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Abstract

While Soil temperature and moisture information are urgently needed in meterol-
ogy, agriculture and forestry, field measurements are not easy to be carried out due to
geographical conditions, soil types, and other restrictions. Modeling of the physical
processes in soil provides a alternative method to get access to the information. Soil
heat and moisture are interrelated, and the relationship of the two state variables
makes considerable difference in the modeling of soil physical processes. In order to
study the importance of soil moisture and improve the energy simulation of soil heat
transfer, a one-dimensional, finite difference, coupled soil heat and moisture transfer
model is established. The difference between the uncoupled and coupled soil heat
and moisture models shows different behaviour according to the boundary conditions
imposed, the resulting differences are up to 1 °C' in soil temperature profile and 0.04
in soil moisture profile. The coupling model is tested with both idealized bound-
ary conditions and realistic boundary conditions, by utilizing energy fluxes outputs
from the land surface model. The effect of soil moisture on soil thermal properties,
and the temperature effect on water content distributions are addressed in the cou-
pling model. Radiation and atmospheric forcings adapted to the coupled model gives
agreeable results of diurnal temperature change of the whole soil profile. This gap
between the simulation results and the ERA5 data can be narrowed by increasing
the model initial soil moisture content according to the ERA5 data, which shows the
adjustability of the coupled model. The coupled model displays a better defined di-
urnal cycle than ERA5, with more sensitivity to the variations in incoming shortwave

and longwave, because of the higher spatial resolution.
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Chapter 1

Introduction

1.1 Background

Soil plays an essential part in the Earth’s surface system, existing and developing in the
dynamic interaction of the atmosphere, the biosphere, the hydrosphere, and the lithosphere.
It also acts as the foundation of the terrestrial ecosystem. A significant number of plants
and animals live upon the soil, including human beings. Human survival relies on plant
and animal production, for which the productivity largely depends on the soil and its
properties. In addition to providing water and nutrients for agriculture, the soil act as the
Earth’s temperature regulator, alternating heat source and sink, and create an inhabitable

environment for the lives on Earth.

Soil temperature is a crucial factor in land-atmosphere interactions. Its spatial distri-
bution and changes over time will affect the distribution of meteorological elements such
as air pressure and temperature, thereby exerting influence on the amount and scale of
precipitation, and future climate conditions. Moreover, soil temperature change has an
impact on the biochemical processes of soil carbon and nitrogen, such as nitrogen fixation

[1], which affect plant growth and development, and agricultural productivity.

As a vital hydrological feature, soil moisture has a fundamental influence on many dif-
ferent fields of study, including hydrology, meteorology and biogeochemistry. In terms of
hydrology, precipitation and the infiltration of rainwater are closely related to soil moisture,
and this information can be used as an important index to monitor the changes in land
aridity and desertification. When it comes to agricultural production, emergency monitor-
ing and forecasting of crop water supply are of great significance. Same as soil temperature,
soil moisture also exists as an essential surface parameter in studies such as hydrological

prediction, numerical weather prediction, and climate research.



Although soil temperature and moisture information are urgently needed in meterol-
ogy, agriculture and forestry, field measurements are not easy to be carried out[2] due to
geographical conditions, soil types, and other restrictions. Here is when modeling comes
into play. With soil properties and the energy forcings on top of the soil, it is possible to
estimate soil temperature and water content profiles with relative accuracy using numerical
models.

Coupling of moisture and heat flux processes is insignificant when the moisture content
is near saturation or low enough to reach the permanent wilting point, which is 1,500 kPa
[3]. While moisture content is between the two extremes, the coupling of these two transfer
processes becomes worth addressing. In these conditions, accurate understanding of soil

heat transfer requires the analysis of moisture transfer as well. Soil thermal conductivity,

36 T T T T T T A T T

o
~n

I

g
@

I‘[‘Ij

!

Tharmal Conductivily (W/mK)
n ~n
=} >
T 71
0
"
Hd
JE U

\\

—r
i

o
o
L
r—.
L

1 1 W | i | 1
-10 0 [o] 20 30
Temperature (°C)

;
8

Figure 1.1: Thermal conductivity at different temperatures and degrees of satura-

tion Sr (after Farouki 1981).

which is the essential parameter of the soil heat transfer process, is considerably influenced
by the soil moisture content, represented by degree of saturation in figure 1.1. Temperature
itself has less influence on the thermal conductivity when it is above 5°C, however, the
moisture effect is still significant enough to make difference in heat transfer process in soil

unsaturated zone. Moreover, the hydraulic conductivity is also impacted by temperature



the other way around, especially the saturated hydraulic conductivity. Gao et.al. [4]
depicted the difference using both experiment and modeling results, shown in Figure 1.2.
In this research, two types of soil, of which saturated hydraulic conductivities have orders
of magnitude difference, both demonstrate a positive linear relationship between saturated
hydraulic conductivity and soil temperature. The interconnection between the soil thermal
and hydraulic properties and both state variables requires the heat and moisture transfer to
be treated in a coupled way in order to develop a more accurate soil energy and hydraulic

model.

Soil physicists, agricultural and civil engineers have worked on simultaneous soil heat
and moisture transfer for a few decades. Detailed analytical solutions have been brought
up since the 1950s [5] [6]. Numerical analyses have been applied accordingly to different
types of soils [7] and soils with phase change [8]. Though originated from hydrology and
agriculture, studies of the coupled energy and water mass processes extends to energy
infrastructures [9], buildings [10] and other engineering fields as well. Since the equations
of the coupling process are highly nonlinear, getting analytical solutions became quite
difficult. Therefore, numerical methods have been widely used to solve the nonlinear partial
differential equations. However, Researches decades ago were restricted by the computing
power needed to solve the coupling process numerically. Fortunately, high performance
computing is no longer a problem nowadays. The limitation of the computing power is
minimized, which brings broader applications to numerical solutions for complex coupling

processes, and also makes more detailed model development possible.

1.2 Thesis content

The thesis focuses on the development of a simplified 1D model/solver for coupled
soil heat and moisture transfer without phase change processes such as snow and freeze-
thaw process. In Chapter 2, a detailed analysis of the physical laws regarding to soil heat

and moisture transfer will be carried out, together with numerical methods employed to
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Figure 1.2: Measured and predicted saturated hydraulic conductivity at different

temperatures of (a) lou soil and (b) sandy loess (after Gao 2015).

solve the mathematical formulations. Different methods of coupling soil heat and moisture
transfer will also be discussed, which include relative sections of some well-developed land
surface models. A detailed description of the coupled soil heat and moisture transfer model
will be given in Chapter 3, in which both ideal and realistic boundary conditions will
be considered, and soil parameterization models chosen. Simulation and plotting work are
carried out using Fortran 90 and MATLAB. Results of the simplified coupling model will be
presented in Chapter 4, with realistic and ideal boundary conditions, respectively. Realistic
results will be compared with the estimates from ERA5. Finally, in Chapter 5, the work is

summarized, with some further discussions and future work plans.



Chapter 2

Literature Review

2.1 Introduction

Since the 1950s, much work regarding the soil heat and moisture transfer modeling
has been carried out by researchers worldwide. The soil heat and moisture transfer basic
theories are introduced in this section, followed by the effort made to solve the highly
nonlinear partial differential equations numerically. Coupled soil thermal and hydraulic
models will be discussed chronologically, and the parameterization of soil thermal and

hydraulic properties are discussed as the essential part of the coupled model.

2.2 Basic Theoretical Models of Soil Heat and Mois-
ture Transfer

In the 19" century, heat and water transfer in soil began to attract researchers’ atten-
tion. Fourier first discovered an empirical relationship between the temperature gradient
and the heat conduction rate in 1822. In 1856, French engineer H. Darcy revealed the
law of fluid movement in porous media through experiments, which shows the relationship
between the flow rate in porous media and energy loss. The study laid the theoretical foun-
dation, but it is only applicable to the flow of water in saturated soil. When the soil is not
saturated, the internal temperature change leads to varying soil physical properties. These
physical properties will affect water transfer in soil, causing large errors in the results. In
1931, L.A. Richards combined the continuity equation with Darcy’s law and replaced the
original downstream equation with the continuous flow equation. This modification made
an equation applicable to describe the movement of unsaturated soil water. The integration

is analogous to the combination of Fourier’s law of heat conduction and the conservation



of energy, which gives the heat equation.
According to Fourier’s law of heat conduction, at a depth of z below soil surface, the
downward heat flux G in a 1D, heterogeneous soil column can be written as [11]

or

G(z) = —k(z)a

(2.1)

where T is the soil temperature. k is the thermal conductivity, which represents the ability
for different types of soil to conduct heat and varies with soil depth.

For transient heat conduction, the conservation of thermal energy at depth z can be
expressed as following [12]

B O LA (2.2)

Left-hand side of the conservation equation is the rate of change of heat energy in time.
Here c is the specific heat, which means the heat energy that need to be supplied to a unit
mass of the soil to raise its temperature one unit. p is soil density. —%—f is net heat energy
flowing across boundaries per unit time. () represents the thermal energy sources and sinks.
In realistic conditions, ) at the soil surface is the sum of different energy fluxes, such as
longwave and shortwave radiations, latent and sensible heat fluxes, etc. While for the part
of soil below the surface, without heat sources and sinks, the ground heat flux dominates
and () can be neglected.

Substituting equation (2.1) into equation (2.2) without the source/sink term, the diffu-

sion equation for heat transfer is then derived

oT 0 orT
o g("&(z)g) (2.3)

where k = k/pc, which also changes with depth.
Considering 1D flow in the vertical direction, the water movement in the unsaturated
zone is explained by Darcy’s law

A U A Tl ) (2.4)

where ¢, is the vertical specific discharge, and 6 is the moisture content. K is the hydraulic

conductivity varying with respect to moisture content. The hydraulic gradient driving

6



flow in unsaturated soil is d(q(;jz), since the hydraulic head contains two different parts,

capillary-pressure head v and elevation head z [13].
When it comes to the description of unsteady processes, a continuity equation for in-
compressible flow in porous media [14] is necessary. For vertical flow in unsaturated zone

(without sources or sinks), the appropriate version is

99 _  9g.
ot 0z

(2.5)

Left-hand side of equation (2.5) shows the rate of mass change in a small control volume,

and the other side represents the net specific discharge (inflow - outflow) per unit volume.
Combining equation (2.4) and equation (2.5), the resulting equation is:

o0 0 dv
— =—K@)(— +1 2.6

o = - (KO +1) (26)
It is the unsaturated flow equation, which is named as Richards equation. Equation (2.7) is
the mixed form of Richards’ equation, since it uses both pressure head and moisture content

as dependent variables. It can be converted to the #-based form using the constitutive

relationship between moisture content and pressure head:

00 _ 2 p0)? i x

5 = 5. (DO + K©) (27)

2.3 Numerical Implementations of the Soil Heat
and Moisture Transfer

The modeling of realistic problems like soil heat and moisture transfer, which includes
the complex soil properties and time-varying radiation and aerodynamic forcings, require
customizable initial and boundary conditions and soil properties accurate to each time and
space steps. The Richards equation is a highly nonlinear equation, for which the analytical
solutions are not easy to reach and less practical in some of the science and engineering
problems [15]. Therefore, most practical situations need to solve one-dimensional or two-
dimensional numerical values according to the numerical value and complexity of one-

dimensional or two-dimensional problems. As practical alternatives, the numerical solutions

7



are widely used for solving the soil heat and moisture transfer problems, but it still remains
a challenge for decades. A universally robust and accurate solution has not yet been proven
to be applicable across the range of soils, boundary conditions and initial conditions found
in practice [16]. In 1990, Celia developed a mass-conserving numerical solution based on
the mixed form of the Richards equation [17]. This solution solved the problem of mass
balance in the standard head-based Richards equation and addressed the mass lumping
issue in finite element solutions. Zha et al. developed several finite difference schemes with
two different spatial discretization methods for the §—based Richards equation to model the
unsaturated flow in layered soils. Their results showed that the #—based Richards equation
performs better than the mixed form in terms of mass conservation, accuracy and efficiency
when the soil is initially dry (water content under 0.3). The HYDRUS-1D and HYDRUS
(2D/3D) software packages are widely used for the simulation of water movement in soil,
which is based the finite element scheme [18]. This solver is not limited to any particular
spatial and temporal scale, however, solutions of the Richards equation require higher
spatial resolutions especially where and when large pressure gradients might occur, such as
at and near the soil surface. Soil heat transfer simulation can be analogous to the soil water
content simulation, and less challenging without the water retention characteristic. Zecova
established a mathematical model of one-dimensional heat conduction with derivatives of

integer- and fractional-order based on the different finite difference methods [19].

2.4 Coupled Soil Heat and Moisture Transfer Re-
searches

In the 1950s, coupled soil heat and moisture transfer developed rapidly and profoundly
impacted subsequent research. In 1952, Gurr proposed that water transfer in the soil is
mainly in the form of liquid water and water vapor, and the partial pressure of water vapor
is the main driving force for water transfer. Temperature gradients will cause changes in
the partial pressure of water vapor [20]. In 1957, Philip and de Vries proposed a new

driving force explanation in the study of water transfer in porous media, which mainly



stated that the driving force of liquid water is primarily the capillary pressure and the
adsorption force of soil particles, while the water vapor transfer is mostly through the
diffusion process [5]. They discovered the temperature influence on soil water transfer a
few years later. Based on the conservation of mass and energy, together with Darcy’s law
and Fourier’s law, Philip and de Vries first established the theory of coupled heat and
moisture transfer driven by moisture gradient and temperature gradient. In this model,
the liquid water flow equation is based on unsaturated Darcy’s law [6]. Since then, the
separate, single field has begun to change to the coupling of two fields. However, the model
ignores the pressure gradient. Due to the influence of hysteresis, it is difficult to measure
some related parameters through experiments directly, and the error is relatively large,
which has certain limitations in practical applications. The Philip and de Vries model was
later widely used, and other researchers have also continuously optimized and modified this
model. For example, Milly effectively solved this defect by replacing the original water

content gradient with a matrix potential gradient in 1984 [21].

In order to solve the deficiencies of previous studies, some researchers reinvestigated
the heat and moisture transfer mechanisms of the soil in a much detailed way in the 1970s
and 1980s, which led to further development of coupled soil heat and moisture transfer
studies. In 1973, Berger and Pei et al. believed that the liquid water transfer in the soil
was carried out under capillary action, while the water vapor transfer was primarily driven
by the existence of the water vapor concentration difference. The combined effects of the
two resulted in the soil moisture transfer [22]. Dempsey improved the Richards equation
and formed a diffusion flow equation applied to non-isothermal conditions, and proposed
a mathematical model of heat and moisture transfer in unsaturated soils solved by the
implicit finite difference method in 1978 [23]. Sophocleous proposed a new soil moisture
diffusion model under different temperature gradients the following year, and experiments
proved that the model has good applicability in soil moisture evaporation [24]. In 1987,
Klute introduced a non-isothermal term based on the Richards isothermal flow equation to

form a non-isothermal heat and humidity transfer model, which was later used to predict



water diffusion under a temperature gradient [25].

In 1973, Harlan made an analogy between the mechanisms of water transport in partially
frozen soil and the process in unsaturated soils, and he developed a coupled heat-fluid
transport model in porous media with freezing and thawing [7]. Some scientists like JAME
et al. [8] and Chuangchid et al. [9] followed Harlan’s theory with some modifications in the
hydraulic conductivity and numerical implementation. In 1987, Pruess and Wang studied
soil water transfer under high-temperature conditions (exceeding 100°C') and found that
the Philip and de Vries model’s performance was low in this case. Zhang et al. established
a mathematical model with coupled heat transfer and water transport, considering the
saturated-unsaturated active layer, and tested the model with meteorological data in the
permafrost regions of the central Tibetan Plateau [26]. The upper boundary conditions
were obtained by solving the mass and energy balance equations at the soil surface. The
results showed that the correct setting of soil surface coverage properties and thermophysical

properties is crucial to the model’s accuracy.

2.5 Soil thermal and hydraulic properties

The soil thermal and hydraulic conductivities are essential in the modeling of coupled
soil heat and moisture transfer processes. A great number of effective thermal conductiv-
ity models have been established. However, a unified prediction procedure has not been
found with universal applicability. There are generally three different types of soil thermal
properties models, including empirical, mathematical, and mixed models [27]. Empirical
models give the relationship between thermal conductivity and water content, by propos-
ing the effective thermal conductivity or Kersten number caculated as a weighted average
of saturated state thermal conductivity and dry state thermal conductivity. Mathematic
models are adopted from predictive models of other physical properties, such as electrical
conductivity, and hydraulic conductivity; which are calculated by certain mathematical
algorithm given the thermal conductivity of each component and their volume fractions.

Johansen proposed an powerful empirical model, which calculates the thermal conductivity

10



of a soil as a function of its saturation, porosity, quartz content, and dry density and phase
of water (frozen or unfrozen). Soil specific heat is linearly related to soil water content [28].
However, the Johansen (1975) model is not temperature dependent. For positive soil tem-
perature around room temperature, Xu et al. shows that the temperature of two certain
kinds of soil has influence on thermal conductivity, and there is a linear relationship be-
tween thermal conductivity and positive temperature [29]. Tarnawski et al. also developed
a temperature-dependent Kersten function for soil thermal conductivity [30], which is really
complex and contains up to ten coefficients that need to be adjusted. Two different methods
are broadly used for estimating the water retention curve, which represents the relationship
between the water content and the soil water potential, the Brooks-Corey method [31] and
the van Genuchten method [32]. The Brooks-Corey model presented a bubbling pressure
as a threshold to divide the soil water potential into two different categories, while the van
Genuchten method is one function for all soil water potentials. The van Genuchten model

characterized the water retention curve as

1

1+ (al@bln)]l_l/n o 2

0(y) = (65 — 0,)]

where 0 is the volumetric soil water content, and ) is the soil water potential, or suction. 6,
is the saturated water content, and 0, is the residual water content. n is the measurement of
pore size distribution and « is another constant related to the air entry suction. According
to the Brooks-Corey model, the relationship between water content and potential is defined

in two categories (saturated and unsaturated) as follows:

0(v) = & v (2.9)
(95 - er)(%)A + 0, ¢ < Ibb

Here 1, is the bubbling pressure and A\ is the pore size distribution. The Brooks-Corey

model is preferred by a large group of researchers because it is a simpler power-law model

[33], which will be used in the simplified soil heat and moisture transfer model.

11



Chapter 3

Model Description

3.1 Introduction

The coupled soil heat and moisture transfer model focuses on the unfrozen, unsaturated
zone of soil. Simplifying assumptions are made in the coupled model. The soil matrix is
considered to be homogeneous for each defined soil type, and it is bare soil without the
influence of vegetation. The soil moisture is assumed to experience only diffusion process
in the soil matrix, and the hysteresis effect will be neglected.

In this chapter, the mathematical formulas, including the partial differential equations
describing the two transfer processes and the initial and boundary conditions will be in-
troduced. The estimation of the soil thermal and hydraulic properties, especially their
dependence on soil temperature and moisture will be delineated. Finally, the core finite
difference solver of this model, together with the computation procedure of the simulation,

will be discussed.

3.2 Soil Heat and Moisture Transfer Processes

Both of the main formulation for the two processes are based on the diffusion equation.
These formulations are simplified to the following forms according to the assumptions made.

The heat transfer equation is

oT 0 oT
e &(Dt(e)&) (3.1)

Based on the #—based Richards equation, the moisture transfer equation can be sim-

plified to

00 0 00
% @(Dm(eaT)@) (3.2)
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The dependence of the thermal and hydraulic diffusivities will be discussed later in the

soil parameter section.

3.3 Initial and Boundary Conditions

3.3.1 Initial Conditions

Initial conditions for soil heat and moisture equations are given as follows
T(t=0,2)= fi(z) and 0(t=0,2) = fa(2) (3.3)

where f and g are functions of the depth. They can also be set to constant values for the
whole soil column. For the realistic case, the initial values can be the input of measurements

from soil thermal and moisture sensors underground.

3.3.2 Idealized Boundary Conditions

The idealized boundary conditions for heat and moisture equations are listed below.
Soil surface temperature (top boundary condition) is a function of time g(¢). In daily time
scale, this function can be set to a periodic function to mimic the diurnal cycle. The bottom
heat boundary condition changes according to different simulation depth. For shallow soil

region, an open boundary condition is imposed:

or

T(t,z=0)=g(t) and 5 L =0 (3.4)
00 =0 and 09 =0 (3.5)
0z|,_g 0z|,_;

However, for deep soil region, the bottom soil temperature is assumed to be a constant T},
which could be a deep ground or water surface temperature. Neumann boundary conditions
are imposed on the soil moisture equation, modeling a soil column with zero water flux in

and out of this control volume.

T(t,z=0)=g(t) or  T(t,z=L)=1Ty (3.6)



0 0
0 =0 and 4

I =0 (3.7)

0z z=L

3.3.3 Realistic Boundary Conditions

The surface energy balance and atmospheric boundary conditions, added to the thermal-

moisture coupling as forcings, are modified from LHSM [34].

The surface soil energy balance equation can be expressed as

oT,
Choa—to =Ry + Sy + L, + Gy, (3.8)

while the deep soil energy balance can be calculated as follows:

B o1y
G = ~Cha— (3.9)

where C' is the volumetric heat capacity of the land surface. Ty and Ty are the deep and
surface soil temperature. hy and hg are the depth of deep soil and surface soil. R, is
the net radiation, and Sy, L, and G}, are sensible heat, latent heat and ground heat flux,
respectively.

The net radiation flux R, contains the contribution of both incoming and outgoing
longwave and shortwave radiations. The direction is positive downward. The outgoing

shortwave radiation R, can be calculated as follows:
Rswo = *agsti (310)

where a4 is the effective land surface albedo.

The outgoing longwave radiation Ry, can be expressed, based on the Stefan-Boltzmann
radiative law for grey body, as:

Riwo = —€aTy (3.11)

where € is the emissivity of the ground, which is set to be 0.98. ¢ is the Stefan—Boltzmann

constant with a value of 5.6696 x 108 W K—* m—2.
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Figure 3.1: Schematic of energy and water transfer in unfrozen soil.
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The incoming net radiation can then be calculated as the combination of incoming and

outgoing shortwave and longwave radiation:

Rn = sti + sto + lei + lei

= (1 — ag)Rswi + Riwi — Ty (3.12)

Here Sp, and Lj, can be expressed as follows:

Sh = CppaCH‘Uly(Tl — T()) (3.13)

Ly = vaacw|U1‘(Q1 - q$at) (3'14)

where C), is the heat capacity of the air at constant pressure, and L, is the latent heat
for water vaporization. p, is the density of air. Cy and C), are the aerodynamic drag
coefficient for heat and water vapor transfer, respectively. The variables with subscript 1
are those at a reference height (in the boundary layer), among which Uy, T7 and ¢; are the
horizontal wind velocity, the air temperature and the specific humidity. g4 is the saturated

specific humidity at the ground surface. p, is the density of air, and it can be expressed as

P

_ 3.15
Rspecifich ( )

Pa =

Here P is the pressure measured at reference height mentioned above, and the specific gas
constant of air Rgpecific is set to 288 J kg~' K~'. The aerodynamic drag coefficient C'y

can be calculated following the scheme developed by Louis [35]:

CH = a2(1 —

bR;
) (3.16)

1+cR

i
where a, b and c¢ are constants, and R; is the bulk Richardson number, which can be

expressed as
_ gzA0

Ri="s (3.17)

Here, potential temperatures #; and 6o are calculated in the same way at two different

heights as follows

)Cr (3.18)



where P..; = 10° Pa is taken as the standard atmospheric pressure. P and T are the
pressure and temperature at the specific height. R/C), is the ideal gas constant over heat
capacity of air at constant pressure, which equals to 0.286. In Equation (3.17), the difference
of potential temperature A and the average of potential temperature 6 can be expressed

as

A = 6) — 0, (3.19)

(3.20)

and U is the wind velocity. g = 9.81 m s~ 2 is the gravitational acceleration, and z is a

reference height.
The constants a can be calculated as follows:

2
a? ::[lnéi?)yz (3.21)

Here z, is the roughness height. The constant k is taken as 0.4. Assuming z > z,, for the

unstable boundary layer (62 > 61), constant b and ¢ take higher values

b=9.4 (3.22)

¢ = 5.3a%b(=)1/2 (3.23)

Zy

and for the stable condition (03 < ;)

b=1.0 (3.24)

c=4.7 (3.25)

Compared to equation (2.5), the surface soil moisture equation has one more bare soil

evaporation term, and the complete moisture equation at the surface is:

00 0q;
— =— —FE 3.26
o o9z 0 (3.26)
where FEj, is the bare soil evaporation
By = poOw|U1|(q1 — fuwsat(To)) (3.27)
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Here Cyy is the water aerodynamic drag coefficient, which is implied to be equal to Cp.
fw is a correction factor, which depends on the actual soil surface water content 6y and the

soil water content at saturation 6:
fuw = 0.5[1 — cosm(6p/0s)] (3.28)

The saturated specific humidity at the ground surface g4+ is a function of surface temper-

ature T and pressure P:
17.671y

(6%
— 2 611.2eap(—— 0
Qsat S T YEY:

= ) (3.29)

where o = 0.622 is the ratio of the molecular weights of water and dry air. The rest part

of Equation (3.29) is the saturation vapor pressure of water.

In this case, the surface boundary conditions are also coupled between soil temperature

and soil moisture.

3.4 Soil Properties

3.4.1 Parameterization Models

The Johansen method [28] is used for estimating thermal conductivity change with
respect to soil moisture. This method will be referred to as J75 in the following explanation.
The Brooks-Corey model [31] is applied to characterize the shape of water retention curve,
and therefore to give the relation between hydraulic conductivity or diffusivity and soil

water content.

3.4.2 Soil Basic Properties

Soil porosity n is defined as

(3.30)

where Vi and Vi are the volume of voids and the total volume of a soil matrix, respectively.
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S, is degree of saturation, representing the ratio between ice or liquid water volume
and the total volume of the pores.

(3.31)

where V,, is the volume of water (including different phases). In the meantime, volumetric

water content is defined as the ratio between water volume and the total soil volume

Vi
0=—. 3.32
= (332)
S, can be then represented by porosity n and volumetric water content 6 as
1
Sy = 59, (3.33)

and @ is the state variable of interest in the model.

Only quartz crystals, of which sand contains high percentage , have a very high ther-
mal conductivity. The thermal conductivity of quartz or silicate bound inside clay or silt
particles is similar to that of other soil materials. Therefore, quartz content for each soil
type can approximately represent the percentage of sand in the soil. Table 77 shows the
recommended quartz content and maximum expected variation in thermal conductivity
(kr) from Johansen’s method by soil type [36].

74 is dry specific weight of soil, sometimes referred to as dry density (kg m™3) for
convenience. With solids unit weight taken as 2700 (kg m~3), the dry density may be

obtained from the porosity assuming the same solids unit weight as

Y4 = (1 —n)2700. (3.34)

3.4.3 Soil Hydraulic Properties
Moisture effect on hydraulic conductivity /diffusivity

Hydraulic diffusivity in (3.2) can be calculated as

o

(3.35)
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Table 3.1: Quartz content and maximum kr variation of different soil textures

Quartz ~ Maximum k
Soil texture

content  variation (%)

Sand 0.92 55.2
Loamy sand 0.82 52.9
Sandy loam 0.60 49.2
Sandy clay loam 0.60 48.4
Sand clay 0.52 46.2
Loam 0.40 35.0
Clay loam 0.35 34.2
Silt loam 0.25 25.1
Clay 0.25 26.8
Silty clay 0.10 17.3
Silty clay loam 0.10 22.9
Silt 0.10 17.3
Peat 0.00 —

The Brooks-Corey model is applied here. When v < 4y,

K@) = Ky (229 (3.36)

¥y

o
"

In the equations above, 6 is the volumetric water content (cm?/cm?). 65 is the saturation

0() = (Bs — 0.) (=) + 6, (3.37)

water content, generally assumed to be effective porosity. 6, is the residual water content,
representing the water that cannot be drained from the soil even at very high pressure. v is
the capillary pressure(cm), and v, is the bubbling pressure. K is the hydraulic conductivity

(em/h), and Ky is the saturated hydraulic conductivity. A is the pore size distribution index.
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From equation (3.32), we can get the effective saturation S,

1/]17 0 — 01”
Se= (== (3.38)
and also derive the function of ¢ with repect to 6
0s — 6,
V(0) = o il 7 (3.39)
Therefore,
oY 1 1/
a5 = 5 n(6s = 6.)1 (0 —6,) 71 (3.40)
According to equation (5), equation (2) then can be rewritten as
6?8 Or . _9/n_
Finally, it leads to
1
Din(6) = S K (0 — 0,) Y230 — 6,)1/ 2 (3.42)

Specific values of the parameters (of different soil types) can be found in [37].

Temperature effect on hydraulic conductivity /diffusivity According to Gao’s paper [4],
saturated hydraulic conductivity K, increases with temperature linearly, and the tempera-
ture dependent growth rate was 8.54x107° ¢m min~! K~! for lou soil and 0.0063 cm min~t K1

for sandy loess. Therefore the complete versions for hydraulic conductivity and diffusivity

are
Kin(0,T) = K. (1) (55528 (3.43)

and
Dyn(6,T) = %waS(T)(OS —0,)"1AB(g — g,) /A2 (3.44)

where K,(T') is a linear function K4(7T') = aT +b, and the coefficients of this linear function

a and b can be adjusted to fit different soil types.
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3.4.4 Soil Thermal Properties

In order to calculate the thermal conductivity k7, three components are needed: 1) the
dry thermal conductivity kg, 2) the saturated thermal conductivity ks 3) the Kersten

number K., and finally put them all together as

kr = Ke("‘fsat - dery) + Kdry- (3'45)

Dry thermal conductivity

Johansen developed a semiempirical equation to predict the dry thermal conductivity

for natural soils as
0.135v4 + 64.7

— 3.46
2700 — 0.947v4 ( )

Rdry =

Saturated thermal conductivity

The saturated thermal conductivity for natural soils depends on the porosity n, quartz

content ¢ and the unfrozen volume fraction z, in the following way

Ksat = Ky " RPTT REE (3.47)

The thermal conductivity of ice x; = 2.2 W m~! K~!, the thermal conductivity of water

kw = 0.57 W m~™" K~! and the solids thermal conductivity &, is given as

Ks = K ria (3.48)

o

where the thermal conductivity of quartz k, = 7.7 W m~' K~!, and the thermal conduc-

tivity of other minerals is given as
20W m P K7L ¢>0.2

Ko = (3.49)
3.0 W m™t K7, other q
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Kersten number

The Kersten number is a function only of the degree of saturation (or volumetric water

content) and the phase of the water. For unfrozen soils,

0.7 logS, +1.0 S, > 0.05 coarse
K, = (3.50)

logS, + 1.0 Sy > 0.1 fine

For frozen soils,

K. =85,. (3.51)

Specific heat ¢

The bulk specific heat of a soil matrix can be found by adding the heat capacity of soil

components, and divided by the bulk density to give

> e
CcC =
> p

which increases linearly with water content in a non-swelling soil. In equation (13), x is the

(3.52)

volume fraction of different components. For example, the volume fraction of solid, liquid
and gaseous component of a soil can be expressed as x5, 2; and x4, respectively, and they
add up to one:

Ts+ a1 +29=1 (3.53)

Thermal diffusivity

Thermal diffusivity Dr is the thermal conductivity kr divided by density p and specific
heat ¢ at constant pressure:

D; = . 3.54
E= (3.54)

Assuming the soil bulk density will not change much when the focus is on the effect water
content change, because the density of solid components are much larger than that of
water component. Therefore, thermal diffusivity change will be decided mainly by thermal

conductivity and specific heat change.
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3.5 Numerical Implementation

3.5.1 Introduction

In this section, finite difference solutions of the linear, separate soil heat and moisture
transfer will be studied first, where the thermal and hydraulic conductivity and diffusivity
are constant values, namely, not changing with the state variables temperature and soil
moisture. After that, a more complex, nonlinear and coupled soil heat and moisture transfer
problem with both idealized and realistic boundary conditions is solved using the fully
explicit finite difference method. Finally, the computational procedures of the coupled soil

heat and moisture transfer model will be explained.

3.5.2 Numerical Solutions for Separate, Linear Heat and
Moisture Transfer

A 1D homogeneous soil heat and moisture transfer model without coupling is established
in order to compare with the coupling results. The thermal and hydraulic diffusivity remain
the same throughout the domain. According to equation (3.1) and equation (3.2), the heat

equation, as well as the moisture equation can be simplified as

oTr 0*T
o~ Doz (3:55)
and
o0 %0
o~ Dol (350

where T is the soil temperature, and 8 is the volumetric water content of soil. Dy and D,
are thermal and hydraulic diffusivity, respectively. The initial conditions and boundary
conditions are the same as equation (3.3) ~ (3.6).

Since equation (3.55) and equation (3.56) are simple diffusion equations with same
structure, the numerical formulations of the two equations are the same except for the
diffusivities. Both the space and time derivatives are replaced by finite differences. A

second-order central difference is used for the space derivative, and three different methods,
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including explicit (forward difference), implicit (backward difference) and Crank-Nicolson
(central difference) method, are used for the time derivative. The space-time domain (z,t)
is divided into a rectangular grid system with fixed space and time increments. According

to equation (3.55) and equation (3.56), the explicit method can be expressed as:

+1
Ty T 20y T

At ¢ Az2 (3.57)
on Lt —gn o7, — 20" + 67
MG j+1 J j—1

At Din Az2 (3.58)

n+l
n O—I—o

A J

1§ i+

Figure 3.2: Mesh for the explicit finite different scheme.

while the implicit method has the same left-hand side and changed right-hand side time

index, from n to n + 1:

n+1 n+1 n—+1 n—+1
T Ty TR -2 T

Jj+1
At ! A2 (3:59)
97}-1—1 _ g 9n+1 _ 20n+1 + 9n+1
J i _p Zitl J J—1 (3.60)

At S Az2
The explicit method and implicit one have the same order of accuracy in time and space,

that is, 15 order in time and 2"¢ order in space, whereas the Crank-Nicolson method has a
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n+l .—I—.
n

A J

Figure 3.3: Mesh for the implicit finite different scheme.

higher order of accuracy in time, since it is both 2" order central difference in space and
time:
n+1 n—+1 n+1 n+1
T‘j — Tjn — & Tj+1 B 21—‘] + T‘j_l + T‘jn"rl B 2TJn + T‘Jn_l} (3 61)
At 2 Az? Az2 '
n+1 n+1 n+1 n+1
At 2 Az? Az?

Notice that the soil hydraulic diffusivity is related to soil moisture.

n

v

1§ i+ z

Figure 3.4: Mesh for the Crank-Nicolson finite different scheme.
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For the linear partial differential equations of separate heat and moisture transfer,
the von Neumann stability analysis for all three methods are implemented using the heat
equations, and the moisture equations can be investigated in the same way. The linear
modes are

n n _ikjz
" = A(k)"et (3.63)

with an oscillatory dependence on space and an exponential dependence on time [38].
Substitute equation (3.63) for the terms in equation (3.57), (3.59) and (3.61) and then
calculate the amplitude A, which is also the mode growth factor. This gives 3 different A’s

for explicit, implicit and Crank-Nicolson scheme, respectively

9ALD,

A(k)er =1 —1 .64

(k) + A2 (cos(kz) ) (3.64)
2AtDy

[1-— A2 (cos(kz) — 1)|A(k)im =1 (3.65)

(1 —=m)A(k)en =m+1 (3.66)

where m = AAtZ% (cos(kz) — 1). Tt is required that the magnitude of mode growth factor

less than or at least equal to 1 for the scheme to be stable. Since the worst case is kz = 7,

the stable condition for explicit method is %ZDJ < % Meanwhile, the implicit and Crank-

Nicolson method is unconditionally stable.

3.5.3 Numerical Solutions for Nonlinear, Coupled Heat and
Moisture Transfer

The major difficulty for solving nonlinear processes is that it is not possible to get the
thermal and hydraulic diffusivity for future time steps without the information of future
soil temperature and moisture. However, we need the information of diffusivities to solve
for the soil temperature and moisture. Therefore, the implicit and Crank-Nicolson schemes
require iterations for each time step in order to get the final soil temperature and moisture
values, which needs more computational efforts than the straight-forward explicit method.
Although the explicit method is not unconditionally stable as the implicit and semi-implicit

methods, it works with proper temporal and spatial resolutions and requires much less
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computation time. Since the form of two governing equations are the same, the moisture
transfer Equation (3.2) is taken as example to show its explicit finite difference solutions.
Notice that the hydraulic diffusivities D’s are not constants and change according to the

soil moisture and temperature. The averaged form of discretization is shown as follows

n+1 mn n n n n n n
;" —07 _ D+ Df 0F, 07 6f - gjfl) (3.67)
Agntl AZ]'_H + AZ]' AZ]'_H Azj '

Reorganize Equation (3.67) to get

At"TY(D}, + DY)

9n+1 n
(Azjy1 + AZ])AZ]-l-l o
At"TYDT  + D) 1 1
+ [1 _ ( J+1 J ) + )]9;1
Azj—f—l + Azj AZj_H AZ]'

N At"TY(D?,, + D )9” (3.68)
Bom + Az)az 1 |

For constant At and Az, Equation (3.68) can be rewritten as

AHD?, | + D)
2A 22

AHDF1 + D7) MDA+ D) ) o

0n+1 _ !
. Az? J 2A22 i=1

01 +[1—

The numerical formulations are the same for soil temperature. We can get the numerical
solutions for soil temperature by simply substituting 7' for all the 6 in Equation (3.67),
(3.68) and (3.69):

+1
T]n — Tﬁn — D?Jrl + D;l Tﬂn+1 T]n . TJn B T}Ll) (3 70)
Atn+1 AZ]'_H + AZ]' AZ]+1 AZj '

Reorganize equation (3.52) to get

At"TY(D} + DY)

Tn+1 n
(Azji1 + Azj)Azj T
n+1
+[1_At (DY, + DY), 1 L1 el
Azj—f—l + Azj AZj+1 AZ]' J

N Athrl(Dn 1+D )
(Azjp1 + Azj)Az;

., (3.71)

For constant At and Az, equation (3.53) can be rewritten as

A(DJ+1+D)

AHDy, + DY), AHDY, DY)
2A 22

+1 __
nr = Az? ) ]?1 2A 22 j=1

(3.72)

T, +[1—

28



In this case, the D’s represent the thermal diffusivities.
3.5.4 Idealized Boundary Conditions

According to Section 3.3.2, the soil surface temperature boundary condition is the

™ is a set of known values varying with

Dirichlet boundary condition, and 77, = ¢". ¢
time. For the Neumann boundary conditions of soil temperature equation, the idea of
ghost point is used for applying the open boundary. For a discretized soil matrix with M

spatial points. The bottom boundary condition for temperature can be written as:

Ty — Ty
————— =90 3.73
20z ( )

and Equation (3.72) for the bottom can be specified as

AH(DY,, | + D7) INC R
+1 _ M+1 M M+1 M
T]T\Zl - 2A22 T]@-ﬁ-l + [1 - AZ2 ]T}\Z + 2AZ2 T]7\14—1

(3.74)

where T}, | is out of domain and we don’t have any information about this point. However,
we have Equation (3.73), and the ghost point 77 ; can be mirrored to take the same value
as Ty;_;. The same thing can be done for the diffusivity terms. Hence Equation (3.74) can

be rewritten as

At(D"M_l + D%)
Az2

At(D]@_l + D”M)
Az?

Ty = T 4 +[1— 1Ty (3.75)

and this is the numerical form of the temperature bottom boundary condition. No flux

boundary conditions for soil moisture equation are simply expressed as

oottt =07 and OVt =07, (3.76)

3.5.5 Realistic Boundary Conditions

Consider a soil column with M — 1 layers (M spatial points), identical depth Az for
each layer. For the soil surface layer, which is the first layer (j=1), the explicit form of the

energy balance equation (3.8) is
Tt -1

(pe)jr D= = = R+ LW + S + G (3.77)
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Figure 3.5: Schematic diagram of numerical solver for soil temperature.

where all the variables are from the current time step except for T;‘jll, which is the tem-
perature at the next time step we want to solve for. Here Rn, Lh, Sh and pc can all be
calculated from the current temperature and moisture content (known). The ground heat
flux Gh at the soil surface can be expressed as

S tll

Ghjt Az

(3.78)

For the middle layers (2 < j < M), only ground heat flux terms are on the right-hand side:

oT
pcAzE = Ghin — Ghout (3.79)
which can be discretized as
n+1 m
i T n n
pcAzT = Ghj_l — Ghj (3.80)

This can be reorganized, taking the changing diffusivities into consideration, to be the same
as Equation (3.70). Finally, for the bottom layer (j = M), the temperature is assumed to
be some constant value T'c

Ty =Te (3.81)

According to Equation (3.26), the surface moisture equation can be modified as the

following,
H{H_l - 0? D?—‘rl + D? n n n
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Middle layers are the same as Equation (3.67), and the bottom boundary condition is the

same as the idealized one.

3.5.6 Computational Procedure

Coupling process with idealized boundary conditions

Input initial conditions of
soil moisture (M_in) —
and soil temperature (T_in) —

l

‘ Compute soil |

hydraulic diffusivity (Dm)
and thermal diffusivity (Dt)
at the current time step

!

Calculate new soil
moisture (M_new) and
new soil temperature (T_new)
for next time step

!

Set M_in = M_new g
and T_in = T_new

dajs aw 3xau Joy ui” |\ arepdn
days aw 3xau 1oy ui—| ayepdn

Figure 3.6: Computational procedure with idealized boundary condition.

In order to solve for the whole soil temperature and moisture profile, the soil temper-
ature and moisture profiles are calculated at each time step, which will be influenced by
the previous status. In the coupling process with idealized boundary conditions, the initial
conditions of soil temperature and moisture content will be used for computing the soil
thermal and hydraulic diffusivities at the first time step, and then the values of soil prop-
erties and state variables will be employed to calculate the values of state variables at the

next time step. The process goes on until we reach the final time step of the simulation.
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Coupling process with realistic boundary conditions

Input the realistic forcings,
such as incoming shortwave radiation,
wind velocity, etc.
at the current time step

Input initial conditions of
soil moisture (M_in)
and soil temperature (T_in)

|
| |

Compute net radiation Rn, Compute soil
latent heat Lh, hydraulic diffusivity (Dm)
and sensible heat Sh and thermal diffusivity (Dt)
at the current time step at the current time step

| J
v

Calculate new soil
moisture (M_new) and
new soil temperature (T_new)
for next time step

l

Set M_in = M_new
and T_in =T_new J

A A

dajs awi }xau Joj ul |\ aepdn
days awiy 3xau Joy ui~ | ayepdn

Figure 3.7: Computational procedure with realistic boundary condition.

The difference between the coupling process with idealized and realistic boundary con-
ditions is that, for the realistic boundary conditions, we need realistic forcings, such as
incoming shortwave and longwave radiation, wind velocity, air temperature and specific
humidity, as additional input data to help calculate the fluxes required. The other steps
are almost the same except that fluxes need to be computed together with the thermal and
hydraulic diffusivities for each time step. The fluxes are affected by the soil temperature

and moisture getting from the previous time step, just like the diffusivity terms.
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Chapter 4

Results and Discussions

4.1 Introduction

Modeling results of the idealized and realistic boundary conditions are presented in this

section. For the idealized case, three different soil types, and two different depths are used

to test the model. Both uncoupled and coupled models will be used for testing the idealized

boundary conditions. For the realistic boundary conditions, the Cabauw dataset is used to

test the model. Results are compared with the ERA5 product.

4.2 lIdealized Boundary Conditions

The coupled model is tested under two different scenarios: 1) shallow soil column with

a depth of 50 cm, and 2) deep soil column with a depth of 2 m.

Table 4.1: Hydrologic soil properties by soil texture.

Saturated
Effective Residual Bubbling Pore
Porosity hydraulic
porosity saturation  pressure size
(cm3/cm3) conductivity
(cm3/cm3)  (cm3/cm3) (cm) distribution
(cm/h)
Sand 0.437 0.417 0.020 7.26 21.00 0.592
Loam 0.463 0.434 0.027 11.15 1.32 0.220
Clay 0.475 0.385 0.090 37.30 0.06 0.131
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4.2.1 Soil Parameters

The hydrologic soil properties of 3 different types of soil is listed in Table 4.1 [37]. The
effective porosity is specified as the soil saturation water content. Thermal conductivity and
diffusivity is calculated applying the J75 method using the porosity and the quartz content
shows in Table 3.1. Meanwhile, the hydraulic conductivity and diffusivity are calculated

using equation (3.43) and (3.44), with the hydrologic soil properties in 4.1.

Saturated hydraulic conductivity is modeled to change with temperature linearly Ks(7') =
aT + b, where a and b are empirical coefficients. They can be modified to fit the soil types,

derived from measurement data. In the idealized version, a and b are set to be 0.5 and 7.2.

x10°

2.5 T T T T T 9

(8]
T

aN
T

n
T
n
T

N
T

Thermal diffusivity m?s1

Thermal conductivity (W m! K'l)
w

i
n
T
~
T

—sand —sand

—

——clay ——clay
loam loam
0 ) L L L A 0 L A A L L
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Volumetric water content (cm3/cm3) Volumetric water content (cm3/cm3)

Figure 4.1: Soil thermal conductivity and diffusivity calculated using J75.

Figure 4.1 shows that D; increases with 6 initially because kp increases more rapidly
than pc. The reason for the initial rapid increase of thermal conductivity is that relatively
large amount of heat is transferred by the evaporation and condensation of water in the
pores in very dry soil, and the growth flattens as as more and more pores are filled with

water. Therefore, the increase of k7 with 6 is much less rapid than the increase of pc. Dy
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reaches its maximum at a point where an increase of # is responsible for equal fractional
increases of kr and pc [11]. It also shows that sand has much higher thermal conductivity

than the other two types of soils, which are relatively close.

4.2.2 Initial Conditions and Boundary Conditions

In order to mimic the diurnal cycle of the surface temperature, the top boundary con-
dition for temperature is set to a sine function (4.2), which comes from fitting a summer
day in North Carolina. For the shallow soil scenario, an open boundary condition will be
imposed at the bottom of the soil column, while the bottom boundary condition for the

deep soil scenario will be a constant temperature 18°C.

For the soil moisture, both ends of the domain are imposed a zero flux boundary con-
dition, which implies that no water flows in or out of the system. The initial condition for

soil moisture is set to a linear equation with respect to the soil depth.
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Figure 4.2: Top boundary condition for soil temperature.
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4.2.3 Results

The uncoupled and coupled soil heat and moisture simulation results for sandy soil are
shown in Figure 4.3 and Figure 4.5 for the shallow soil scenario. The spatial resolution and

temporal resolution are 5cm and 0.1h, respectively.

Depth (cm)

—300 J
—06:00
9:00
12:00
15:00 4
18:00
—21:00 <
—24:00

30 3s
Soil temperature ("C)

Figure 4.3: Uncoupled (dashed lines) and coupled (solid lines) soil temperature
profile evolution (50cm, sand).

With the same initial conditions and boundary conditions, the difference between un-
coupled soil temperature profile and the coupled one increases as the profiles evolve with
time. The difference increases with depth due to the change of soil thermal diffusivity. For
the uncoupled simulation, the soil thermal conductivity, density and specific heat are cho-
sen as 2.20 Wm ™t K1, 2000 kgm =3 and 1480 Jkg~ 'K !, respectively, so the soil thermal
diffusivity is a constant value close to the soil surface conductivity, which is 26.76 m?/s.
In the coupled simulation, the soil thermal conductivity changes according to soil moisture
content. The soil thermal diffusivity change in space and time is depicted in Figure 4.4.

In Figure 4.5, the difference between the coupled and uncoupled soil moisture profiles
becomes increasingly smaller because of the no flux boundary condition setting. The dif-

fusion process in a system without fluxes in and out leads to a uniform profile over time.
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Since the soil moisture tends to be identical over the whole domain, the coupled soil thermal
diffusivity related to moisture will have the same tendency. As time goes on, it reaches
steady state around 22.84 m?/s, decreasing by 17% compared to the uncoupled soil ther-
mal diffusivity. This change in thermal diffusivity leads to up to 1°C' difference in soil

temperature profile.

14-W 16
24 45 50
BT 30 35 40

12 9 L 5 10 15 20 25

6 3
Time (h) 0 Depth (cm)

Figure 4.4: Uncoupled (upper) and coupled (lower) soil thermal diffusivity mesh
(50cm, sand).
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Figure 4.5: Uncoupled (dashed lines) and coupled (solid lines) soil moisture profile
evolution (50cm, sand).
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The uncoupled soil hydraulic diffusivity is not a constant due to the nonlinear nature
of Richards equation. The hydraulic diffusivity is a function of soil moisture. Therefore,
the only difference between the coupled and uncoupled soil moisture equation is the depen-
dence on temperature of the coupled soil hydraulic diffusivity. In Figure 4.6, the hydraulic
diffusivity changes over time at 4 different depths are shown. It is clear that the difference
between coupled and uncoupled hydraulic diffusivity keeps increasing with depth, from

within 10 m?/s to near 50 m?/s. This is consistent with the difference of the temperature

profiles.
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Figure 4.6: Uncoupled and coupled soil hydraulic diffusivity change at different
depth.

The deep soil scenario is simulated with a spatial resolution of 10c¢m and the same 0.1h
temporal resolution in Figure 4.7. The spatial resolution 5¢m is too small for the explicit
scheme to be stable using the same time-step, so a coarse spatial resolution is required.

Comparing the 50 cm and 2m scenarios, we can see that for a time span of 24 hours,
the change of soil temperature mostly occurs in the top 1 m of the soil matrix. By imposing
the no flux conditions on both ends, the soil moisture tends to diffuse to identical values

over the whole domain. It takes longer time for the deep soil to reach the uniform profile as
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compared to the shallow soil, and the latter one takes 24 h. The lines in Figure 4.7 denote
the depth 50 cm. The temperature change at 50 cm in the deep soil scenario is smaller
than the temperature at the same depth in the shallow soil scenario. The difference in the

soil moisture profile mentioned before is the cause of this temperature profile deviation.
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Figure 4.7: Uncoupled (dashed lines) and coupled (solid lines) soil temperature and
moisture profile evolution (2m, sand).

Three different soil types are compared next in the shallow soil setting. The soil tem-
perature and moisture profiles for two other soil types are shown in Figure 4.8 and 4.9, from
which we can see the difference in the soil thermal and hydraulic conductivity for the three
different soil types. With a higher thermal and hydraulic conductivity, heat and moisture
transfer is much faster in the sandy soil, and the variation of soil moisture at the surface
is larger than for loam soil and clay soil. Clay soil has the smallest variation of moisture
in the soil surface due to its low hydraulic conductivity, and moisture is transfered much
slower in this case. For the clay soil moisture profile to become uniform, the simulation

time can be as long as one month.
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Figure 4.8: Soil temperature and moisture profile (50cm, loam).
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Figure 4.9: Soil temperature and moisture profile (50cm, clay).
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4.3 Realistic Boundary Conditions

4.3.1 Cabauw Dataset

The Cabauw dataset is used for testing the realistic boundary conditions. The site
is located in the center of Netherlands (51°58' N,4°56'E), which can be described as a
homogeneous grassland. The soil type is mostly clay in the top layer of the soil, and the
average porosity is 0.468 [39]. The dataset has a length of 12 months (1987), with a 30
minute time step. Here a 3-day time period (09/07 - 09/09) is chosen to test the model.

Incoming shortwave radiation R,,; and incoming longwave radiation Ry,,; are provided
as input, and the input data are shown in Figure 4.10. The effective land surface albedo

aq is set to 0.23 for the simulation [40].  The horizontal wind speed and air temperature
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Figure 4.10: Incoming shortwave and longwave radiation measurements at the

Cabauw site (09/07-09/09).

are measured at a reference height 2m, and the measurements are shown in Figure 4.11.
The roughness height and reference height are set to 0.1m and 20m, respectively, for the
calculation of aerodynamic drag coefficient. The specific humidity measurements at 2m

required for the estimation of evaporation and latent heat flux are depicted in Figure 4.12.
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Figure 4.11: 2m wind velocity, air temperature and pressure measurements at the

Cabauw site (09/07-09/09).
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Figure 4.12: 2m specific humidity measurements at the Cabauw site (09/07-09/09).
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Due to the lack of soil temperature and moisture profile measurements, the initial
conditions are set to be a uniform profile for temperature (290K) and a linearly increasing

moisture profile (surface 0.20 and bottom 0.30).

4.3.2 ERAS5 dataset

ERAS5 is the fifth generation of ECMWF (The European Center for Medium-Range
Weather Forecasts) reanalysis for the global climate and weather for the past 4 to 7 decades
[41]. Soil temperature and moisture content data in the middle of layer 1 (0 to 7cm)
is obtained and compared with the first layer (top 5cm) of the simulation results. The
temporal resolution of the dataset is one hour. A sub-region with latitude and longitude
limits [51.94°N — 51.95°N] and [4.93°FE — 4.94°E]. Since the LST (Local Standard Time)
in Netherlands is GMT (Greenwich Mean Time) +1, one hour will be added to simulations

to compare with ERAS.

4.3.3 Results

The total depth of the Cabauw simulation is 50cm, with a spatial resolution of 5cm
same as the idealized boundary condition simulation. The 3-day simulation time has a
temporal resolution of 30s, much smaller than the idealized simulation. The reason is that
the boundary conditions are related to the state variables we are solving for, which further
increases the risk of numerical instability.

For each time step, there are two sets of variables calculated in order to solve for the
soil temperature and moisture profile, which are the surface energy and water fluxes, and
the soil thermal and hydraulic diffusivities. The calculated surface energy fluxes, including
net radiation, sensible heat, and latent heat fluxes, are shown in Figure 4.13, which are
consistent with the diurnal change of the input solar radiation forcings. The only surface
water flux is evaporation, and it is proportional to the latent heat flux.

The other set of variables, the two types of diffusivities are simulated and displayed

in Figures 4.14 and 4.15. It is clear that the soil hydraulic diffusivity change displays the
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Figure 4.13: Calculated surface energy fluxes of the Cabauw simulation

(09/07-09/09).

diurnal course of soil temperature, which has the greatest amplitude at the soil surface. The
soil thermal diffusivity shows the diurnal cycle as well, but the amplitude is much smaller
than the hydraulic diffusivity. This is because the thermal diffusivity change is related to
temperature indirectly by the changing evaporation, but it is still dominated by the soil
moisture content which does not change much compared to soil temperature. The peaks
at the right corner of both Figure 4.14 and 4.15 reflect the high initial moisture content
imposed at the bottom of the soil matrix.

With the two sets of variables at hand, the coupled soil heat and moisture transfer can
then be solved for the profiles of soil temperature and at each time step. Figure 4.16 gives
the two profiles on September 7.

Here the diurnal change of soil temperature in one day (09/07) is reasonably simulated,
and the soil moisture change reflects the effect of evaporation that is imposed on the ground
surface. The moisture profile shows that evaporation dominated at the soil surface. Mois-
ture diffuses upward from lower levels to make up the soil moisture loss by evaporation and

this process is faster than the evaporation in this scenario.

The diurnal cycle is captured in Figure 4.17, and amplitude and phase change according
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Figure 4.15: Simulated soil thermal diffusivity for the Cabauw dataset.
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Figure 4.16: Soil temperature and moisture profile of the Cabauw simulation

(09/07).

to the soil depth is shown as well. The peaks of deeper soil layers come later than the ones
at the shallower layers, and the damping of the temperature fluctuations increases with

depth is clear as well.

The ERAb5 dataset in the same time period is obtained for testing the simulation results
of the coupled soil heat and moisture transfer model. The temporal resolution of the ERA5
data is one hour, and the ERA5 data are linearly interpolated to the same resolution as
the simulation results. Figure 4.18 reflects the difference of the simulated results and the
remote sensing data. The amplitude of the diurnal cycle of ERA5 data is smaller, since
the spatial resolution of ERAS5 is coarse than the coupled model, in which case the surface
temperature is much sensitive to the influence of the sun and clouds, embodied as the
variations in the incoming shortwave and incoming longwave radiations, respectively. The
overall surface temperature is up to 7 degree lower than the simulation results. The soil
moisture data from ERA5 is much higher than the simulation results, with values in the

range of 0.3-0.4. The difference can be explained in two ways. The first reason could be
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Figure 4.17: Diurnal change of temperature at four soil depths of the Cabauw
simulation (09/07-09/09).

that the simulation exaggerated the soil temperature change because we do not count in
the influence of vegetation. Without the buffer of vegetation, the soil temperature diurnal
cycle tends to have much higher amplitude. The soil in the simulation is much drier, which
leads to lower latent heat flux and higher sensible heat flux because the surface energy
fluxes are affected by the soil moisture content in the coupled model. This would result in
the higher surface temperatures. The other one might be that the ERA5 data has daytime
cold biases due to its parameterization related to the vegetation cover [42].

By increasing the initial soil moisture content in the coupled model to a linearly increas-
ing moisture profile with surface 0.30 and bottom 0.35, other than the 0.20 to 0.30 before,
the simulated soil surface temperature decreased as a whole as expected, and fit the ERA5
data much better for the last two days (Sep. 8" and Sep. 9**) in Figure 4.19. This shows
that the coupled model works well in the way that the adjustment of the soil moisture
initial conditions will change the proportion of latent heat and sensible heat flux in the

surface energy flux balance, and then reflect on the change of the surface temperature.
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Figure 4.18: Simulated and ERAS5 soil surface temperature with lower model initial
soil moisture content (09/07-09/09).
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Figure 4.19: Simulated and ERAS5 soil surface temperature with higher model initial
soil moisture content (09/07-09/09).
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Chapter 5

Conclusions

5.1 Conclusions

This coupled soil heat and moisture transfer model is built under the following condi-
tions: 1-dimensional, without phase change and vegetation effects, as well as open bound-
aries for soil temperature and no flux boundary condition for soil moisture at the bottom of
the soil matrix, with radiation forcings, latent heat and sensible heat flux imposed as the top
boundary conditions. The thermal and hydrology properties are coupled, and the realistic

boundary conditions on top are also interconnected in soil temperature and moisture.

Although the numerical simulation is unconditionally stable utilizing Crank-Nicolson
and implicit scheme in the idealized boundary problem, the spatial and temporal resolu-
tions still require adjustment when realistic boundary conditions are imposed, which brings
instability. This reduces the advantage of the implicit and semi-implicit scheme over the
implicit scheme with proper spatial and temporal resolutions. Additionally, the thermal
and hydraulic diffusivities, depending on soil temperature and moisture, needed to solve
these state variables are not available for future time steps in the implicit and semi-implicit
cases. Therefore, the implicit and Crank-Nicolson schemes require iterations for each time
step to get the final soil temperature and moisture values, which needs more computational
efforts than the straight-forward explicit method with coarser spatial resolutions and finer
temporal resolutions. When it comes to the explicit scheme, which is employed in both
idealized and realistic boundary problems, the temporal resolution required in the realistic
boundary problem is much higher than the idealized one, 6 min for the idealized case and

30 s for the realistic case with both 5 cm spatial resolution.

The difference between the uncoupled and coupled soil heat and moisture models shows
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different behaviour according to the boundary conditions imposed. Soil temperature with
Dirichlet boundary condition on top and Neumann boundary condition at the bottom
displays a growing difference as the depth and simulation time increases, while soil moisture
with Neumann (no flux) boundary conditions on both ends gets smaller difference as time
goes on, with greatest differences on the two ends. The difference is up to 1 °C in soil

temperature profile and 0.04 in soil moisture profile.

Three different soil types respond to the same boundary and initial conditions imposed
variously. With a higher thermal and hydraulic conductivity, sandy soil transfers heat and
moisture much faster, and the variation of soil moisture at the surface is larger than loam
soil and clay soil. Clay soil has the smallest variation of moisture in the soil surface due to
its low hydraulic conductivity, and moisture is transfered much slower in this case. For the
clay soil moisture profile to become uniform, the simulation time can be as long as 1 month,
while the sandy soil moisture profile will reach the same state in 24 hours. The change of
soil properties, and the total depth of the simulation domain result in difference resolution
choices for convergence. Clay soil requires coarser spatial resolution than the other two
types of soil, and deep soil scenario needs lower spatial resolution than the shallow soil

scenario, 10 cm compared with the previous 5 cm.

In the Cabauw simulation, the diurnal change of soil surface temperature, the inertia ef-
fect and the damping effect of the soil temperature fluctuation with respect to soil depth are
reasonably simulated. The moisture profile reveals that the system is constantly losing soil
moisture to the air, while the bottom moisture steadily diffuses upward to make up the soil
moisture loss at the surface and this process is faster than the evaporation in this scenario.
The soil hydraulic diffusivity change displays the diurnal course of soil temperature, with
the greatest amplitude at the soil surface. The soil thermal diffusivity shows the diurnal
cycle as well with a much smaller amplitude than the hydraulic diffusivity. This shows that
though the thermal diffusivity change is related to temperature indirectly by the changing
evaporation, it is still dominated by the soil moisture content which does not change much

compared to soil temperature. The gap between the simulation temperature results and
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the ERADB data is up to 7 degrees at mid-day, with higher values for the simulation results.
Much lower latent heat due to the drier soil matrix of the simulation is the major cause of
higher surface temperature compared to ERA5, since the sensible heat gets higher. This
gap can be narrowed by increasing the model initial soil moisture content according to the
ERAS5 data, which shows the adjustability of the coupled model. The ERA5 runs at a
much coarser spatial resolution of around 30 km, whereas the model presented here can
be viewed as a point model. This is a very large scale gap, and it is expected that the
point-model exhibits a higher sensitivity to atmospheric forcing. Consequently, the diurnal

cycle is better resolved and there is less smoothing.

5.2 Future work

The simplified soil heat and moisture coupled model considers only soil moisture trans-
port by diffusion, gravitational flow can be added to the model to simulate more complicated
soil hydraulic processes. The mixed form of Richard’s equation can be applied instead of
dropping the nonlinear hydraulic conductivity terms done here. This model can also be
extended to the saturation condition, with the water table as the bottom boundary condi-

tion.

Vegetation effects are ignored in this model, which would have some effect on the soil
moisture content. The mixed form of Richard’s equation is also recommended for dealing
with root extraction of soil moisture since the root extraction is expressed in the form of
water head. Soil wilting point and field capacity will then be taken into account together
with the root distribution.

Taking into consideration of the phase change in soil matrix, including the snow and
permafrost conditions, can be another future improvement. With multi-phase components
in soil water content, the coupling mechanism will be more complex between the soil energy

and water transfer processes.
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Appendix A

Code Document for Ideal BC

A.1 Global variables

module constant
implicit none
real, parameter :: pi = 4xatan(1.0)
real, parameter :: e = 2.718281828459
end module

module global
implicit none
integerx4 :: LD, TT, p, r

real*x8 :: dz, dt
end module

A.2 The Johansen(1975) method

module Jo75

use global
implicit none

contains
subroutine J75(n,q,xu,theta,d_J75)

implicit none

real*8 :: n, q, xu, dd, kd, kic, kwa, kq, ko, kso, ks, rho
real*8 :: Ke(p,r), k_J75(p,r), c_J75(p,r), d_J75(p,r)
real*8 :: theta(p,r)

dd = (1-n)*2700

kd = (0.135%dd + 64.7)/(2700-0.947*dd)

kic = 2.2

kwa = 0.57
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ko = 2.0

kso = kqg**(q)*xkox*(1-q)

ks = ksox*x(l-n)*kic**(n-xu)*kwax**(xu)
Ke = 0.7*xlog(theta/n)+1.0

k_J75 = Kex*x(ks-kd)+kd

c_J75 = 1.7*xtheta +0.81

rho = 1.7

d_J75 = k_J75/(1.0D6*rho*c_J75)
return

end subroutine J75

end module Jo75

A.3 Explicit method

module explicitFDA

use global
implicit none

contains
subroutine FDA (Xin ,Dif ,BC1,BC2,TBC,XT)
implicit none
integer (kind=4):: k, i, TBC
real (kind=8):: BC(2)
real (kind=8):: BC1(r), BC2(r), Xin(p),X0(p)
real (kind=8):: Dif(p,r), XT(p,r)

XT(:,1) = Xin

Do i = 2,r
k = 1
BC(1) = BC1(i-1)
BC(2) = BC2(i-1)

call explicit_h (Xin,Dif ,k,BC,TBC,X0)
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Xin = XO
XT(:,i) = Xin
end Do

return
end subroutine

subroutine explicit_h (Xin,Dif ,k,BC,TBC,X)
implicit none

real (kind=8):: BC(2), Xin(p), X(p)
real (kind=8):: m

integer (kind=4):: k, i, TBC

real (kind=8):: Dif(p,r)

dt/(dz*x*x2)
Xin

m
X

select case (TBC)

case (1)

X(1) = BC(1)

X(size (X)) = BC(2)
case (2)

X(1) = X(2) + BC(1)

X(size (X)) = X(size(X)-1) + BC(2)
end select

do i = 2,size(Xin)-1
X(i) = 0.5*m*(Dif (i,k)+Dif (i+1,k))*Xin(i-1) &
+ (1-m*x(Dif (i,k)+Dif (i+1,k)))*Xin(i) &
+ 0.5*xm*(Dif (i,k)+Dif (i+1,k))*Xin(i+1)

end do

return
end subroutine

end module

A.4 Implicit method

module implicitFDA
use global
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implicit none
contains
subroutine FDA(Xin,Dif ,BC1,BC2,TBC,XT)

implicit none
integer (kind=4):: k, i, n, j, TBC
real (kind=8):: BC(2)
real (kind=8):: BC1(r), BC2(r), Xin(p),X0(p)
real (kind=8):: Dif(p,r), XT(p,r), A(p-2,r-1)

XT(:,1) = Xin

do j = 2,p-1
do n = 1,r-1
A(j-1,n) = Dif(j+1,n+1) + Dif(j,n+1)
end do
end do

Do i = 2,r
k = i-1
BC (1) BC1(i-1)
BC (2) BC2(i-1)
call im_h (Xin,A,k,BC,TBC,X0)
Xin = X0
XT(:,i) = Xin
end Do

return
end subroutine

subroutine im_h (Xin,A,k,BC,TBC,X)
use lapack95
implicit none

real (kind=8):: BC(2), Xin(p), X(p), zxm(1l,p-2)
real(kind=8):: C(p-2,p-2)

real (kind=8):: ipiv(p-2,p-2),aa(p-2,p-2), bb(1l,p-2)
real (kind=8):: m

integer (kind=4):: k, i, TBC, info

real (kind=8):: A(p-2,r-1), rhs(1,p-2)
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dt/(dz**2)
Xin

m
X

select case (TBC)

case (1)

X(1) = BC(1)

X(size (X)) = BC(2)
case (2)

X(1) = X(2) + BC(1)

X(size (X)) = X(size(X)-1) + BC(2)
end select

do i=1,p-2
rhs(1,i) = Xin(i+1)
end do

C(1,1) = 1+m=*A(1,k)
C(2,1) = -0.5%m*A(1,k)

rhs(1,1) = rhs(1,1) + 0.5%m*A(1,k)*X(1)
do i=2,p-3
C(i-1,1i) = -0.5*m*xA(i,k)
c(i,i) = 1+m*A(i,k)
C(i+1,i) = -0.5*m*xA(i,k)
end do
C(p-3,p-2) = -0.5*m*xA(p-2,k)
C(p-2,p-2) = 1+m*xA(p-2,k)
rhs (1,p-2) = rhs(1,p-2)
+0.5*xm*A(p-2,k)*X(size (X))
aa = C
bb = rhs

call dgetrf (p-2,p-2,aa,p-2,ipiv,info)
call dgetrs(’N’,p-2,1,aa,p-2,ipiv,bb,p-2,info)

xm = bb;
do i=2,p-1

X(i) = xm(1,i-1)
end do
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return
end subroutine

end module
A.5 Crank-Nicholson method

module cnFDA

use global
implicit none

contains
subroutine FDA (Xin,Dif ,BC1,BC2,TBC,XT)

implicit none
integer (kind=4):: k, i, n, j, TBC
real (kind=8):: m
real (kind=8):: BC(2)
real (kind=8):: BC1(r), BC2(r), Xin(p),X0(p)
real (kind=8):: Dif(p,r), XT(p,r), A(p-2,r-1), B(p-2,r-1)

m = dt/(8xdz*x*2)
XT(:,1) = Xin

do j = 2,p-1
do n = 1,r-1

A(j-1,n) = m*x(Dif (j+1,n+1) + Dif(j,n+1)
+ Dif (j+1,n) + Dif(j,n))
B(j-1,n) = m*(Dif (j-1,n+1) + Dif (j,n+1)
+ Dif (j-1,n) + Dif(j,n))
end do
end do
Do i = 2,r
k= 1i-1

BC(1) = BC1(i-1)
BC(2) = BC2(i-1)
call ¢cn_h (Xin,A,B,k,BC,TBC,X0)
Xin = XO
XT(:,i) = Xin
end Do

return

o7



end subroutine

subroutine cn_h (Xin,A,k,BC,TBC,X)
use lapack95
implicit none

real (kind=8):: BC(2), Xin(p), X(p), xm(1,p-2)

real (kind=8):: C(p-2,p-2)

real (kind=8):: ipiv(p-2,p-2),aa(p-2,p-2), bb(1l,p-2)
real(kind=8):: m

integer (kind=4):: k, i, TBC, info

real (kind=8):: A(p-2,r-1), rhs(1,p-2)

X = Xin

select case (TBC)

case (1)

X(1) = BC(1)

X(size (X)) = BC(2)
case (2)

X (1) = X(2) + BC(1)

X(size (X)) = X(size(X)-1) + BC(2)
end select

do i=1,p-2
rhs(1,i) = -B(i,k)*Xin(i) + (-1+A(i,k)
+B(i,k))*Xin(i+1) - A(i,k)*Xin(i+2)
end do
C(lsl) = _1_A(1,k)_B(1’k)

C(2,1) = A(1,k)
rhs(1,1) = rhs(1,1) - B(1,k)*X(1)

do i=2,p-3
C(i-1,i) = B(i,k)
c(i,i) = -1-A(i,k)-B(i,k)
C(i+1,i) = A(i,k)
end do
C(p-3,p-2) = B(p-2,k)
C(p-2,p-2) = -1-A(p-2,k)-B(p-2,k)
rhs (1,p-2) = rhs(1,p-2)-A(p-2,k)*X(size (X))
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aa =
bb

call
call

do i

end

retu
end

C
rhs

dgetrf (p-2,p-2,aa,p-2,ipiv,info)
dgetrs(’°N’,p-2,1,aa,p-2,ipiv,bb,p-2,info)

bb;
=2,p-1
X(i) = xm(1,i-1)

do

rn
subroutine

end module

A.6 Main program

pro

gram cp

use constant
use global

use implicitFDA
use Jo75

implicit none

integer , parameter :: fileid=10

real*8:: n, q, xu, theta_r, theta_s, psi_b
integerx4:: TBCm, TBCt

integerx4:: i, error, itr_times, ]

real*8, allocatable:: BCmi1(:), BCm2(:), BCt1(:),

real*8, allocatable:: ICm(:), ICt(:)

, lambda, K_s, swc

real*8, allocatable:: Dm(:,:), DtO(C:,:), M1(:,:),

real*8, allocatable:: Dmi1(:,:), Dt1(:,:),
real*8, allocatable:: K_s1(:,:), swcl(:,:)

BCt2(:)
T1(:,:)
M2(C:,:), T2(C:,:)

real*8, allocatable:: MT_List(:,:), HT_List(:,:)

real :: start, finish

call cpu_time(start)
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! Discretization in space and time

LD = 50 ! length of domain, cm

TT = 24 ! total time of simulation, h
dz = 5 ! space step, cm

dt = 0.01 ! time step, h (36 s)

p = LD/dz+1 ! space point number

r = TT/dt+1 | time point number

write(x,"(’p:’,I5,1X,’r:’,I5)") p,r ! here check p and r

! soil water properties

open(fileid, file="sand.txt",status="o0ld", iostat=error)

if ( error/=0 ) then
write (*,*) "Open,file fail."
stop
end if

read(fileid ,*) n, q, xu, theta_r, theta_s, psi_b,

lclose(fileid)

swc = psi_b*K_s*((theta_s-theta_r)**(-1/lambda-3))/lambda

write(*,"(’swc:’,F10.2)") swc ! here check swc

allocate (BCmi1(r))
allocate (BCm2(r))
! BCs and IC for moisture transfer

TBCm = 1
select case (TBCm)
case (1)

do i = 1,r

BCmi1(i)= 0.3;
BCm2 (i)= 0.15;

end do
case (2)
do i = 1,r
BCm1(i)= O0;
BCm2(i)= 0.0001;
end do

end select

'print*,"BCml1", BCml
'print*,"BCm2", BCm2

allocate (ICm(p))
select case (TBCm)
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case (1)

ICm = 0.15
case (2)
ICm = 0.15

end select

'print*,"ICm", ICm
!'print*, "TBCm",TBCm

allocate (BCt1(r))
allocate (BCt2(r))
! BCs and IC for heat transfer

TBCt = 1
select case(TBCt)
case (1)

do i = 1,r

BCt1(i)= 25.0+13.0%sin(pi/12*(i*dt-10))
BCt2(i)= 25.0+13.0%sin(pi/12*%(-9))

end do
case (2)
do i = 1,r
BCt1(i)= 0
BCt2(i)= 0
end do

end select

lprint#,"BCt1", BCt1
Iprint*,"BCt2", BCt2

allocate (ICt(p))
select case (TBCt)

case (1)

ICt = 25.0+13.0*sin(pi/12%(-9))
case (2)

ICt = 25.0+13.0*sin(pi/12%(-9))

end select

'print*,"ICt", ICt
!'print*, "TBCt",TBCt

! Calculate moisture equation
allocate(Dm(p,r))
allocate(DtO(p,r))
allocate (M1 (p,r))
allocate(T1(p,r))
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Dm = swc*x(0.15-theta_r)**x(1/lambda+2)

call FDA (ICm,Dm,BCml1,BCm2,TBCm,M1)
call J75 (n,q,xu,M1,Dt0)

Dt0 = 3600%x10000*DtO

call FDA (ICt,Dt0,BCtl1,BCt2,TBCt,T1)

itr_times = 3;

allocate (MT_List(itr_times*p,r))
allocate (HT _List(itr_times*p,r))
allocate (M2(p,r))
allocate(T2(p,r))
allocate(K_s1(p,r))
allocate(swcl(p,r))

allocate (Dml(p,r))
allocate(Dt1(p,xr))

do i = 1,itr_times
K s1 = 0.5%xT1+7.2
swcl = (psi_bx*((theta_s-theta_r)x**

(-1/1lambda-3))/lambda)*K_si

Dml1 = swcil*(Ml-theta_r)**(1/lambda+2)
call FDA (ICm,Dmi1,BCml1,BCm2,TBCm,6M2)

call J75 (n,q,xu,M2,Dt1)
Dtl1 = 3600%x10000*xDt1

call FDA (ICt,Dt1,BCtl1l,BCt2,TBCt,T2)

MT_List ((p*x(i-1)+1):(p*i),:) =
HT _List ((p*x(i-1)+1):(p*i),:) =
M1 = M2
T1 = T2

end do

open (fileid, file = "MT_im.txt")

do i = 1, size(MT_List, dim=1)

write(fileid ," (*(g0,’,’))") MT_List (i,

end do

open (fileid, file = "HT_im.txt")
do i = 1, size(HT_List, dim=1)
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write(fileid ," (*(g0,’,’))") HT_List(i,:)
end do

call cpu_time(finish)
print ’("Time,=_",f6.3,"yseconds.")’,finish-start

end program cp
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Appendix B

Code Document

for Realistic BC

B.1 Global variables

module constant
implicit none

real, parameter
real, parameter :: e
real, parameter

end module

module discretization
implicit none
integerx*4
real x8
end module

p, r

LD, TT,

module blayer

use discretization

implicit none
real*8,allocatable::
real*8,allocatable::
real*8,allocatable::
real*x8:: cof2,cof3
end module

module radiation

use discretization

implicit none
real*8,allocatable::
real*8,allocatable::
real*8,allocatable::
real*8,allocatable::
end module radiation

module latenth
use discretization
implicit none
real*8,allocatable::
real*8,allocatable::

pi

dz,

= 4xatan(1.0)
= 2.718281828459

5sig=5.6696e-08

dt

ts1(:),ts2(:),pnots(:),q2(:),u(:)
zrefs (:) ,z(:)
aircoefs(:),ra(:),cof1(:)

issrd(:),istrd (:)
ag(:),cv(:)
FSM(:),FO(:),Rn(:)
ts0(:)

ws (:) ,WSAT(:) ,wscr(:),wswp(:)
vlai(:),wskmax(:),csk(:)
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real*8,allocatable:: rcmin(:),csn(:)
real*8,allocatable:: qgsat0(:)

real*8,allocatable:: etotal(:),esk(:),ebare(:),ecan(:)
real*8,allocatable:: ev(:),hflux(:)

end module latenth

B.2 Forcings

module forcings
use constant
use discretization
use blayer
use radiation
use latenth
implicit none

integerx4 itsp, 1
contains

subroutine aircoef
implicit none

integer*4 istab

real*8 pref, expo, rick, denom2s, as, pconst
real*8 thm, dth, thl, th2
real*8 b, cs, rickn, arickmn, cp

allocate(tsi1(r))
allocate (ts2(xr))
allocate (pnots(r))
allocate (q2(r))
allocate (u(r))
allocate(zrefs(r))
allocate(z(r))
allocate (aircoefs(r))
allocate(ra(r))
allocate(cofi1(r))

pref=100000.0

expo = 287.0/1004.0
cp=1010.0
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do 1000 i = 1,r
read (77 ,*) itsp,pnots(i),ts2(i),ts1(i),q2(i),u(i)

rick = 9.81*xz (i)
denom2s = dlog(z(i)/zrefs(i))*dlog(z(i)/zrefs(i))
as = 0.16/denom2s

pconst=(pref/pnots(i))**expo
thl=tsl1(i)*pconst
th2=ts2(i)*pconst
istab=0
if (th2.gt.thl) istab=0
if (istab.eq.1) then

b=1.0
cs=4.7

else
b=9.4

cs=b.3*as*as*bxsqrt(z(i)/zrefs(i))
endif

dth=(th2-th1l)
thm=0.5*(th2+th1)
rickn=rick*dth/(thm*u(i)*u(i))
arickn=abs (rickn)

aircoefs(i)=as*(1.0-(bxrickn/(1.0+cs*sqrt(arickn))))
ra(i)=pnots (i) /(ts2(i)*288)
cof1(i)=0.5*xcp*ra(i)*aircoefs (i)*u(i)
1000 continue
return

end subroutine aircoef

subroutine net_radiation
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implicit none
real*8 av,agr,F0i,FOo,emg,T4,pref

allocate(issrd(r))
allocate(istrd(r))
allocate (ag(r))
allocate (cv(r))
allocate (FSM(r))
allocate (FO(r))
allocate(Rn(r))
allocate(tsO(r))
allocate(vlai(r))
agr=0.1
av=0.26

do 1000 i=1,r
read (2765 ,*) itsp,issrd(i),istrd (i)
read (200,*) itsp,ts0(i)
read (10,*) itsp,vlai(i),cv(i)
ag(i)=cv(i)*av+(l-cv(i))*agr
FSM(i)=(1l-ag(i))*issrd (i)
if (FSM(i).1t.0.0) FSM(i)=0.0
T4=ts0(i)*ts0(i)*ts0(i)*ts0 (i)
emg=0.98
FOo=-1.0*emg*sig*T4
FOi=istrd (i)
FO(i)=F0o+FO0i

Rn(i)=FSM(i)+F0 (i)

1000 continue

end subroutine net_radiation
subroutine latent_heat

implicit none
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real*8 :: dref=0.024, rw = 1000.0, vh=2.5e+06, dsO = 0.08
real*x8 W, wcr, func

real*8 al,bl,cl,dl,el

real *8 agr,av, par,denom4, GSW, rc, ttss,gta

real*8 rra,alfa,cfb,fw, coeff, denoml, rhsO, hmike, totesk

allocate (ws(r))

allocate (WSAT (r))
allocate (wscr(r))
allocate (wswp(r))

allocate (wskmax (r))
allocate (csk(r))
allocate(rcmin(r))
allocate(csn(r))
allocate(gsat0(r))
allocate(etotal(r))
allocate (esk(r))
allocate (ebare(r))
allocate(ecan(r))
allocate (ev(r))
allocate (hflux(r))

WSAT=0.437
wscr=0.091
wswp=0.033

rcmin=25

do 1000 i=1,r

ag(i)=cv(i)*av+(l-cv(i))*agr
FSM(i)=(1-ag(i))*issrd (i)
if (FSM(i).1t.0.0) FSM(i)=0.0

ws (1)=0.75*xWSAT (i) *dsO

csn(i)=0.0

wskmax (i)=0.0001*v1lai (i)
csk(i)=0.0
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w:

wWCIr=

0.75%xWSAT (i)
wscr (i)

func=(W-wswp (i))/(wcr-wswp(i))

if (func.1t.0.0) func=0.0
if (W.ge.wecr) func=1.0

al=1.0/540.0

par=

b1=60.0

cl=exp (0.9%xvlai(i))
d1=5.0/540.0
e1=1./90.0

0.55*xFSM (i)

if (par.ne.0.0) then

denom4=al*dlog(1.0+bl*cl/par)
+d1xdlog(1.0+bl/par)
-el*dlog(bl/par+1.0/cl)

endif

GSW=

if (func.
rc=

else

(FSM(i)*(1000-230))/(FSM(i)*1000
+230%(1000-2*xFSM(i)))

1t.0.00005) then
20000.0

if (par.eq.0.0) then
if(vlai(i).ne.0.0) rc=1000.0/vlai (i)
if(vlai(i).eq.0.0) rc=0.0

else

if(vliai(i).eq.0.0) rc=0.0
if(vlai(i).ne.0.0)

rc=rcmin(i)/GSW/func/vlai (i)
endif

endif

ttss

=ts0(i)-273.15
if(ttss.gt.1.0.and.ttss.1t.39.0) then
gta=ttss*exp (1.18*xdlog(40-ttss)) /691

if(gta.gt.1.0) gta=1.0
rc=rc/gta

else
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rc= 20000.0

endif

if(rc.gt.20000.0) rc=20000.0
if (rc.1t.0.0) rc=0.0

rra=1./(u(i)*aircoefs (i))
alfa=1+csk(i)*cv (i)
cfb=1-cv(i)-csn(i)*alfa

fw=0.5%x(1.0-cos(pi*ws(1i)/WSAT(i)))

coeff=ra(i)*xaircoefs (i)*u(i)

denoml=(ttss+243.5)
rhsO=exp (17.67*ttss/denoml)
qsat0(i)=366.72*rhs0/pnots (i)

etotal(i) = 0.0
esk(i)=coeff*(q2(i)-qgsat0(i))
ebare(i)=coeff*(q2(i)-fw*xqgsat0(i))
ev(i)=ra(i)*(q2(i)-qsat0(i))/(rra+rc)

hmike=cv(i)*ev(i)+(1-cv(i))*ebare(i)
etotal (i)=hmike

ecan(i)=esk(i)/4

totesk=cv(i)*ecan (i)
etotal(i)=etotal(i)+totesk
hflux(i)=etotal (i)*vh

1000 continue

end subroutine latent_heat
end module

B.3 Main program
program cp

use constant
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use discretization
use blayer

use radiation

use latenth

use forcings

use implicit_m

use implicit_t

implicit none

! Declaration

real*8:: n, q, xu, theta_r, theta_s, psi_b, lambda, K_s, swc
integer*4:: TBCm
!integer*4:: i, error, itr_times, j

real*8, allocatable:: BCm1(:), BCm2(:),BCt(:),ICm(:), ICt(:)
real*8, allocatable:: Dm(:,:), DtO(C:,:), M1(C:,:), T1(:,:)
real*8, allocatable:: Dmi1(:,:), Dt1(:,:), M2(:,:), T2(:,:)
real*8, allocatable:: K_s1(:,:), swcl(:,:)

real*8, allocatable:: MT_List(:,:), HT_List(:,:), CCC(:,:)
lreal*8, allocatable:: ccO0(:),kk0(:)

real*x8 TK,TD,TC

real :: start, finish

call cpu_time(start)

- Discretization in space and time --------- !

LD = 50 ! length of domain, cm

TT = 24 ! total time of simulation, h
dz = 5 ! space step, cm

dt = 0.5 ! time step, h 0.01

p = LD/dz+1 | space point number

r = TT/dt+1 | time point number

write(x,"(’p:’,I5,1X,’r:’,I5)") p,r 'here check p and r

! soil water properties & other inputs

open(8, file="sand.txt",status="o0ld")

!soil water properties
open(unit=10,file="rveg.dat’,status=’0ld’)

lelevation

open(unit=77,file=’ecmwf .dat’,status=’0ld’)

lecmwf
open(unit=2765,file=’radiationinput.dat’,status=’0ld’)
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!radiaiton
open(unit=200,file=’soiltemps.out’,status=’0ld’)
'initial surface temp

- ———— - = Moisture 1st-------- - - —————-=-—-—-—-—- !

read(8,*) n, q, xu, theta_r, theta_s,
psi_b, lambda, K_s
swc = psi_b*K_sx*((theta_s-theta_r)
**x(-1/lambda-3))/lambda
lwrite(x,"(’swc:’,F10.2)") swc ! here check swc

allocate (BCm1(r))
allocate (BCm2(r))
! BCs and IC for moisture transfer

TBCm = 1
select case (TBCm)
case (1)

do i = 1,r

BCm1(i)= 0.4
BCm2(i)= 0.25

end do
case (2)
do i = 1,r
BCm1 (i)= 0
BCm2(i)= 0.0001
end do

end select

l'print*,"BCml1", BCml
'print*,"BCm2", BCm2

allocate (ICm(p))
select case(TBCm)

case (1)

ICm = 0.25
case (2)

ICm = 0.25

end select

! Calculate moisture equation
allocate(Dm(p,r))

allocate(DtO(p,r))

allocate(M1(p,r))

allocate(T1(p,r))

Dm = swc*x(0.15-theta_r)**x(1/lambda+2)
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call FDA m (ICm,Dm,BCmi1,BCm2,TBCm,M1)
call J75 (n,q,xu,M1,Dt0)

lcall J75 (n,q,xu,M1,kk0,cc0,Dt0)
'print*,"Dt0O_before" ,DtO

Dt0O = 3600%x10000%*DtO

!'Tnitial conditions

allocate (ICt(p))
ICt = 283.15

Calculate the coefficients
lcofl -- constant
TC=2400000.0

TD=0.00000081

TK = TD*TC
cof2 = 0.5%xTK/dz
cof3 = TCxdz/dt

IBC at the other end
allocate (BCt(r))
BCt = 283.15

call aircoef
call net_radiation
call latent_heat

print*, ’cofl’,cofl
print*, ’cof2’,cof2
print*, ’cof3’,cof3

!'print*,"DtO_after",DtO
lcall FDA (ICt,DtO0O,BCt1,BCt2,TBCt,T1)
call FDA_t(ICt,Dt0,BCt,T1)

!coupling iteration times
itr_times = 3;

allocate (MT_List(itr_times*p,r))
allocate (HT_List(itr_times*p,r))
allocate(M2(p,r))
allocate(T2(p,r))
allocate(K_si1(p,r))
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allocate(swcl(p,r))
allocate (Dml(p,r))
allocate(Dt1(p,r))

do i = 1,itr_times
K_s1 = 0.5xT1+7.2
swcl = (psi_bx((theta_s-theta_r)

**(-1/lambda-3))/lambda)*K_s1

Dml = swcl*(Ml-theta r)**(1/lambda+2)
call FDA_m (ICm,Dmi,BCmi1,BCm2,TBCm,M2)
call J75 (n,q,xu,M2,Dt1)

Dtl = 3600*x10000*Dt1

call FDA_t (ICt,Dt1,BCtl1,BCt2,TBCt,T2)
MT_List ((p*(i-1)+1):(p*i),:) = M1

HT _List ((p*x(i-1)+1):(p*i),:) = T1
M1 = M2
T1 = T2

end do

open (121, file = "MT_im.txt")

do i =1, size(M1, dim=1)
write(121,"(x(g0,’,’))") M1(di,:)
end do

open (122, file = "HT_im.txt")
do i = 1, size(T1, dim=1)

write (122,"(x(g0,’,?))") T1(i,:)
end do

open (123, file = "cofl.txt")
do i = 1, size(cofl)

write (123," (*(g0,’,’))") i,cofl1(i)
end do

open (124, file = "Rn.txt")
do i = 1, size(Rn)

write(124," (x(g0,’4’))") Rn(i)
end do

open (125, file = "hflux.txt")

do i = 1, size(hflux)
write (125," (x(g0,’,’))") hflux(i)
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end do
open (126, file = "tsl.txt")
do i =1, size(tsl)

write (126," (x(g0,’4’))") ts1(i)
end do

call cpu_time(finish)
print ’("Time,=_",f6.3," seconds.")’,finish-start

end program cp
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