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Abstract 
 
The combined effects of soil temperature and water input on water flow and redistribution processes 
under field conditions have not been fully investigated. The objective of this study was to estimate the van 
Genuchten unsaturated soil hydraulic parameters and several heat transport parameters (the coefficients in 
the thermal conductivity functions) from observed temperature and infiltration data during a single ring 
infiltration field experiment. Real-time sensors built by the authors were used to monitor soil 
temperatures at depths of 40, 80, 120, and 160 cm during 10 hours. Water temperature in the single 
infiltration ring was simultaneously monitored at the same location. The soil thermal conductivity was 
estimated from cumulative infiltration and temperature measurements by solving the two-dimensional, 
inverse water flow and heat transport problem using HYDRUS-2D. Preliminary results are presented 
showing favorable agreement between simulated soil temperatures during the ring infiltration experiment 
and corresponding observed values.  
 
 

1. Introduction  
 
The importance of the unsaturated zone as an integral part of the hydrological cycle has long 
been recognized. The zone plays an important role in many aspects of hydrology, including 
infiltration, soil moisture storage, evaporation, plant water uptake, groundwater recharge, runoff, 
and erosion. Initial studies of the unsaturated zone focused primarily on water supply studies, 
inspired in part by attempts to optimally manage the root zone of agricultural soils for maximum 
crop production. The past several decades has seen considerable progress in the conceptual 
understanding and mathematical description of water flow and heat transport in the unsaturated 
zone. 
 
Unsaturated water flow in porous media is generally described using the Richards equation. The 
solution of this equation requires knowledge of soil hydraulic functions, θ(h) and K(h). Currently 
there are many laboratory and field methods to determine these nonlinear functions (e.g., Klute, 
1986; Dirksen, 1991). Most methods require restrictive initial and boundary conditions, which 
can make measurements very time-consuming and expensive. When an inverse modeling 
approach is used, the unknown hydraulic parameters are estimated by minimizing deviations 
between observed variables and model-predicted output (e.g., Kool et al., 1987; Kool and Parker, 
1988). 
 
Models of the simultaneous movement of water and heat in the vadose zone are indispensable for 
evaluating the water and energy balance of subsurface environments for both agriculture and 
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engineering applications, especially in arid and semi-arid regions. Although it is widely 
recognized that the movement of water and heat are closely coupled and strongly affect each 
other, their mutual interactions are rarely considered in practical applications. The effect of heat 
transport on water flow is often neglected, arguably because of model complexity and a lack of 
data to fully parameterize the model, but partly also because user friendly simulation codes are 
not readily available.  Exceptions are the HYDRUS codes (Šimůnek et al., 2006, 2008), which 
implement solutions for the coupled movement of water and heat in the subsurface.  The 
HYDRUS programs numerically solve the Richards equation for saturated-unsaturated water 
flow and the convection-conduction equation for heat transport. The heat transport equation 
considers the transport due to conduction and convection with flowing water. The program may 
be used to analyze water and heat movement in unsaturated, partially-saturated, or fully-saturated 
porous media.  
 
The objective of this study was to estimate soil hydraulic and heat transport parameters by 
collecting data during a ring infiltration experiment, including temperature data collected at 
several depths under the center of the ring, while using the parameter estimation options 
incorporated in the HYDRUS-2D software package (Šimůnek and Hopmans, 2002; Hopmans et 
al., 2002). 
 
 

2. Material and Methods  
 
2.1. Study Area 
 
The study area is located at the campus site of the Kharazmi University in the city of Karaj of 
Alborz province, 48 kilometer outside Tehran, Iran. The altitude is 1,297 m above sea level, and 
the annual average precipitation approximately 300 mm. The annual average temperature is 
about 16°C. The geology is dominated by the Karaj tuff formations. Soils developed from this 
bedrock are ssandy loams with a low content of clay (40% sand, 55 % silt, 5% clay). The 
vegetation cover is very sparse.  
 
2.2. Single Ring Infiltration Experiment 
 
To study water movement and heat transport we instrumented the soil profile with a single 40 cm 
diameter infiltration ring (Fig. 1a) and 4 thermal sensors at depths of 40, 80, 120 and 160 cm 
(Fig. 1b). The measurement period was from 8.00 to 18.00 on 4th April 2012. Two soil samples 
were first collected to characterize soil texture, and then to measure bulk density and the initial 
water content. The soil samples were analyzed in the sedimentology laboratory of Kharazmi 
University. Water content was measured in the middle of the profile at a depth of 100 cm. Air 
temperature was 20oC, and initial soil temperatures at the observation depths were 17.5 oC.  
 
The temperature of the infiltration water was 61oC during the whole experiment. The final 
steady-state infiltration rate was also measured and subsequently used for calculating the 
saturated hydraulic conductivity of the soil using the Wooding (1968) equation (cited from 
Radcliffe and Šimůnek, 2010, page 106).  
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           Figure 1a. Single infiltration ring.               Figure 1b. Location of four thermal sensors. 
 
 
2.3. Numerical Model 
 
The HYDRUS-2D software package was used to model the soil water dynamics and heat 
transport assuming an axisymmetric transport domain (Šimůnek et al, 2006).  
 

2.3.1. Soil Hydraulic Properties 
 
HYDRUS implements the soil-hydraulic functions of van Genuchten (1980) who used the 
statistical pore-size distribution model of Mualem (1976) to obtain a predictive equation for the 
unsaturated hydraulic conductivity function in terms of soil water retention parameters. The 
expressions of van Genuchten (1980) are given by Eq. 1 and Eq. 2: 
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in which θr and θs denote the residual and saturated water content [-], respectively; Ks is the 
saturated hydraulic conductivity [LT-1], α is the inverse of the air-entry value (or bubbling 
pressure) [L-1], n is a pore-size distribution index [-], and l is a pore-connectivity parameter 
assumed to be 0.5 [-]. 
 

2.3.2. Temperature Dependence of the Soil Hydraulic Functions 
 
A scaling technique similar to one used to describe the spatial variability of soil hydraulic 
properties is used in HYDRUS to express the dependence of the soil hydraulic functions on 
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temperature. Based on capillary theory that assumes that the influence of temperature on the soil 
water pressure head can be quantitatively predicted from the influence of temperature on surface 
tension, Philip and de Vries (1957) derived the following equation: 

 

 dh h d=  
dT dT

σ
σ

 (3) 

 
where T is temperature [K] and σ is the surface tension at the air-water interface [MT-2]. From 
(3) it follows that: 
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where hT and href (σT and σref) are pressure heads (surface tensions) at temperature T and 
reference temperature Tref, respectively; and αh

*
  is the temperature scaling factor for the pressure 

head. Following Constantz (1982), the temperature dependence of the hydraulic conductivity can 
be expressed as follows:  
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where Kref  and KT denote hydraulic conductivities at the reference temperature Tref  and soil 
temperature T, respectively; µref  and µT (ρref and ρT) represent the dynamic viscosity [ML-1T-1] 
(density of soil water [ML-3]) at temperatures Tref  and T, respectively; and αK* is the temperature 
scaling factor for the hydraulic conductivity. 
 

2.3.3. Heat Transport 
 
Neglecting the effects of water vapor diffusion, two- and three-dimensional heat transport can be 
described as (Sophocleous, 1979): 
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where λij(θ) is the apparent thermal conductivity of the soil [MLT-3K-1] (e.g. Wm-1K-1) and Cp 
(θ) and Cw are the volumetric heat capacities [ML-1T-2K-1] (e.g. Jm-3K-1) of the porous medium 
and the liquid phase, respectively. The volumetric heat capacity is defined as the product of the 
bulk density and the gravimetric heat capacity. The first term on the right-hand side of (6) 
represents heat flow due to conduction, while the second term accounts for heat being 
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transported by flowing water. In this study we did not consider the transfer of latent heat by 
vapor movement. According to de Vries (1963) the volumetric heat capacity can be expressed as: 
 

 6 -3 o -1( ) (1.92 2.51 4.18 ) 10 ( J m C  )p n n o o w a v n oC C C C C a      θ θ θ θ θ θ θ= + + + ≈ + +  (7) 

 
where θ refers to a volumetric fraction [L3L-3], and the subscripts n, o, g, w represent the solid 
phase, organic matter, gas phase and liquid phase, respectively. 
 

2.3.4. Apparent Thermal Conductivity Coefficient 
 
The apparent thermal conductivity, λij(θ), combines the thermal conductivity λ0(θ) of the porous 
medium (solid plus water) in the absence of flow, and the macro-dispersivity, which is assumed 
to be a linear function of the velocity (de Marsily, 1986). In analogy with the dispersion 
coefficient for solute transport, the apparent thermal conductivity λij(θ) is given by (Šimůnek and 
Suarez, 1993): 
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where q is the absolute value of the Darcian fluid flux density [LT -1], δij is the Kronecker delta  
function, and λL and λT are the longitudinal and transverse thermal dispersivities [L], 
respectively. The volumetric heat capacity of the liquid phase is included here in the definition of 
the thermal conductivity in order to have the dimensions of the thermal dispersivities in length 
units (de Marsily, 1986). The thermal conductivity, λ0(θ), accounts for the tortuosity of the 
porous medium, and is described with the simple equation (Chung and Horton, 1987): 

 

 0.5
0 1 2 3( ) b b bλ θ θ θ= + +  (9) 

 
where b1, b2 and b3 are empirical parameters [MLT-3K-1] (e.g. Wm-1K-1). 
 
2.4. Numerical Model 
 

2.4.1. Transport Domain 
 
The transport domain was 200 cm wide and 200 cm deep. The domain was discretized into 441 
nodes and 400 triangular finite elements. Calculations were carried out over a period of 10 hours. 
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2.4.2. Initial and Boundary Conditions 
 
The initial water content considered in the simulation (0.041 cm3/cm3) was measured in the field. 
A soil profile temperature of 17.5oC as measured in the field was used as the initial condition for 
heat transport.  
 
All sides of the flow region were considered to be impervious, except for a small portion around 
the origin at the ponded surface inside the ring infiltrometer where a constant water content was 
imposed, and for the bottom of the soil profile where a free drainage condition was imposed (Fig. 
2a). The volumetric water content of 0.43 cm3/cm3 was used as the water flow boundary 
condition under the single infiltration ring. A third-type heat transport boundary condition was 
used for nodes under the single infiltration ring with a constant temperature of 61oC, representing 
hot water infiltrating into the soil profile. A third-type heat transport boundary condition was 
also invoked at the bottom of the soil profile (Fig. 2b). No-flux boundary conditions were used 
for both water flow and heat transport along all other boundary nodes.   

 

 
Figure 2. Imposed boundary conditions for water flow (left) and heat transport (right) for  

the single ring infiltrometer experiment investigated in this study. 
 
 

3. Results and Discussion 
 
The experimental infiltration data were used to estimate the soil hydraulic characteristics of the 
silt loam field soil profile. The steady-state infiltration rate from the ring was 0.00166 cm/s, 
while we used a macroscopic capillary length of 8.3 cm typical of a sandy loam (Radcliffe and 
Šimůnek, 2010). We subsequently used the predicted saturated hydraulic conductivity of 0.0011 
cm/sec as an initial estimate in the inverse solution. Measured soil temperatures at four 
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observation depths and the cumulative infiltration were used to optimize selected soil hydraulic 
and heat transport parameters.  
 
Figure 3 shows an example of the simulated output obtained with the HYDRUS-2D model. The 
plots show the final water contents and temperatures in the soil profile. Figure 4 compares 
simulated and measured cumulative infiltration rates (left) and simulated and measured 
temperatures in the soil profile at depths of 40, 80, 120 and 160 cm. Temperatures optimized 
with the model fitted the measured temperatures well. Also, the coefficient of determination 
indicated a good fit. We conclude that we were able to estimate selected soil hydraulic and 
thermal parameters quite well, although some questions remain about the uniqueness of the 
optimized values. 
 

 
Figure 3. Final simulated water contents (left) and temperatures (right) in the soil profile. 

 
 

                  
 

Figure 4. Simulated and observed cumulative fluxes (left) and temperatures (right). 
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Figure 6 shows the optimized soil characteristic curve, θ(h), and the unsaturated hydraulic 
conductivity function, K(h), for the silt loam soil. Tables 1 and 2 show the initial estimates (for 
those parameters that were optimized) of the soil hydraulic and heat transport properties, 
respectively.  
 

 
Figure 6. Optimized soil characteristic curve (left), θ(h), and hydraulic conductivity function 

(right), K(h). 
 
Table 1. Initial estimates of soil hydraulic parameters. 
 ========================= 
 Residual moisture content    (WCR)  .001 
 Saturated moisture content (WCS)  .43 
 First coefficient   (ALPHA) .035 
 Second coefficient   (N)  1.5 
 Saturated conductivity  (CONDS) .001067 
 Pore connectivity factor  (L)  .500 

 
Table 2. Initial estimates of heat transport parameters. 
========================= 
 Solid fraction...............................(Qn).............       .600 
 Organic matter fraction......................(Qo).............       .001 
 Heat dispersivity longitudinal...............(DisperHL).......      2.000 
 Heat dispersivity transverse.................(DisperHT).......       .200 
 Parameter B1.................................(B1).............  .2400E+02 
 Parameter B2.................................(B2).............  .3000E+02 
 Parameter B3.................................(B3).............  .1500E+03 
 Heat capacity - solid…………....................(Cn).............  .1920E+05 
 Heat capacity - organic matter...............(Co).............  .2510E+05 
 Heat capacity - water........................(Cw).............  .4180E+05 
 
 
Finally, the optimized soil hydraulic and heat transport parameters obtained by solving the 
inverse problem using the HYDRUS-2D program are presented in Table 3. Figure 7 shows a 
comparison of the optimized thermal conductivity function λ(θ) for our silt loam soil with those 
for the three main textural classes of clay, loam, and sand (Chung and Horton, 1987). The results 
indicate that the optimized thermal conductivity function is very similar to the default functions, 
thus demonstrating the robustness of the numerical inverse solution when using only measured 
soil temperatures and cumulative infiltration during the field ring infiltration experiment. 
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Table 3. Final optimized soil hydraulic and heat transport parameters. 

  
WCR, θr 

 
WCS, θs ALPHA, α 

[cm-1] 
n CONDS, Ks 

[cm/sec] 
b1 

[kg cm s-3 K-1] 
b2 

[kg cm s-3 K-1] 
b3 

[kg cm s-3 K-1] 
0.0 0.43 0.075 1.51 0.001322 43.3 29.6 106.0 

 

 
 

Figure 7. Comparison of the optimized thermal conductivity function λ(θ) with those for three 
main textural classes (clay, loam, and sand). 

 
 

4. Conclusions 
 
In this study we used HYDRUS-2D to simulate infiltration of relatively warm water from a 
single ring infiltrometer into a silt loam soil profile and to estimate the soil thermal and 
hydraulics properties by inverse solution from collected experimental data. We showed that 
temperatures collected at four sensors at four different depths with cumulative infiltration could 
provide the required information for simultaneous estimation of the soil thermal and hydraulic 
properties. However, using available collected data, we could prove the uniqueness of our 
estimated parameters. Therefore, in a subsequent study we will be collecting additional data 
(especially pressure heads and water contents at different locations, as well as independently 
measured retention and hydraulic conductivity functions) to be able to better evaluate results of 
our inverse analysis. We also plan to include nonreactive chemicals in the infiltrating warm 
water to study the possibility of inverse modeling for additionally estimate solute transport 
properties. 
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