm3. The initial temperature of the sample was controlled at
20 °C for over 24 h so that the sample had a uniform temperature.
During each infiltration test, the data was collected every 1min from
the 30 temperature sensors throughout all three tests. These sensors
were connected to an automatic analog signals collector. Signals from
temperature sensors were converted into digital signals through an A/D
converter. The data were collected by computer continuously. The
position of the 30 temperature sensors is shown in Table 2. The tem-
perature data recorded at a frequency of 1min show how temperature
varied temporally and spatially at six locations along the surface. At
each location, measurements were taken at six different heights as
follows: near the surface (5 cm below the surface: T26, T27, T28, T29,
T30); 15 cm below the surface: (T21, T22, T23, T24, T25), mid sand
profile (30 cm below the surface: T16, T17, T18, T19, T20); (50 cm
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Fig. 1. View of the experimental tank set-up (modified from Ren et al., 2014): (a) Schematic presentation of temperature heating/cooling system, (b) Photograph of
30 temperature sensors are inserted in the sand tank and (c) Scheme of temperature sensors layout of 2-D sand tank.

Table 1
Summary of hydraulic conditions during each low temperature water injection.

Water temperature
(°C)

Hydraulic head
(cm)

Radiation (°C) Duration
(min)

Exp1 4.0 25 22 500
Exp2 9.5 25 NA 500
Exp3 6.0 45 22 500
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below the surface: T11, T12, T13, T14, T15) and near the bottom
(60 cm below the surface: T6, T7, T8, T9, T10); (75 cm below the sur-
face: T1, T2, T3, T4, T5) as shown in Fig. 1c.

2.2. Numerical modeling

2.2.1. Model description
The numerical model package HYDRUS-2D (Šimunek et al., 2006)

was applied in this study to simulate the heat transport processes in the
unsaturated sand in the sand tank. van Genuchten (1980) has devel-
oped a model describing the hydraulic properties of most soil types as
follows:
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In Eq. (1), h is the soil moisture pressure head [cm], θs is the satu-
rated water content [cm3/cm3], θr is the residual water content [cm3/
cm3], and α [cm−1], m and n are empirical parameters. It is required
that = −m n1 1 . In Eq. (2), K h( ) is the hydraulic conductivity [cm/s],
Ks is the saturated hydraulic conductivity [cm/s], Se is the effective soil
moisture content given by = − −Se θ θ θ θ( ) ( )r s r , l is a pore connectivity
parameter with an average value of approximately 0.5 for many soils
(Kandelous and Šimunek, 2010).

Soil hydraulic parameters for the sand in the sand box were esti-
mated using a soil suction plane-table (provided by Institute of Soil
Science, Chinese Academy of Sciences). A soil suction plane-table is a
testing device that measures soil hydraulic parameters from soil texture
and related data required by the van Genuchten–Mualem model (van
Genuchten, 1980). Matlab software (Matlab 7.0, Math Works, Natick,
MA) was used to obtain the four VG parameters θs, θr , α and n by fitting
the VG model to the measured retention data. Matlab software fitted the
following soil hydraulic parameters of the van Genuchten-Mualem
model: θr =0.023 cm3/cm3, θs =0.342 cm3/cm3, α =0.042 cm−1, and
n =5.275. The saturated hydraulic conductivity Kswas measured using
a Guelph constant head permeameter: Ks =0.495 cm/min.

The soil thermal regime was modeled with the conduction-convec-
tion heat flow equation (Sophocleous, 1979):
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where C θ( ) and Cw are the volumetric heat capacity of the bulk soil and

the liquid phase, respectively; λxz is the soil thermal conductivity and qx
for the water flux density while T is soil temperature. The effects of
water vapor diffusion is ignored. The volumetric heat capacity C θ( ) was
determined according to De Vries (1963):

≈ + + ×C θ θ θ θ( ) (1.92 2.51 4.18 ) 10n 0
6 (4)

where θn and θ0 represent the volume fractions of solid phase and or-
ganic matter in soil, respectively. The thermal conductivity as a func-
tion of soil water content can be written as (Chung and Horton, 1987):

= + +λ θ b b θ b θ( ) 1 2 3
0.5 (5)

where b1, b2, b3 are empirical parameters that are specified for each
particular soil (coarse, medium and fine texture). In this paper, the
values b1, b2, b3 are HYDRUS-2D default values. The value of soil
thermal parameters are shown in Table 3.

2.2.2. Initial and boundary conditions
The model domain represents a cross-section of the 2-D sand tank

(Fig. 2). HYDRUS-2D uses the Galerkin finite-element method to solve
the governing water flow equation and heat flow equation. The nu-
merical solution of the transport domain using HYDRUS-2D was ob-
tained. Domain geometry was rectangular, and measured 60 cm wide
and 80 cm deep. During the low temperature water application, a
constant head boundary condition was used at the location of the left
infiltration boundary of 25 cm located at 55 cm below the soil surface.
The infiltration line was assumed to be a line source. The remaining
part of the left boundary was a zero-flux boundary during the infiltra-
tion event. A zero-flux boundary condition was also used at the bottom
boundary. An atmospheric boundary was used at the soil surface and A
free drainage boundary condition was used at the right boundary.

The soil heat regime was affected by water temperature. Then the
constant water head boundary was used as the Cauchy type boundary
condition. The Dirichlet type boundary condition was used at the soil
surface. During water application, the soil surface boundary had a
constant radiation temperature of 22 °C, which was controlled by the
solar radiation controller system. The Neuman type boundaries were
used at the remaining part of the left and right boundaries. The bottom
boundary was also used the Neuman type boundary condition.

2.2.3. Model calibration
Based on the indoor test results, the numerical model was calibrated

to determine the reasonable model parameter values. Experiment #1
was used as the observation data for the calibration. The parameter
optimization (inverse) module incorporated in HYDRUS-2D (Šimunek

Table 2
Location of temperature sensors. Length indicates the horizontal distance from the left screen boundary and Height indicates the vertical distance from the bottom
(Fig. 1c).

Temperature sensor T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15

Length (cm) 5 15 30 45 55 5 15 30 45 55 5 15 30 45 55
Height (cm) 5 5 5 5 5 20 20 20 20 20 30 30 30 30 30

T16 T17 T18 T19 T20 T21 T22 T23 T24 T25 T26 T27 T28 T29 T30

Length (cm) 5 15 30 45 55 5 15 30 45 55 5 15 30 45 55
Height (cm) 50 50 50 50 50 65 65 65 65 65 75 75 75 75 75

Table 3
Soil thermal parameters used in HYDRUS-2D model.

Solid Org DL DT b1 b1 b1 Cn Co Cw

cm2·s−1 J·g−1·C−1

0.57 0 5 1 4924810 −51969500 106034000 69120000 90360000 150480000

Note: Solid is the ratio of soil solids to total volume, org is the ratio of organic matter to total volume, DL is longitudinal thermal diffusivity of soil, DT is horizontal
thermal diffusivity of soil, b1, b2, b3 are coefficient of thermal conductivity function, Cn is soil solids heat capacity, Co is soil organic matter heat capacity and Cw is
soil liquid heat capacity.
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et al., 2006) was employed to identify θs, θr , α and n and Ks
(θr =0.021 cm3/cm3, θs =0.342 cm3/cm3, α =0.038 cm−1, n =5.275
and Ks =0.49 cm/min). The final calibrated value of soil hydraulic
parameters are shown in Table 4.

In this paper, root-mean-square error (RMSE), coefficient of de-
termination (R2) and relative error (Re) were used to evaluate the si-
mulation accuracy of the model.

The root mean square error (RMSE) of the observed and simulated
sand temperature were used to provide a quantitative comparison of the
goodness-of-fit between observed and simulated data, and assess the
performance of the riparian zone. R2 is the coefficient of determination
between the simulated and observed values based on the y= x linear
regression equation. Re is the relative error between the simulated and
observed values, which are defined as:
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where n= number of observations, Si and Oi are the predicted and
observed data, respectively, and O is the observed mean sand tem-
perature.

3. Results and discussion

3.1. Temperature fields

Fig. 3 shows the heat plume movement in three different experi-
ments of the sand tank at different times (30, 60, 180, 270 and 500min)
after the low temperature water injection. Considering the solar ra-
diation impact of riparian zone, Experiment #1 and #3 increased the
soil surface radiation temperature boundary conditions of 22 °C and
changed the infiltration hydraulic head conditions of 25 cm and 45 cm,
respectively. Laboratory experiments simulated the temperature dis-
tribution of the sand tank which were affected by water temperature,
hydraulic head and radiation.

Fig. 3 shows the patterns are obviously different for the three-dif-
ferent heat infiltration tests. The heat plume generally followed the
direction of the groundwater flow, which is consistent with the results
obtained by Klepikova et al. (2016). Contours, shaped as a ‘7’ were
observed for temperature fields in the sand tank. The phenomenon of
low temperature water moving through the sand tank horizontally and
vertically is evident. The temperature gradient gradually decreases in
the horizontal direction. In the vertical direction the soil moisture was
affected by the sand's matric suction so that the water flow moves up-
wards and drives the temperature to move upwards. The temperature
gradient gradually increases from lower to upper sections of the sand
tank. In the horizontal direction, low temperatures are evident in the
inlet infiltration area and high temperatures are evident in the outlet
infiltration area. At inlets, the water temperature is dominated by its
inlet conditions. In the vertical direction, the temperature of upper part
is higher and the temperature of the lower part is low. The area of the
temperature zone changes with infiltration time, the high temperature
zone decreases, and the low temperature zone increases gradually.
Whether in the horizontal direction or in the vertical direction, tem-
perature fields of sand tank can be divided into low, medium, and high
temperature zones. This indicates that the sand tank temperature is
significantly influenced by the low-temperature water.

Fig. 4 shows the processed data for selected sensors. After three
experiments the low temperature water was injected at time t= 0min,
collecting 500min of test data. Three color curves show the tempera-
ture recorded after injection of the low temperature water. B1, B2, B3,
B4, B5 and B6 represent different cross section. Making cross section
comparisons, the B1 section reached the steady-state in less time than
the other sections (B2, B3, B4, B5, B6) and had faster descent speeds

Fig. 2. Finite element mesh of modeling domain, and boundary conditions of the modeling scenarios for different experiments: (Model #1) Exp1, (Model #2) Exp2,
and (Model #3) Exp3.

Table 4
Soil hydraulic parameters used in HYDRUS-2D model.

Parameter θr θs α
(l·cm−1)

n Ks

(cm·min−1)
l

(cm3·cm−3)

Initial value 0.023 0.342 0.042 5.275 0.495 0.5
Calibrated value 0.021 0.342 0.038 5.2753 0.49 0.5

Note: θr is residual water content, θs is saturated water content, α and n are
empirical shape parameters, Ks is saturated hydraulic conductivity and l is pore
connectivity parameter.
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than other sections. Making vertical section comparison, A1 (T1, T11
and T16) and A2 (T7) sections indicate that the nearer the temperature
observation point was to the infiltration boundary, the lower the tem-
perature of the observation point and the time required to reach the
steady state, and the higher the rate of temperature reduction. The
influence of the upstream water temperature on the temperature field
of the sand tank is mainly reflected in the A1, A2 and A3 sections.
Changes in infiltration water temperature are only evident in tem-
perature values taken in sections A1, A2 and A3.

As can be seen from Fig. 4, the influence of the hydraulic head on
the temperature field was mainly reflected in A3, A4 and A5 sections.
Increasing hydraulic head increases the rate at which temperatures
decrease and the total amount of temperature change. Data indicated
that the higher the hydraulic head, the shorter the time for the tem-
perature drop and the greater the range of temperature decreases. From
the temperature monitoring data of the three sections (B4, B5 and B6),
it can be seen that the infiltration temperature value of Experiment #3
(6.0 °C) is between Experiment #1 (4.0 °C) and #2 (9.5 °C). But the rate
of temperature reduction and total time of Experiment #3 was faster

than those in Experiments #1 and #2. Clearly, the influence of hy-
draulic head on the temperature field was greater than that of water
temperature and radiation. It can be seen from the B6 section that the
radiation temperature has a certain effect on the surface temperature of
the sand tank. The higher the radiation temperature was, the higher the
surface temperature. As can be seen from Experiment #1, the surface
temperature of the sand tank gradually increased with time and ap-
proaches the radiation temperature. Experiment #2 was not affected by
the radiation temperature, the surface temperature changed very little.
The surface temperature of Experiment #3 increased before 100min,
and then decreased gradually with the influence of low temperature
water infiltration.

Fig. 5 shows that the time-series record of temperature sensor in
sand tank. Temperature time series measurements were taken at six
horizontal locations B1, B2, B3, B4, B5 and B6 (bottom to top rows),
with each location composed of five temperature sensors. The effect of
the water temperature on the sand tank temperature field was obvious.
With the passage of time, the temperature values of different parts of
the sand tank have changed through low temperature water, and the

a) H = 30 cm, water temperature T = 4.0 , radiation temperature T= 22 

b) H = 30 cm, water temperature T = 9.5 , no radiation 

c) H = 50 cm, water temperature T = 6.0 , radiation temperature T= 22 

Fig. 3. Heat plume movement in three different experiments of the sand tank at different times (30, 60, 180, 270 and 500min) after the low temperature water
injection.
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Time (minutes) 

Fig. 4. Processed data for selected sensors. After three experiments the low temperature water was injected at time t= 0min, collecting 500min of test data. Three
color curves show the temperature recorded after injection of the low temperature water. B1, B2, B3, B4, B5 and B6 represent different cross sections, respectively.
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variation is very similar. In the B1 section, the temperature reaches the
steady state in less time than the other sections, the rate of temperature
reduction was faster than observed in the other sections. Sand tank
temperatures measured in Experiment # 1 and Experiment # 3 were
affected by the infiltration water temperature of upstream reservoir and
soil surface radiation. The temperature of every section from B1 to B5 is
greatly influenced by low temperature water, and the temperature at
each observation point gradually decreases, indicating that the in-
filtration water temperature had a significant impact on the time series
temperatures measured in these five sections.

As time goes on, the temperature of section B6 gradually increased,
approaching the radiation temperature of 22 °C in Experiment #1. In
the first 100min, the temperature of section B6 gradually increased and
the later decreased gradually in Experiment #3, indicating that in-
filtration water temperature and surface radiation temperature were
dominant factors concurrently, and had the greater impact on the B6
section. It can also be seen from Fig. 5 that under conditions of in-
creasing hydraulic head upstream, the more obvious the influence of
the temperature field which was observed in the sand tank. When the
hydraulic head is 45 cm, it can affect the temperature field of the entire
sand tank, but at hydraulic head of 25 cm, the effects of temperature on
the B5 and B6 sections were much less.

The sand water temperature gradient was the ratio of the difference
in soil temperature to the distance in a certain direction between two
points in the sand. For example, (A4-T29) – (A3-T28) represented the
ratio of temperature difference and horizontal straight-line distance
between T29 and T28 at a distance of 15 cm and depth of 5 cm. The
ratio of (A3-T28) – (A3-T18) represented the temperature difference
and vertical straight-line distance between T28 and T18 at the distance
of 25 cm and the depth of 5 cm and 30 cm. Fig. 6 shows comparisons of
sand water temperature gradients between two directions during Ex-
periment # 3. One is the horizontal direction parallel to the sand

surface (e.g., (A4-T29) – (A3-T28)) and the other is the direction ver-
tical to the sand surface (e.g., (A3-T28) – (A3-T18)). Fig. 6 shows that
sand water temperature gradients fluctuate greatly in the horizontal
and vertical direction, especially at deeper sand layers. This is mainly
due to the influence of water gravity and sand matrix suction. First,
When the upstream flow infiltrates the sand tank, the bottom sand layer
is more easily saturated. It can be seen from Fig. 6 that the influence of
the lateral water flow on the temperature gradient changes in both the
horizontal and vertical directions. The horizontal temperature gradient
gradually decreases, and the vertical temperature gradient gradually
increases. During the initial stage of infiltration, the temperature gra-
dient in the horizontal direction is larger than the temperature gradient
in the vertical direction. Over time, the temperature gradient in the
vertical direction exceeds the temperature gradient in the horizontal
direction. The horizontal temperature gradient of the top sand layer is
less affected by the water temperature.

Fig. 6 shows that, at the depth of 60 cm ((A4 – T9) – (A3 – T8)), the
maximum temperature gradient value in the horizontal direction is
0.59 °C/cm and the maximum time is 30min, which is larger and faster
than that at the depth of 45 cm, 30 cm and 5 cm, respectively. The
temperature gradient of 45 cm, 30 cm and 5 cm in the horizontal di-
rection is 0.48 °C/cm, 0.38 °C/cm and less than 0.20 °C/cm and the
maximum time is 67min, 85min and more than 300min, respectively.
In contrast, the maximum temperature gradient value in the vertical
direction ((A3 – T8) – (A3 – T3)) is 0.20 °C/cm and the maximum time
is 14min, which is shorter and faster than other vertical direction ((A3-
T13)-(A3-T8)), ((A3-T18)-(A3-T13)) and ((A3-T28)-(A3-T18)), respec-
tively. The temperature gradient in the vertical direction ((A3-T13)-
(A3-T8)), ((A3-T18)-(A3-T13)) and ((A3-T28)-(A3-T18)) is 0.32 °C/cm,
0.38 °C/cm and 0.45 °C/cm, and the maximum time is 20min, 33min
and 122min, respectively. As can also be seen from Fig. 6, the hor-
izontal temperature gradient is more affected than the vertical direction

Exp1 

Exp2 

Exp3 

B1 B2 B3 B4 B5 B6
Time (minutes) 

Fig. 5. Time-series record of temperature sensor in sand tank. Temperature time series at six horizontal locations B1, B2, B3, B4, B5 and B6 (bottom to top rows),
with each location composed of five temperature sensors.
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by lateral water flow. The vertical direction temperature gradient is
affected by both water flow and the sand substrate suction, and the
temperature gradient gradually increases.

3.2. Analysis of the temperature difference curves

The evolution of the temperature measured in these selected ob-
servation points (T1, T2, T3, T4, T6, T7, T8, T9, T11, T12, T13, T15,
T16, T18, T19 and T20) is presented in Fig. 7.

The comparison between temperature difference curves in the
Experiment #1, Experiment #2 and Experiment #3 clearly shows that
heat pulse travels fastest in the high hydraulic head (Experiment #3).
The temperature difference curves are also characterized by longer
tailings. The shape is consistent with the results obtained by
Wildemeersch et al. (2014). Maximum temperature changes were ob-
served at these temperature sensors T1, T6, T11 and T16 after the be-
ginning of the infiltration of low-temperature water. The four tem-
perature observations are closest to the infiltration boundary, which are
5 cm from the infiltration boundary. Fig. 7 shows that the temperature
difference values of the same horizontal section gradually decreases
from left to right, sharper decrease is observed where the location is
closer to the infiltration boundary. The maximum temperature varia-
tion value of high hydraulic head (Experiment #3) is 9.6 °C. This ob-
servation point was T6, which was measured 3min after the beginning
of the infiltration of low-temperature water. The observation point is
5 cm from the infiltration boundary and 20 cm from the bottom
boundary. When the hydraulic head is low, the maximum temperature
variation value is 11.44 °C (Experiment #1). This observation point was
made 2min after the beginning of the infiltration of low-temperature
water and in the temperature sensor T1. The observation point is 5 cm
from the infiltration boundary and 5 cm from the bottom boundary. It
can be seen from the observation point T1 that although infiltration
hydraulic head in Experiment #1 and #2 is the same, but 4 °C of the

infiltration water temperature of Experiment #1 is lower than 9.5 °C of
Experiment #2, in order to reduce 20 °C of the initial temperature, the
temperature drop is faster and the temperature difference value is
bigger. From the observation point T11, it can be seen that the higher
the infiltration water head, faster temperature drops, and greater
temperature differences were observed.

3.3. Model validation

Fig. 8 shows the temporal variation of measured and simulated
temperatures for selected sensors during three different experiments.
Root-mean-square error (RMSE), coefficient of determination (R2) and
relative error (Re) were used to evaluate the simulation accuracy of the
model. The results are shown in Table 5. It can be seen from Table 5
that the RMSE of Experiment #1 (except T10) ranges from 0.29 °C to
2.53 °C, the average is 1.12 °C, the fitting effect is good. The RMSE of
T10 observation point is 4.73 °C and the error is large. Relevance can be
expressed by a coefficient of determination (R2). Correlated observation
points accounted for 81.8% (R2 > 0.6). Among them, the highly re-
levant observation points accounted for 63.6% (R2 > 0.8). Relative
error (Re) mostly is less than 10%. The Re value of observation point
T2, T3, T11, T12 is large, the fitting is not accurate.

The previous calibrated model was further validated by using
Experiment #2 and #3. The results are shown in Figs. 9 and 10. The
agreement of the results is also indicated by the low values of RMSE, R2

and Re, as those listed in Table 5. The RMSE of Experiment #2 ranges
from 0.27 °C to 2.24 °C with an average value of 0.77 °C, which shows
good agreement. The correlation coefficient R2 of the temperature ob-
servation points T20, T21, T23, T24, T27 and T28 are less than 0, it
shows that there is a great deviation between the simulated values and
the experimental values. The R2 of other observation points are within a
reasonable range. The relative error Re are less than 10% except ob-
servation point T10 in Experiment #2. RMSE of Experiment #3 ranges

Fig. 6. Comparisons of temperature gradients in different directions of Experiment #3.
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from 0.36 °C to 2.83 °C, the average is 1.1 °C, and the fitting effect is
good. R2 is the range of −0.12 to 0.98, where R2 > 0.6 accounts for
85.7%. The experimental value agrees well with the simulated value.
The Re value of T10, T11, T12, T15 and T16 is large, and other tem-
perature observation point value within a reasonable range.

Fig. 11 shows the temporal variation at different deeps in vertical
direction (Length=30 cm) of three experiments. The soil temperature
profile shows two stages of the infiltration, which can clearly reveal the
temperature variation as infiltration proceeds. The low-temperature
forward movement process was the first stage (0–180min). In the first
30 min, soil temperature did not change with time below the surface of
35 cm. Soil temperature gradually decreased with the infiltration time
in the depth range of 35–80 cm. The temperature of the soil below
hydraulic head was close to the infiltration water temperature when the
infiltration time reached 180min (Fig. 11a, b). With increases in the
hydraulic head (Fig. 11c), in the first 30min, the temperature of surface
soil also changed with the infiltration time. The temperature of the soil
below the infiltration hydraulic head is close to the infiltration water
temperature during the 60min and 180min time period (Fig. 11c). At

the second stage (180–500min), the temperature profile gradually
migrated to the left, the temperature of the soil above the infiltration
hydraulic head decreased gradually to close to the infiltration water
temperature, and the low temperature region increased gradually. Be-
cause of the influence of the high hydraulic head, the low temperature
area is larger than the low head. It can be seen from Fig. 11c (0–60min)
that there was a clear trend in temperature fluctuation observed in
which temperature increases first and then decreases, and subsequently
decreased gradually. This is the reason that the temperature of the soil
surface (0–10 cm) is affected by the surface radiation. For the different
depth profiles on the fitting consistency, it was evaluated through
RMSE, R2 and Re, and the results are shown in Table 6. For RMSE, the
variation range of Experiment #1 is between 1.1 and 1.82 °C and the
average is 1.49 °C. The variation range of Experiment #2 is
0.31–0.89 °C and the average is 0.59 °C. The variation range of Ex-
periment #3 is 0.68–1.34 °C, the average is 1.01 °C. For R2, the R2 of
three conditions is greater than 0.87, and therefore reflects a very
strong correlation. For Re, the value of Experiment #1 and Experiment
#3 is large which is about 10%, the Re of Experiment #2 is very small,

Time (minutes) 

Fig. 7. Temperature difference curves measured in selected sensors.
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Fig. 8. Temporal variation of measured and simulated temperatures for selected sensors during Experiment #1.

Table 5
The root mean squared error (RMSE), determination coefficient (R2) and relative error (Re) for sand temperature during calibration (Experiment #1) and validation
(Experiment #2 and Experiment #3).

Temperature sensor RMSE (°C) R2 Re Temperature sensor RMSE (°C) R2 Re

Experiment #1 T1 0.69 0.96 10.78% T15 0.65 0.97 3.75%
T2 1.83 0.71 27.21% T16 1.05 0.93 6.60%
T3 1.83 0.87 19.40% T18 1.03 0.93 6.15%
T4 1.43 0.94 12.11% T19 0.89 0.91 4.96%
T5 1.09 0.97 8.06% T20 0.35 0.97 1.91%
T8 1.52 0.93 14.38% T21 0.70 0.30 3.63%
T9 0.94 0.98 6.94% T22 0.55 0.61 2.86%
T10 4.73 0.74 14.96% T25 1.11 −1.14 5.79%
T11 2.53 0.72 31.59% T27 0.72 −0.21 3.39%
T12 2.13 0.84 21.77% T28 0.51 0.48 2.43%
T13 1.74 0.90 13.26% T29 0.29 0.81 1.39%

Experiment #2 T1 0.82 0.84 7.27% T16 0.97 0.80 5.53%
T2 0.98 0.84 8.25% T18 0.37 0.96 2.01%
T3 0.80 0.94 6.15% T19 0.41 0.92 2.12%
T4 0.92 0.94 6.21% T20 0.82 −0.47 4.19%
T7 1.09 0.88 9.51% T21 1.09 −12.76 5.52%
T8 0.73 0.96 5.43% T23 0.73 −17.27 3.70%
T9 0.82 0.95 5.19% T24 0.38 −3.72 1.91%
T10 2.24 0.32 12.63% T25 0.29 −1.97 1.44%
T11 1.22 0.82 9.81% T26 0.19 0.50 0.94%
T13 0.51 0.98 3.19% T27 0.24 −0.04 1.20%
T15 1.03 0.71 5.57% T28 0.27 −0.61 1.38%

Experiment #3 T2 0.82 0.94 9.75% T15 2.35 0.67 14.25%
T3 1.22 0.92 11.78% T16 1.06 0.88 14.60%
T4 1.08 0.95 9.14% T18 1.27 0.93 9.68%
T6 0.36 0.99 4.84% T19 0.66 0.98 4.14%
T7 0.61 0.96 8.03% T20 0.58 0.97 3.29%
T8 0.76 0.97 8.05% T21 1.25 0.89 8.43%
T9 1.03 0.96 8.14% T24 0.77 0.91 4.15%
T10 2.83 0.68 18.67% T27 1.32 0.44 6.96%
T11 0.84 0.94 10.88% T28 0.86 0.47 4.45%
T12 1.56 0.97 17.56% T29 0.75 −0.12 3.79%
T13 1.17 0.95 10.61%
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Fig. 9. Temporal variation of measured and simulated temperatures for selected sensors during Experiment #2.
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Fig. 10. Temporal variation of measured and simulated temperatures for selected sensors during Experiment #3.

J. Ren et al. Journal of Hydrology 563 (2018) 560–575

571



which has very high fitting consistency.

3.4. Sensitivity analysis

3.4.1. Local sensitivity analysis method
The local sensitivity analysis fluctuates slightly near the best esti-

mate of a parameter. The rate of change of the model result is calcu-
lated by changing the parameter in the very small range under the
condition that the other parameters are kept constant. The sensitivity
analysis is performed to determine the main influencing factors that
affect the output of the model, thus contributing to better prediction of
the model.

In the paper, the Experiment #1 as the analysis object was selected.
The sensitivity was analyzed based on the seven parameters: hydraulic
head (H ), infiltration water temperature (T ), the saturated hydraulic
conductivity (Ks), Van Genuchten parameters n and α, residual
moisture content (θr), and saturated moisture content (θs). The input
parameters were varied±10%,± 15% and±20% of their baseline
values. In each running model, each step changed only one input
parameter, and the remaining parameters stayed unchanged. As the
physical units are not the same, so the evaluation of indicators should
be reunified. In this paper, the ratio between the difference of initial
and changed values, and initial value (expressed in percentage) is cal-
culated to check the local sensitivity analyses.

Due to the spatial nature of the numerical model, the vertical sec-
tion of x= 30 cm was selected as the research object, the varying
temperature field distribution of each parameter was obtained by nu-
merical simulations, and then subtractions were made at each ob-
servation point between the varying temperature field and the rated
temperature field and the difference of each observation point was
averaged to describe temperature changes. The time period was se-
lected as 0–500min. The results of main input parameters are shown in
Fig. 12. If the parameter change has little effect on the model, it in-
dicates the model is not sensitive to the factor, and on the contrary, it is
sensitive.

Fig. 12 shows that when the hydraulic head H fluctuates 20% and
−20%, the temperature field fluctuates by about −11.87% and
10.08%, respectively. When the infiltration water temperature T fluc-
tuates 20% and −20%, the temperature field fluctuates about both
3.17%. When the saturated hydraulic conductivity Ks fluctuates 20%
and −20%, the temperature field fluctuates about −5.63% and 4.5%,
respectively. When the α fluctuates by 20% and −20%, the tempera-
ture field fluctuates by about 5.96% and −7.94%, respectively. Tem-
perature fluctuations caused by other parameters averaged about 1%.
Though the variation degree varied, it is apparent that the model is
most sensitive to hydraulic head (H ), followed by Van Genuchten
parameter α, permeability coefficient (Ks), water temperature (T), Van
Genuchten parameter n, residual moisture content (θr), saturated
moisture content (θs).

The variation of each parameter is linear with the change of tem-
perature field. The parameters positively which are related to the
temperature field are T , α, θr and θs, which means the parameter value
becomes larger, the temperature becomes larger, and vice versa. The
parameters which are negatively related to the temperature field are H ,
Ks and n, and the results are consistent with the qualitative analysis.

3.4.2. Global sensitivity analysis method
The local sensitivity analysis can only analyze one parameter at a

time. The interaction influence could not be considered between the
parameters on the model. Therefore, the global sensitivity analysis was
made. The Morris method assumes that k parameters are included in
the numerical model. The number of sampling points for each para-
meter is p. The m parameters take values at p sampling points, re-
spectively. The vector X=[x1, x2, …, xk] was gotten. Then m×k
(m=k+1) order matrix B is (Morris, 1991):

(c) Experiment #3 (a) Experiment #1 (b) Experiment #2 

Fig. 11. Temporal variation at different deeps in vertical direction (Length= 30 cm) of three experiments.

Table 6
The root mean squared error (RMSE), determination coefficient (R2) and re-
lative error (Re) for sand tank vertical profile (Length=30 cm) temperature
during calibration (Experiment #1) and validation (Experiment #2 and
Experiment #3).

Times RMSE (°C) R2 Re

Experiment #1 30min 1.82 0.87 11.00%
60min 1.79 0.92 12.19%
180min 1.43 0.95 11.46%
300min 1.29 0.96 10.83%
500min 1.1 0.97 9.54%

Experiment #2 30min 0.62 0.95 0.11%
60min 0.68 0.96 0.16%
180min 0.31 0.99 0.04%
300min 0.44 0.99 0.08%
500min 0.89 0.95 0.35%

Experiment #3 30min 1.34 0.91 8.99%
60min 1.21 0.94 9.95%
180min 0.76 0.98 7.06%
300min 0.68 0.98 6.67%
500min 1.05 0.93 10.84%
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The value 1 and 0 indicate whether the parameter is changed or not.
According to the parameter arrangement, the results of global sensi-
tivity of 28 combinations of parameters were obtained and presented in
Table 7. A bar chart was used to reflect ranges of measured temperature
fields for various combinations (Fig. 13). The temperature of the groups
of 8, 14, 19, 23, 26, and 29 decreases significantly, they all contain the
H parameter. The hydraulic head H is an important factor affecting the
temperature field. Two parameters H and Ks are negatively correlated
with the temperature field. They have obvious effect on the tempera-
ture field. Two parameters Tand αare positively correlated with the
temperature field, which suggest the temperature field variation can
also be significant. Other three parameters θs, θr , and n have little effect
on the temperature field.
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Fig. 12. The relationship between parameter fluctuation and model result.

Table 7
Temperature variation based on globe sensitivity analysis method (%).

Group Parameter
combination

Temperature
Variation (%)

Group Parameter
combination

Temperature
Variation (%)

1 H −5.30 15 Ks, T, α 2.51
2 Ks −2.55 16 T, α, θs 5.42
3 T 1.94 17 α, θs, θr 3.59
4 α 3.20 18 θs, θr, n −0.16
5 θs 0.21 19 H, Ks, T, α −2.94
6 θr 0.17 20 Ks, T, α, θs 2.72
7 n −0.54 21 T, α, θs, θr 5.61
8 H, Ks −7.70 22 α, θs, θr, n 3.03
9 Ks, T −0.67 23 H, Ks, T, α, θs −2.74
10 T, α 5.20 24 Ks, T, α, θs, θr 2.90
11 α, θs 3.41 25 T, α, θs, θr, n 5.03
12 θs, θr 0.38 26 H, Ks, T, α,

θs, θr
−2.57

13 θr, n −0.37 27 Ks, T, α, θs,
θr, n

2.34

14 H, Ks, T −5.93 28 H, Ks, T, α,
θs, θr, n

−3.09
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Fig. 13. Temperature variation based on globe sensitivity analysis method.
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4. Conclusions

In our previous study (Ren et al., 2014), the relationship between
the water temperature and bulk density and hydraulic conductivity was
evaluated by low-temperature water infiltration tests on three kinds of
sand column samples. A detailed temperature measurement and ana-
lysis of the two-dimensional sand tank were made. The two-dimen-
sional sand tank was divided into six cross-sections and five long-
itudinal sections. Thirty temperature sensors were evenly spaced and
used to monitor real-time changes in the temperature field of the sand
tank under the influence of water temperature, water level and radia-
tion.

Through the temperature field cloud diagram of the test, low-tem-
perature water performs the phenomenon of distant diffusion on ver-
tical upward and horizontal to the right direction. The temperature
gradient gradually decreases in the horizontal direction and gradually
increases from lower to upper in the vertical direction. There is low
temperature zone at inlet infiltration area and high temperature zone at
outlet infiltration area in the horizontal direction. From left to right the
zone was divided into low temperature, medium temperature and high
temperature zones. From the vertical direction of the diagram, the
temperature ranges from high to low, in the upper portion and lower
portion, respectively. The area of the temperature zone changed with
infiltration time.

Through the study of temperature gradient of 2-D sand tank, tem-
perature fluctuations increase with the depth of the sand layer. This is
mainly due to the influence of water gravity and sand matrix suction.
When the upstream water flow infiltrates the sand tank, the bottom of
the sand layer is more likely to reach saturation. In both the horizontal
and vertical directions, the temperature gradient clearly affects lateral
flow. The temperature gradient in the horizontal direction gradually
decreases, and the vertical temperature gradient gradually increases. At
the initial stage of infiltration, the temperature gradient in the hor-
izontal direction is larger than the vertical direction. At later stages of
infiltration, the temperature gradient in the vertical direction is larger
than in the horizontal direction. The horizontal temperature gradient of
the top sand layer is less affected by the water temperature.

Through the thermal trace test, the variation of the temperature
difference of the three tests is obtained. The temperature difference
decreases gradually from left to right in the same horizontal section.
The closer to the infiltration boundary temperature section, the greater
the temperature difference changes, the faster the decline. As the in-
filtration hydraulic head increases, the temperature drops more rapidly
and temperature differences are greater. In addition, the numerical
model is evaluated by root-mean-square error (RMSE), coefficient of
determination (R2) and relative error (Re), and its results are good. The
calibrated numerical model can better reflect the dynamic variation of
temperature in riparian zone under low-temperature water infiltration.

Finally, this study considers both local and global sensitivity ana-
lysis methods to analyze the effect of each parameter on the model. The
results by local sensitivity analysis method show that the model is most
sensitive to hydraulic head (H ), followed by Van Genuchten parameter
α, permeability coefficient (Ks), water temperature (T), Van Genuchten
parameter n, residual moisture content (θr), saturated moisture content
(θs). The variation of each parameter is linear with the change of
temperature field. The parameters which are positively related to the
temperature field are T , α, θr and θs, which means the parameter value
becomes larger, the temperature becomes larger, and vice versa. The
parameters which are negatively related to the temperature field are H ,
Ks and n, and the results are consistent with the qualitative analysis.
And through the global sensitivity analysis method, it can be seen that
the impact of hydraulic head (H ), water temperature (T ), permeability
coefficient (Ks) and Van Genuchten parameter αto the system is ob-
vious, and the model is not sensitive to Van Genuchten parameter n,
residual moisture content (θr), saturated moisture content (θs).
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