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Abstract: This study focuses on the quantification of non-isothermal soil moisture transport and evaporation fluxes in
vegetated area. A one-dimensional numerical model is developed by integrating a multi-phase flow model with a two-
layer energy-balance model. The non-isothermal multi-phase flow model solves four governing equations for coupled
air, vapour, moisture, and heat transport in soil porous medium. The two-layer energy balance model estimates evapora-
tion fluxes from transpiration, interception, and soil surface. The model was implemented to an oak forest area in
Missouri, USA. For model calibration and validation, measurements of energy fluxes, soil moisture, and soil temperature
were used. The proposed model is compared with a simple model that couples the Penman-Monteith equation with the
Richards’ equation. The results indicate that the simple model underestimate the total evaporation rate. On the contrary,
the proposed model includes a more detailed description of energy transfer, which could improve the accuracy in esti-
mating evaporation rates. The proposed model could be a promising tool to quantify the energy and moisture fluxes in a
soil-vegetation-atmosphere continuum in vegetated area.
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INTRODUCTION

In vegetated area, evaporation generally consists of three
components: interception evaporation, transpiration, and soil
evaporation (Savenije, 2004). The variation of evaporation
fluxes is mutually affected by meteorological fluctuation, vege-
tation dynamics, and soil moisture stress (Entekhabi et al.,
1996; Rodriguez-Iturbe, 2000; Sir et al., 2001). The interaction
between soil moisture dynamics with evaporation fluxes can be
summarized as follows. Interception diminishes the precipita-
tion that arrives at the soil surface, causing more gradual infil-
tration (Dohnal et al., 2014). Transpiration is directly conducted
through the stomata of leaves and simultaneously consumes soil
moisture from the root zone. Soil evaporation drives exfiltra-
tion, water phase change, and upward vapour flow in the soil
porous medium. In addition, the dynamics of moisture and
temperature at soil surface mutually dictate the variations of
albedo, emissivity, and vapour pressure, which influence ener-
gy budget and evaporation fluxes (Eltahir, 1998; Seneviratne et
al., 2010). Therefore, quantification of land-atmosphere interac-
tion needs an integrated model incorporating theories of soil
physics, vegetation physiology, and atmospheric science to
simulate the energy and moisture transport in a soil-vegetation—
atmosphere transfer (SVAT) continuum (Gran et al., 2011;
Overgaard et al., 2006).

The descriptions of evaporation processes are different in
SVAT models. Coupling the Penman-Monteith equation with
the Richards’ equation is the basis of many software to calcu-
late the interaction between actual evaporation and soil mois-
ture dynamics, e.g., Hydrus-1D (Siminek et al., 2013). Howev-
er, the application of the analytical evaporation equations needs
pre-define the soil surface temperature and ground heat flux,
and the thermal energy transport was not explicitly simulated
(Varado et al., 2006; Were et al., 2008; Yin et al., 2014). Many
studies, however, suggested that the evaporation fluxes can be
strongly related with biophysical process of vegetation, and

dynamics of soil moisture and soil temperature (Garcia
Gonzalez et al., 2012; Guimberteau et al., 2014; Kollet and
Maxwell, 2008; Saito et al., 2006). The current SVAT models
emphases on improving the physiological processes (Bonan et
al., 2014; Gran et al., 2011; Overgaard et al., 2006), while the
processes descriptions may be further improved by including
the non-isothermal soil moisture transport.

The soil moisture and the energy transport can be simulated
by multi-phase flow models solving the governing equations for
moisture, air, vapour, and heat transport in soil (Garcia
Gonzalez et al., 2012). The non-isothermal multi-phase flow
models have demonstrated a high accuracy in simulating soil
temperature, moisture content, and evaporation rate (Grifoll et
al., 2005; Smits et al., 2012; Zeng et al., 2011). However, the
existing applications are still limited in bare soil for either
short-time period studies (i.e., a few days) (Davarzani et al.,
2014) or indoor chamber evaporation experiments (Grifoll,
2013; Mosthaf et al., 2011; Smits et al., 2012). The non-
isothermal multi-phase flow models enable a more complete
description of both soil hydrology and thermodynamics pro-
cesses, and they also have potential to apply in the vegetated
soils.

In this study, a one-dimensional model is developed by
integrating a non-isothermal multi-phase flow model with a
two-layer energy-balance model to quantify the interactions
between evaporation fluxes, soil hydrology, and thermodynam-
ics. The proposed model is implemented to an oak forest area in
Missouri, USA. The detailed measurements of energy fluxes,
soil moisture, and soil temperature are used for model calibra-
tion and validation. The analyses are focused on i) quantifying
the dynamics of moisture and temperature in the soil in re-
sponse to various meteorological conditions, and ii) partitioning
the evaporation into transpiration, soil evaporation, and inter-
ception evaporation.
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STUDY SITE

The study area is located at 38.7° N, 92.2° W (with elevation
219 m a.s.l.) in Missouri, USA. The land cover is deciduous
broadleaf forest with tree species of oak hickory. The site is
uniquely located in a transitional zone between the central
hardwood region and the central grassland region of the US.
The climate condition is warm temperate-fully humid with hot
summer. Field experiment was conducted by Oak Ridge Na-
tional Laboratory, aiming to investigate the evaporation fluxes
under varying meteorological and environmental conditions.

The study period is from 2 August 2004 (DoY215) to 26
September 2004 (DoY?270) in the early autumn season. The leaf
area index (LAI) of vegetation cover is 5.0, and the canopy
height is 24 m. The soil is Weller silt loam with bulk density of
1.5 g/em’. An eddy covariance flux tower was installed at the
30 m height to measure the sensible and latent heat fluxes. The
total evaporation rate can be gained from the measured latent
heat flux. The net radiation was measured from a four-
component net radiometer. In the soil, temperature sensors were
buried at the depths of 4 cm, 8 cm, 32 ¢cm, and 64 cm, and three
time-domain reflectometers (TDRs) were installed to measure
the soil moisture content at the depth of 8, 32, and 64 cm. All
above-mentioned data were collected in a 30-minute interval.
The data is available from the FLUXNET Database
(http://fluxnet.ornl.gov/site/967).

MODEL DESCRIPTION
Two-layer energy-balance

The energy-balance is calculated for two layers that consist
of a canopy layer and a soil surface layer. The measured net

radiation R™ (W m”) was partitioned into two components
following the Beer’s law (Zhou et al., 2006):

RHC[

sur

net
=R exp(—CrlLAI)

()
2)

RZZ,[, =R"™ [1-exp(~CpIp A7) ]
where subscripts “can” and “sur” indicate canopy layer and soil
surface layer, I ,; (-) is the leaf area index, and ¢, (-) is the
extinction coefficient of the vegetation for net radiation. The
net radiations are further transferred into specific forms in the
two layers (Davarzani et al., 2014; Mosthaf et al., 2011):

3)
“)

net __
Rcan - ;LEcan + Hcan
net __
Rsur - ﬂEsur + Hsur + GH

where AE (W m) is the latent heat, H (W m ) is the sensi-

ble heat, G, (W m?’) is the ground heat flux, and A

(z2.45><106 J kg’l) is the latent heat for vaporization, which is
associated with the evaporation rate £ (kgm s ).

The energy-balance equation for canopy layer (Eq. 3) is sim-
ilar to many SVAT models (e.g., Choudhury and Monteith,
1988; Colaizzi et al., 2012; Xin and Liu, 2010), which neglects
the influence of other energy components (e.g., canopy heat
storage and photosynthesis) on energy transfer. The energy
components of ground heat, sensible heat, and latent heat fluxes
are calculated in analogy to a two-layer electrical resistance
network with equations given in Table 1. The sensible and
latent heat fluxes are driven by gradients of temperature and
vapor pressure between the interfaces of soil, canopy, and at-
mosphere respectively (Choudhury and Monteith, 1988; Xin
and Liu, 2010). The calculation of resistance coefficients (given
in the Appendix) considers the influence of multiple environ-
mental stresses.

Canopy interception, transpiration, and root water uptake

Interception occurs when rainfall is captured by surface stor-
age (e.g., vegetation canopy, roofs, etc.) before reaching the soil
surface (Savenije, 2004). The water storage of interception in
the canopy layer represents the depth of rainwater stored on
leaves and branches that is expressed by (Eltahir and Bras,
1993; Ivanov et al., 2008; Rutter et al., 1971):

ds
th = (1 - Tmin )qmin - qdrip - Ei /pu (5)

where S, (m) is the interception storage, ¢ (s) is time, E,
(kg m? s is the interception evaporation, p,, kg m”) is the

density of liquid water, g¢,,, (m s} is the rainfall intensity,
(1-7

rain

)q,.;» 1S the intercepted rainwater, 7,

rain

() is a coeffi-

cient that denotes the fraction of rainfall that directly penetrates
through canopy and reaches soil surface:

Ty = €Xp(—0.51, ) (6)
Table 1. Formulations of energy fluxes and resistance network.
Position Sensible heat Latent heat Energy network
T, -T, c e —e
Canopy Hcan = Iollcp = = ﬂ'Ecan = hu Rf:; = A’Ecar/ + H(’(l’!
rac }/ rac + l/;,
T -T P.C,e. —e.
Soil surface H, =p,c,——* AE,,, =—F—sur__cn R -G, =AE +H,,
ra.\' 7 ra.&‘ + }/.'V
T.,— ¢, e, —e
Atmosphere H=p.c, —can___atm AE = Py Cean ™ Cum R -G, =AE+H
a 4 Ta
Energy network H=H, ,6+H, AE=AE, +AE,, R"™ =R + R

» o«

Note: subscript “atm”, “can”, and “sur” represent atmospheric layer, canopy layer, and soil surface; subscript “veg” represents vegetation foliage;

T (K) is the temperature; e (Pa) is the vapour pressure; e (Pa) is the saturation vapour pressure; Cp (J kg-! K-1) is the specific heat capacity of

moist air under a constant pressure; 0, (1.013 kg m-3) is the density of the air; Y (PaK™) is the psychometric constant;

r,,r

a’’ac

and 7,

(s m1) are the aerodynamic resistances between canopy and reference height, between foliage and canopy air, and between soil surface and

canopy air respectively; and 7, and 7, are the soil surface resistance and the bulk stomatal resistance of the canopy layer.
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where ¢, (m s ') is the canopy drainage rate:

Gaip =K eXP[gC(SC —= SCmax )] (7

where g, (m") is an exponential decay parameter, S max (M)
is the capacity of canopy water storage, and K. (m s is the

drainage rate when the water storage reaches to its capacity.
E (kg m > s') is the interception evaporation, which is one

component of £, (Eltahir and Bras, 1993):

can

Ei :(SC /SC )2/3 Ecan (8)

max

The assumption in Eq. 8 is that the interception can alter the
transpiration rate E, without feedback to total evaporation rate

from canopy E,,, . When the interception is existing, the tran-

spiration rate E, (kg m > s ") is then calculated by:

Et = Ecan _Ei (9)

The transpiration rate is equal to the root water uptake. In
wet soils, the distribution of water uptake is directly linked to
root distribution described by an exponential function (Feddes
etal., 2001):

Grom =€ (10)

where g, (-) is the root density distribution, z (m) is the soil

depth, and ¢ (m ") is a fitting parameter.

In water-limited soil, the diminished water uptake rate of
dryer soil layer can be compensated by the enhanced water
uptake from wetter layer (van Dijk and Bruijnzeel, 2001), the
spatial distribution of root water uptake will be attributed to the
variations of soil moisture content and root density distribution
(Varado et al., 2006):

aR (hw’z)gmat (Z)
J. aR (hw’z)gmat (Z)dZ

root

O (hw,z) =

an

d,

where O, (kg m” s ') is the root water uptake rate, h,, (m) is

the pore water pressure head, d (m) is the rooting depth,

root
and o, (-) is an empirical reduction function (Feddes et al.,
2001):

0 s hw < hwilting
_ hw - hwilting
6¥R (hw) - W’ hwilting < hw < hﬁeld (12)
‘field — Twilting
1, By 2 g
where k. (150 m) and £, (-3.3 m) are the pressure head

on permanent wilting point and field capacity respectively.
The net rainfall ¢, . for soil surface infiltration is a sum of

the direct throughfall 7

rain qrain

and the canopy drainage g, :

= Train 9 rain + qdrip (13)

qw,sur

Non-isothermal multi-phase flow in soil porous medium

The moisture and energy transport in soil porous medium are
simulated within a non-isothermal multi-phase flow model
proposed by Grifoll et al. (2005). In this study, the model was
extended by considering the root water uptake that links to the
vegetation transpiration. The coupled air, liquid water, vapour,
and heat transport in soil porous medium can be expressed by
three mass-balance equations and one energy-balance equation
(Grifoll et al., 2005):

Pl , 9(Puds)

= 14

o . O (14)
ap ’0 y a(pwqw)

o + > O — O (15)
30,p, , 9(p4.+6.7,)

al’y a a’v) _ 16

o + > O (16)
ae,p.c,+0.p.c,+1-d)p.c, 1T N

ot 17)

Jp,.c.q,+ +8.J (c,— T
+ [pwcwqm pacaqaa a’v (Cv Ca,dr) )] + aai — _AQE _ CWQRT
z /4

where p (kg m’3) is the mass density, with subscripts of a, w, v,
and s denote the air, liquid water, vapour, and solid phase re-
spectively; 6, and 6, (m® m™) are the volumetric content of

moisture and air, ¢ (m’ m”) is the porosity, Op (kg m>s')is
the water phase change rate caused by vaporization and con-
densation in the soil, O, (kg m” s ') is the root water uptake
rate, ¢,, and ¢, (m s ') are the specific discharge of water flow
and air flow, J, (kg m”>s') is the hydrodynamic dispersion
(dispersion and diffusion) of vapour in soils, 7' (°C) is the tem-
perature of soil, ¢ (J kg ' K™) is the specific heat capacity with
different values for solids, liquid water, dry air and water vapour
(¢,=870 J kg K, ¢,=4180 T kg K, ¢, = 1006 J kg’
K™, and ¢,=1996 Jkg' K™"), and J, (W m?) is the heat flux
density in soil caused by the thermal conduction and dispersion.
In unsaturated soil, air may freely escape from soil to atmos-
phere, so that the air pressure along the soil profile may be
constant (Grifoll, 2013; Grifoll et al., 2005). Under such condi-
tion, air flow is driven by two mechanisms: the changes of
moisture content cause the changes of volumetric air content,
and the air density p, varies due to expansion or contraction

effects caused by the changes of vapour density p, :

-1
pa:M &L_}_ 1-Px 1 (18)
R]-}( pa MVI) pa Ma

h gM
=p H = D&M w 19
pv IO"S re pVS exp( RTk ) ( )
e = O'OOIexp(31.37—6015—7.925><103Tk] (20)

k k

where p,,. (kPa) is the atmospheric pressure, R (8.3145
J mol™ K') is the gas constant, g (9.81 m s7) is the gravita-
tional acceleration, M, (18.02 g mol ") and M, (2896 g mol )

are the molar weight of water and dry air, H,, is the relative
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humidity, 7, (K) is the thermodynamic temperature, and p,

(kg m) is the saturated vapour density.

Neglecting the hysteresis effect and preferential flow, the
specific discharge of liquid water flow (positive upward) can be
calculated by the Darcy’s law (Pinder and Celia, 2006):

q,= —Kw(aaﬁ - 1) 1)

Iz

where K, (m s ') is the hydraulic conductivity. The Mualem-

van Genuchten model is used to express water retention curve
and hydraulic conductivity function as given in Table 2 (van
Genuchten, 1980). The thermal liquid water flow is neglected
(see Eq. 21). Many studies showed that liquid water flow is driv-
en by capillary gradient and gravity, and the influence of temper-
ature gradient on liquid water flow is negligible (Davarzani et al.,
2014; Pinder and Celia, 2006; Smits et al., 2011).

For calculating the vapour transport in soil porous medium,
the hydrodynamic vapour dispersion term J, is given as

(Milly, 1984):

J, = {&JFD,%G}% 22)
Sa oz
where D, and DM, (m® s ') are the vapour diffusion and me-

chanical dispersion, respectively (Table 2), and ¢, (-) is the
tortuosity (Grifoll et al., 2005):

c.,=0"16, (23)

The heat flow equation (Eq. 17) is formulated based on the
assumption of local thermodynamic equilibrium: the tempera-
tures of three phases (i.e., water, air, and soil solid matrix) are
equivalent (Grifoll, 2013; Mosthaf et al., 2011; Parlange et al.,
1998), which holds if the preferential flow is negligible. The
advection thermal transport is caused by the mass transport of
water and air. The phase change and root water uptake are
formulated as source/sink terms of AQy and ¢y QT respectively.
Additionally, the thermal conduction and dispersion in soil
porous medium may be expressed as (Saito et al., 2006):

Table 2. Formulations of the transport terms and coefficients.

24

w. w—mL

Jy == Ky+6,p,6,D0 ]g—T
Z

where D;’L (m2 s7') is the thermal dispersion coefficient in-
duced by water flow, and K,; (W m 'K is the thermal con-
ductivity (Table 2).

Model coupling approaches and numerical strategies

The moisture and energy fluxes estimated by the two-layer
energy-balance equations were used to specify the boundary
conditions of the multi-phase flow model (Section “Model
description”). For the water flow equation, a net rainfall ¢,

is set as the upper boundary (Eq. 13), and a gravitational drain-
age is specified for the lower boundary assuming the ground-
water table far below the computational domain. Transpiration
is linked to root water uptake that is specified as a sink term in
the water flow equation. For vapour flow equation (Eq. 16), the
upper boundary is the soil surface evaporation rate £, that is

obtained from Eq. 4. At the lower boundary of soil domain,
both vapour flow and air flow were specified as zero-flux.
The boundary conditions of heat flow equation (Eq. 17) include
both thermal advection and conduction. Thermal advection is
mainly driven by liquid water flow of drainage and infiltration.
At the upper boundary, we assume the temperature of the rain-
water is equal to the atmospheric temperature at 30 m height.
The infiltration on the soil surface and drainage from soil bot-
tom cause thermal advection in the soil heat flow equation (Eq.
17). Thermal conduction at the upper boundary is set to the
ground heat flux and at the lower boundary is set to the zero-
gradient condition.

The energy fluxes and soil physical processes are strongly
coupled. Specifically, the latent heat flux AE_, is correspond-

sur
ing to the soil surface evaporation rate that is specified as the
upper boundary for the vapour flow equation. The calculated

transpiration rate E, drives the root water uptake distribution
as a sink term O, in the water flow equation. The ground heat
flux G, is used to specify the heat flux at the upper boundary

of the soil. In turn, the temperature and moisture dynamics on
the soil surface will affect the energy fluxes.

Constitutive law  Equation Parameter notation Reference
0 _o [1 Flagh | }"”VG ho<0 6, and 6, (m’ m”) are the residual and
—_w wr_ _ VG 'w s Iy
0= 0 —6 - ' ! saturated moisture content; © (-) is the
Soil hydraulic ws wr 1 5 h,20 degree of saturation. (van Genuchten,
function g lVG Myg . and fyg 1980; Zeng et al.,
VG ’ 2011)
2
K, = KWSG)ZVG I:l - (1 — @Y™ ) e :| are fitting parameters ( 71yg =1/ nyg );
K, (ms™) is the saturated hydraulic conductivity
ws
2
Vapour D =2.12x107° T T, (K) is the absolute thermal temperature (Smits et al., 2012)
diffusion a . 27315 k .
(\i/-apourA D:zdc =a, ‘v“‘ v, = qa/ea is the pore velocity of air flow; & (Grifoll et al., 2005)
1spersion (m) is a longitudinal dispersivity
Thermal os b b 5 - (Chu?g apd Horton,
diffusion Ky =b+b0,+b0, 1, b, , and by are fitting parameters 19873 Grifoll et al.,
2005
v, =q,/0, isthe pore velocity of water flow;
Thermal DY =ay,lv, v / v ) - (Grifoll, 2013)
dispersion ay; (m) is the thermal dispersivity
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The mathematical framework is numerically solved by an
author-developed script under Python 2.7 programming lan-
guage. Specifically, the governing equations in multi-phase
flow model compose a fully-coupled partial differential equa-
tions system. The iteration approach proposed by Grifoll (2013)
is used. The equations of air, vapour, and heat transport are
solved by the Crank-Nicholson finite difference method, and
the Richards equation is solved by a fully-implicit finite differ-
ence method (Celia et al., 1990; Pinder and Celia, 2006).

The model coupling is achieved by iteratively implementing
the estimated evaporation and ground heat flux as the upper
boundary of the soil, thereafter the simulated soil moisture
content and temperature on the soil surface are used to recalcu-
late the energy and evaporation fluxes. The numerical errors of
soil moisture and temperature are controlled by the iteration
technique with tolerable errors of 0.0001 and 0.01°C, respec-
tively. The time step is constrained in a range of 0.005—5 min to
ensure sufficient computational efficiency.

MODEL SET-UP AND PARAMETERIZATION

The measurements of net radiation, rainfall, atmospheric
temperature, wind speed, and air humidity at the height of 30 m
above the ground are used as model input (Fig. 1).

Model performance is evaluated by comparing simulations
with measurements, including the energy fluxes of latent heat,
sensible heat, and ground heat fluxes, as well as soil tempera-
ture and soil moisture content at different soil depths. Taken the
soil moisture content as an example, the bias and root-mean-
square error (RMSE) may be calculated as follows:

N
Bias=—>" (6, ~O,) (25)
N n=l1
1 & 2
RMSE = Nz(ewm - eobs) (26)

n=l1

where 6, and 6,

obs

are the simulated and observed values (e.g.,

soil moisture content &), and N is the number of values that
used for comparison.

calibration period

The parametrization of resistance coefficients is given in
Appendix. Specifically, the aerodynamic resistance coefficients
are calculated based on previous studies (Choudhury and
Monteith, 1988; Xin and Liu, 2010), which are related with
wind speed, canopy height, and surface roughness. The bulk
stomatal resistance is calculated by the Jarvis-Stewart model
accounting the influence of multiple environmental stresses of
solar radiation, atmosphere temperature, vapour pressure defi-
cit, and soil moisture stress on transpiration (Jarvis, 1976;
Stewart, 1988). The root density distribution is decreasing from
1.0 (on the soil surface) to a very small value (at the lower
boundary) following an exponential function with a coefficient ¢
(Eq. 10) of 4.0. Soil surface resistance adopts the exponential
function proposed by van de Griend and Owe (1994), which links
the soil evaporation rate with the soil moisture at 1 cm depth.

The interception can reduce the amount and intensity of rain-
fall that reaches soil surface. The interception parameters for
deciduous broadleaf forest area are adopted from Ivanov et al.
(2008), and the interception storage S, is setto 5 mm as a

C max
typical value that is often used for the long-term water balance
in the forest area (Gerrits et al., 2009) (Table 3). For the simula-
tion of water flow in soils, most of the parameters adopted the
typical values of silt loam (van Genuchten et al., 1991),
including the saturated hydraulic conductivity K Oy and

the residual and saturated soil moisture contenté,, and 6,
(see Table 3). The soil thermal parameters given in Table 3 are
also specified as the default parameter values of silt loam soil
(Chung and Horton, 1987; Sakai et al., 2011).

The study period was split into two parts, one for model cal-
ibration (DoY 215-235) and another for model validation
(DoY 235-270) (see Fig. 1). The values of calibrated parame-
ters are shown in Table 3. The fitting parameter n, is cali-
brated according to the soil moisture response, and its value is
1.75 for upper layer soil (0—50 cm) and 1.35 for lower layer soil
(50-100 cm). The extinction coefficient C, can dictate the
partitioning of the net radiation energy, and it is calibrated
according to the measurements of soil temperature, latent heat,
and ground heat fluxes. For the day-time, C, is calibrated to

validation period

/)
»H
S
S)
T T T

T T T

L L A

250 260 270

Time (Day of Year )

Fig. 1. Measured meteorological forcing data of (a) net radiation, (b) atmospheric temperature, (¢) wind speed, and (d) air humidity in the
study area over the period of DoY 215-DoY 270 in 2004. The calibration and validation periods are illustrated respectively.
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Table 3. Parameters for soil hydraulic and canopy properties in non-isothermal soil multi-phase flow model and canopy interception

module respectively.

Soil hydraulic parameter

Depth 6., 6, K, Oyg yg
(m) © () (m/s) (m) ©
0-0.5 0.067 0.45 1.25x10 ° 0.2 1.75
0.5-1.0 0.067 0.45 1.25x10 ¢ 0.2 1.35
Soil thermal parameter
Depth by by by a; oy
(m) () ) ) (m) (m)
0-1.0 0.243 0.393 1.534 0.1 0.1
Canopy interception parameter
S max C, (day / night time) K. gc
(mm) () (mm/h) (o)
5 0.4 /0.08 0.18 3.9

Note: 8, and 8, - residual and saturated moisture content; K - saturated hydraulic conductivity; Oy , By - fitting parameters; b, b, bs - coeffi-

cients for thermal conduction; ¢, , ¢, are dispersivity for mechanical and thermal dispersion; S

max - interception storage capacity; K - canopy

drainage rate; g - exponential decay parameter; and C, - extinction coefficient of the vegetation for net radiation.

0.4, while for the night-time, C, is calibrated to 0.08 to ensure

the consistency of the predictions on both energy fluxes and
soil temperature dynamics.

In unsaturated zone, the upper 1 m soil is defined as the
computational area and discretized with a non-uniform mesh
with 36 nodes. The topmost soil layer (0—8 cm) is discretized
with a finer mesh with 1 cm to simulate the non-isothermal soil
moisture transport under a steep gradient of capillary pressure
and temperature. A larger mesh size of 2 c¢cm is used for the
depth between 8 and 32 cm. A relatively coarse mesh (4 cm) is
used in the deeper soil profile (32—100 cm) where the soil tem-
perature and moisture content are relatively less dynamic.

The results of the proposed model (non-isothermal multi-
phase flow model integrated with land surface energy-balance
equations) was compared with a simple model that coupled the
Penman-Monteith equation with the Richards’ equation
(PM-RE model). The FAO Penman-Monteith equation is wide-
ly-used to determine the reference evaporation rate, a pre-
defined ground heat flux was used to account the single-layer
energy-balance (Allen et al., 1998). The Richards’ equation
(i.e., combining Eq. 15 and Eq. 21) used the same parameter set
for soil hydraulic parameters (Table 3) and root water uptake
(Egs. 10-12), the impact of soil moisture stress on evaporation
flux is included through Eq. A13. Note that the simple model
can only simulate the total evaporation and isothermal soil
moisture transport, but neglects the soil heat transport. The soil
temperature, vapour transport in vadose zone, and the parti-
tioned evaporation fluxes can only be simulated with proposed
model.

RESULTS
Soil moisture

The measured soil moisture content in response to the rain-
fall is shown in Fig. 2. The multiple rain-pulses can be roughly
separated into three main events. The first event occurs on DoY
217 with the rainfall intensity of 10 mm/h lasting two hours.
During the second (DoY 233-243) and third (DoY 260-263)
rain events the rainfall amount is 23 mm and 55 mm respective-
ly. Under high-intensity rainfall, the soil moisture content of
three depths dramatically increased to 0.5, then generally de-
creased to 0.2—0.3. The measured fast response of soil moisture
may be caused by the occurrence of preferential flow, while its

influence on infiltration might only last for a few hours (Figs.
2b—c). The propagation of wetting fronts was attenuated,
because a fraction of infiltrated rainwater was stored in the
upper-layer soil (i.e., 0-8 cm). Consequently, less rainwater can
infiltrate to the deeper soil (e.g., 64 cm depth).

The simulated soil moisture content by the proposed non-
isothermal model and the simple PM-RE model at three differ-
ent depths (8 cm, 32 cm, and 64 cm) is also shown in Fig. 2,
and their RMSE and bias compared with the measurement
during the calibration and validation periods are listed in Table
4. Under high-intensity rainfall, the response of simulated soil
moisture content of both two models in deeper soil (32 and
64 cm) shows time delay to rainfall pulses, and the simulated
peak moisture content is under-estimated. In dry-down periods,
the moisture content decreased gradually. The simple model
overestimated the soil moisture content, the simulated moisture
content by non-isothermal model gives a good match with the
measurement. The error statistics indicates all RMSEs and
absolute values of bias of soil moistures of non-isothermal
model at three different depths are less than 0.05 and 0.01 re-
spectively (Table 4).

Soil temperature

Simulated by the proposed non-isothermal model, the meas-
ured and simulated soil temperature at four different depths
(4 cm, 8 cm, 32 cm, and 64 cm) are shown in Fig. 3. The
RMSE and bias during the calibration and validation periods
are listed in Table 4. Both the ground heat flux and the soil
temperature have clear diurnal periodic patterns as shown in
Fig. 3. Additionally, the amplitudes of soil temperature were
decreasing along with the increasing depth of soil profile. Spe-
cifically, the average diurnal amplitude of soil temperature at 4
cm depth is approximately 10°C, while the amplitudes at 8 and
32 cm are approximately 5°C and 2°C, respectively. The soil
temperature at 64 cm depth did not show a significant diurnal
pattern, and its amplitude is even lower than 1°C (Fig. 3).

The amplitude of soil temperature is also affected by
rainfall-infiltration that increases both soil moisture and soil
heat capacity. For example, the amplitude of ground heat flux
and soil temperature during the second rainfall period (e.g.,
DoY 233-243) are relatively small as the net radiation and
atmosphere temperature were lower than that during the
intermittent period.
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Fig. 2. (a) Measured rainfall intensity (bar), and measured soil water content at the depths of (b) 8 cm, (c¢) 32 c¢m, and (d) 64 cm below the
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Table 4. Comparisons of the RMSE and bias between measurements and simulations from the proposed non-isothermal model in terms of
soil moisture content (—) and soil temperature (°C) at the depth of 4, 8, 32, and 64 cm below the surface for both calibration and validation
periods, respectively. Comparisons of the RMSE and bias between measurements and the simulated soil moisture content from the simple
model (i.e., Penman-Monteith equation coupled with Richards’s Equation) are given in the bracket, note that the simple model can only

simulate soil moisture content but cannot simulate soil temperature.

Soil moisture content (-) Soil temperature (°C)
Depth Calibration Validation Calibration Validation
(cm) RMSE Bias RMSE Bias RMSE Bias RMSE Bias
4 - - - - 1.41 -0.17 1.75 —-0.62
8 0.022 —0.008 0.020 —0.004 1.02 0.03 1.30 -0.33
(0.030) (0.017) (0.049) (0.039)
32 0.034 (0.043) —-0.002 0.038 -0.010 0.79 -0.02 0.84 -0.21
(0.031) (0.050) (0.032)
64 0.033 (0.027) —-0.002 0.041 —-0.004 1.03 0.66 0.85 0.58
(-0.016) (0.023) (-0.007)

The errors at different depths are provided in Table 4.
Compared with the measurements, the RMSE of simulated soil
temperature is 1.75°C, while the bias is relatively small with an
absolute value less than 1°C. Relatively large RMSEs of topmost
soil temperature at 4 cm depth indicate that the amplitude of diur-
nal variation was slightly underestimated. On the contrary, the
RMSE and bias of soil temperature at deeper soil (8, 32, and 64
cm) show that both of amplitude and daily averaged values of
soil temperature are well simulated.

Vapour transport in soil

The vapour transport in vadose zone can be simulated with
the proposed multi-phase flow model, and the equivalent ener-
gy flux of vapour flow during a 7-day period is shown in Figure
4. The vapour flow transports at depths of 0, 1, 10, and 20 cm
show clear diurnal patterns (Fig. 4). In particular, at the surface
(0 cm), the vapour flux rate reaches a maximum value of 2.2
W m™ around noon (i.e., at 12 h), and then reduces to about
zero at night. However, the vapour flow at deeper depths
demonstrates of the opposite diurnal pattern - the vapour flow
in deeper soil is downward after the noon, but upward at night.
The drying front is not obvious in the study site, indicating that

the evaporation is mainly from soil surface under such relatively
wet condition. The amplitude of the vapour flow is decreasing
from around 6 W m (at 1 cm) to 2 W m > (at 20 cm) (Fig. 4).

Energy fluxes

The averaged diurnal cycle of measured net radiation during
both of calibration and validation periods was analysed (Fig. 5).
The averaged net radiation significantly increases after 6 h in
the morning from below 0 W m, reaching its maximum value
of around 600 W m > in the noon (i.e., at 12 h). Then the net
radiation starts to decrease and generally approaching zero.
During the night, the net radiation is below 0 W m >, because
the upward infrared radiation may be larger than the downward
infrared radiation. The sensible heat and latent heat show simi-
lar averaged diurnal cycles compared with the net radiation (an
increase from 6 h, peak around 12 h, and bottom around 18 h),
except for the amplitudes. The average daily sensible heat is
fluctuated from below 0 W m > (during the night) to around 400
W m* (at noon), while the average daily latent heat is ranged
from around 0 W m* (during the night) to around 200 W m
(at noon).
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During both the calibration and validation periods, the devia-
tions between the simulated and measured ground heat and
sensible heat fluxes shown in Fig. 5 might correspond to the
simplification of radiative transfer algorithm (Eq. 1, 2), which
neglects the impact of canopy structure (e.g., leaf angle distri-
bution, vertical distribution of leaf area) on radiation transfer.
The overall performance of the simulated sensible heat, latent
heat, and ground heat fluxes are satisfying compared with
measurements during both calibration and validation periods,
giving within 22 W m? of RMSEs and within £7 W m > of
biases (Table 5).

Evaporation rates

The potential evaporation rate simulated by the FAO Pen-
man-Monteith equation gives a good fit to the measured values
(RMSE = 0.64 mm, bias = —0.29 mm). However, the actual
evaporation simulated by the simple model using the FAO
Penman-Monteith equation coupled with the Richards’ equation
are underestimated compared with the measurement (RMSE =
1.06 mm, bias = —0.74 mm). On the contrary, the total evapora-
tion calculated by the proposed model is much more accurate
compared to the simple model. The RMSE of the proposed
model is 0.77 mm, while the bias is only 0.17 mm.

Table 5. Comparisons of RMSE and bias between simulations and
measurements of sensible heat, latent heat, and ground heat for
both calibration and validation periods, respectively. Unit: W/m?.

Energy flux Calibration Validation
RMSE Bias RMSE Bias
AE 21.3 -4.2 19.0 1.2
H 15.4 2.2 16.4 -6.7
Gy 18.4 2.4 20.5 -5.7

The simulated three components of evaporation fluxes using
the proposed model are shown in Fig. 6. The study area was
nearly fully-covered by forest canopy, and the transpiration
dominated the total evaporation as expected. Based on the
simulated evaporation fluxes, 86% of total evaporation was
from transpiration, only 11% of total evaporation was from the
soil surface, and the remaining 3% evaporation was from inter-
ception (Fig. 6). After the rainfall, the total evaporation general-
ly reached to a peak rate of 6.5 mm day ' (e.g., DoY 218-219),
while it was generally decreasing as the soil getting dryer
(DoY 220-227 and DoY 263-270). The soil surface evaporation
had a similar pattern but with a relative small fluctuation, espe-
cially when the moisture content in the topmost soil is lower
than 0.20 (DoY 255-260). The interception evaporation oc-
curred only during or after rainfall.
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DISCUSSION

In a hydrological system, evaporation is an important pro-
cess that affects both water balance and energy balance. Specif-
ically, the energy fluxes are strongly coupled with the soil sys-
tem: the variations of soil surface temperature can affect both
sensible heat and ground heat flux, and the soil moisture in
topsoil and root zone can impact soil surface evaporation and
transpiration respectively (Saito et al., 2006). A recently study
by Garcia Gonzalez et al., (2012) indicated that the simulated
soil surface temperature and evaporation fluxes may be deviat-
ing from reality because of using a simplified soil heat and
water flow equation. The quantification and prediction of evap-
oration fluxes still have large uncertainties, especially when the
complex physical processes are not adequately represented by
the modelling system (Coenders-Gerrits et al., 2014).

The model proposed and applied in this study is focused on
improving the representation of soil moisture and energy
transport processes within an SVAT system, which may poten-
tially give more realist simulations of land-atmosphere interac-
tion. The case study was conducted for a deciduous broadleaf
forest area with well-instrumented measurements, and the phys-

iological behaviour of leaf stomata in the typical oak forest area
can be parameterized based on previous literature (Baldocchi et
al., 1987). Only the soil hydraulic parameters and extinction
coefficients were calibrated.

Integrating the soil thermal transport with a two-layer ener-
gy-balance method in a SVAT model can assist in calibrating
the extinction coefficient C,. The ground heat flux is interacted
with the diurnal variation of soil temperature, despite the fact
that the contribution of soil evaporation to total evaporation is
relatively small. For example, an over-estimation of C, will lead
to an underestimation of the ground heat flux, consequently,
amplitude and values of the soil temperature may also be under-
estimated. Coupling of soil thermal transport with energy-balance
model may bring a more reliable estimation of ground heat flux.

The simulated total evaporation flux was compared with a
simple model that couples Penman—Monteith model with the
Richards’ equation. The simple model underestimated the total
evaporation rate, which might be related to the following rea-
sons. The Penman—Monteith equation used a pre-defined
ground heat flux that may affect the accuracy of calculated
energy fluxes. The Penman—Monteith equation simulates a
reference evaporation rate, the multiply environmental stress on
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transpiration rate is considered for grassland. The oak forest
species may show different physiological behaviour in response
to solar radiation, temperature, and soil moisture stress, which
could all affect the transpiration rate.

In forest area, the liquid water transport can be affected by
both preferential flow and matrix flow. Previous studies (e.g.,
Dusek et al., 2008; Shao et al., 2015, 2016) indicated that the
preferential flow through macropores, and other local high
permeability zones may be extremely rapid and instantly affect
the hydrological response. The results in this study indicate that
the peak soil moisture content during the rainy period was
underestimated if neglecting the impact of preferential flow,
even though the proposed model can adequately simulate the
soil moisture content in root zone during the intermittent period
(when no rainfall occurs). The soil moisture stored in matrix
has relatively low flow velocity and long residence time, which
is more correlated with the evaporation fluxes. Moreover, the
matrix flow can cause exfiltration delivering water upward to
the topmost soil for sustaining soil surface evaporation. How-
ever, for simulating the groundwater percolation and stream
flow generation processes, the incorporation of preferential
flow processes in modelling systems is still essential.

CONCLUSIONS

A multiphase flow model was coupled with a two-layer en-
ergy-balance model to simulate both energy and moisture flux-
es in a soil-vegetation-atmosphere continuum. The model was
applied using data of an experimental Oak-hickory forest area
in Missouri, USA, covering 55 days during the late-summer
period. The measurements of soil and vegetation information
were used to parameterize the model. The model was driven by
meteorological forcing data of net radiation, atmosphere tem-
perature, air humidity and wind speed. The measured energy
fluxes and soil temperature and moisture were used to calibrate
and validate the model.

The simulated results of energy fluxes, soil moisture and
temperature were in good agreements with the measured val-
ues, showing a satisfying model simulating ability. In compari-
son with the simple model coupling Penman-Monteith equation
with Richards’ equation, the proposed model provided a better
estimation of total evaporation rate and meanwhile it could
partition the evaporation into interception, soil evaporation and
transpiration. In such forest area with a dense canopy cover,
86% of total evaporation is from transpiration, the interception
accounts for 3%, and only 11% of total evaporation is from the
soil surface. The results indicate that the proposed model can
simulate the total evaporation rate and soil mois-
ture/temperature, which may be a promising tool to provide
more detailed simulations of energy and moisture fluxes in a
soil-vegetation-atmosphere continuum.
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APPENDIX
Parameterization of resistance coefficients

The parameterization of the resistance coefficients is needed
to calculate the energy fluxes using the equations from Table 1.

The 7, is the aerodynamic resistance dictating the sensible heat

flux between atmosphere and canopy layer (Choudhury and
Monteith, 1988):
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= 1 *ln[(zref_dM)/ZOJ(l-i_é‘)n

kar

(AT)

where k,, (=0.41) is Karman constant, 77 and & are coeffi-
cients for stability correction based on Monin-Obukhov theo-

ries (Choudhury et al., 1986), and u” (m/s) is the friction ve-

locity:

u“ — kkaruwind (Az)
In[ (2, =y )/ 2|

wherez, . (= h,, +2) is the reference height can be defined as
,g (9.81

m s ) is the gravitational acceleration; u,,,, (ms ') is the wind

2 meters above the height of the vegetation canopy #,,,
speed at reference height. The zero displacement height d,, (m)

and the roughness length for momentum z, (m) are determined
following Choudhury and Monteith (1988):

dy=11xh,, In[ 1+, ] (A3)
Zo, +0.30,,,°  0<{, <02

7= " €2 ‘ (A4)
030y, (1=dy 1 hypp) 0.2<¢, <15

where z,, (m) is the roughness of soil surface with value of

0.02 m adopted in this study, ¢, is the effective drag coeffi-

cient with a typical value of 0.2 for forest area.
The aerodynamic resistance to heat and water transfer in
canopy layer is calculated by:

. :i@(&] [1-exp(-n, /2)]" (A3)

i n, Uy

where o, (= 0.5) is the shielding factor, w, is the characteris-
tic leaf width with a typical value of 0.2 m for broadleaf forest
(Monteith and Unsworth, 2013), n, (-) is the eddy diffusivity

decay constant that may be set to 4.25 for forest area (Zhou et
al., 2006).

The aerodynamic resistance between soil surface and canopy
layer is calculated by (Shuttleworth and Gurney, 1990):

h,,, exp(n,) n,z, n,(zy+d,,)
_ _veg e ex _Te®0g —ex _fel®0 M A6
L —— L L — (A6)

e Tede veg veg

where K, is the eddy diffusivity decay constant:

K

ede = kkaru* (hveg - dM ) (A7)

Soil surface resistance is formulated as an exponential func-
tion which links the evaporation process with the soil moisture
condition (van de Griend and Owe, 1994):

I's= loexp[aﬁ (emin - Btop ):| (AS)

where ¢, (-) is a fitting parameter with a recommended value
of 35.63 (van de Griend and Owe, 1994); 6 . is the empirical
minimum value of 0.15 below which the evaporation rate is

limited by soil moisture. 6, (-) is the moisture content atlcm

depth.

The transpiration rate is partly governed by the canopy struc-
ture and leaf morphology for absorbing radiation energy, partly
governed by the physiology of stomatal in response to solar
radiation, temperature, and humidity in the atmosphere and soil
moisture stress. The parameterization for bulk stomatal re-
sistance is formulated by the Jarvis-Stewart model to introduce
the dynamic interaction between transpiration and environmen-
tal stress (Jarvis, 1976; Stewart, 1988):

p
, Opt
ro=— (A9)
In Il F ()
where, 7, ,, is the minimum value of stomatal resistance under

optima environment, and its value for oak forest is 145 s m .
The [I,F(x) is an empirical multiplicative stress function

based on the observed response of transpiration rate to the
multiple environmental stresses. In this study, four response
functions are used to quantify the influence of radiation, vapour
pressure deficit, leaf temperature, and soil moisture content on
transpiration rate (Baldocchi et al.,1987; Zhou et al., 2006):

0 1
(I =— (A10)
I"+B
FZ(Dcan)zl_bvpchan (All)
[Tmax _Topt ]
T — T . T — T Tupt ~Tinin
F(T,,) = | (A12)
T;Jpl - Tmin Tmax - T;}pl
17 Havg 2 Hﬁeld
Huvg - ewilting
le (gavg) N5 4 eﬁeld < gavg < ewilting (Al 3)
Hﬁeld - ewilting
05 eavg < Hwilting

where Fl(Ii) is the hyperbolic radiation response function of

photosynthetically active radiation I (w/m®), B is the a curva-
ture coefficient with a value of 22 w/m’ for oak forest area
(Baldocchi et al., 1987). F,(D,,,) is a linear equation quantify-

ing the decreasing of transpiration rate with the vapour deficit
D,,, increasing, b, is the shape coefficient with a value of 0

can

for oak forest (Baldocchi et al., 1987). Function F;(T,,) quan-

veg
tifies the influence of foliage temperature on transpiration, the

T,1s the optimum temperature, 7, and T are temperatures

on which the transpiration is limited. The values of T ,T

in > “opt >
and T,

max

Fy(8,,,) quantifies the impact of soil moisture stress on tran-

in oak forest area are 10, 28, and 45°C, respectively.

spiration (Zhou et al., 2006), where 6, is the average moisture
content in root zone, 6, is the field capacity below which the

plant transpires at less than its maximum value, and 6, is

the willing point below which the plant transpires stops. 6,
and 6

wilting
point corresponding the pore water pressure head of
—3.3 m and —150 m respectively.

are moisture content at field capacity and wilting
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SUPPLEMENTARY MATERIAL
Part A. Algorithms for solving of two-layer energy-balance
equations

The sensible heat fluxes can be expressed as follows:

T, -T
H — pacp can atm (Sl)
rH
T;eg _Tcan
H,, =p,c,——— (S2)
rllC
T.,-T
H,, =p,c, r—c (S3)
r{L\'
where T, and T, (K) are temperature of vegetation foliage
and soil surface, 7, and T,,, (K) are atmosphere temperature

at the reference height and at the canopy source height;
7,7, and r, (s m') are aerodynamic resistances between

canopy and reference height, between foliage and canopy air,

between soil surface and canopy air respectively; c,

(T kg' K is a specific heat capacity of moist air under a con-
stant pressure, and p, (kg m) is density of the air.

The latent heat fluxes can be expressed as:

— p an ecan — eaz‘m

AE (S4)
v Ta

c, e, —e

ﬂEcan _ pa p Sveg can (SS)
7/ r(l(‘ + rE
c —

ZESW — pﬂ P exur ecan (86)
}/ rax + ’/}

where ¥ (Pa K') is the psychometric constant; e:eg (Pa) is

saturation vapour pressure of air in contact with vegetation
foliage or soil surface, e, ande,,, (Pa) are vapour pressure of

atm
atmosphere at the levels corresponding to vegetation canopy
and reference height respectively, and e, is vapour pressure of

the soil surface.
For solving the energy fluxes, we can obtain the following
relations based on the Egs. S1-S3 and Egs. S4-S6:

&a (Tcan _];ztm)=g1(]-;eg_Tcan)+g2 (T;ur_T;an) (S7)
&4 (ecan _eatm) =& (e:eg ~ Cean )+ 8 (esur _ecan) (SS)
with:
1 1 1 1 1
ga=_’gl=_’g2=_’gc= ’gs= (Sg)
" Vac Tas Vac +rc Tas +I’;,

The canopy temperature and canopy vapour pressure can
be expressed as:

_ ga];nm +ngveg +g2Tsur

Tean (S10)
ga +g1 +g2
e +ge +ge
ecan — ga atm gC veg gS sur (Sll)
8, T8 *+8;

Substitute equation S10 and S11 to the energy balance equa-
tion in the canopy layer:
can __
Rnez‘ - ﬂ’EL‘an + Hcan
pacp e:eg “Can T:zeg - ]-;an
= + p a cp
ypsy Tac + L Vac

*
I 8aCatm +gceveg +gsesur
veg

8, T8 +8&

gaT;er +g17—:)eg +g27j\*ur j

:pﬂcp

Yy

(S12)

+pacpg1[Tveg_ g +g +g
a 1 2

PaC 2. "
= . I:eveg (ga +gs)_gaeatm _gsesur:|
ypsy gu +g¢ +g3
&1
+pac - Tvev(ga—‘rgZ)_gaTam_gZTYW
"g, 8+, [ ’ ]
In Eq. S12, ¢, and T, are model input from meteorologi-

cal forcing data; e, and T, are estimated from the vadose

sur

zone model. Moreover, e, and T,

weg Obey the following rela-

tion:

. 17.27T,,
e, =0.6108exp| — =
“ T, +237.3

(S13)

Therefore, substituting Eq. S13 to S12, we can obtain a non-
linear equation with only one unknown variable 7., which can
be numerically solved using the Newton-Raphson algorithm.

Part B. Finite Difference Algorithms for non-isothermal soil
moisture transport

B1. Water Flow equation (two conditions: Flux-Flux and Head-
Flux)

The numerical scheme was applied considering the follow-
ing discretized 1D geometry (Fig. S1):

Zi-l-- .Node i-1
AZj4 ﬁqm 0
Element i !
Zi + @ Node i | AZ
AZ;
! 1}(1141/2
ZiaT @Node i+1

Fig. S1. Schematic representation of the mass balance derivation
for middle nodes where

z

Z. | —Z.
Az="CEL "0l Az =z -z, Az =z

2 i i i+l i— i— (814)

1 T4

The Richards’ equation can be formulated by integrating the
Darcy’s Law with the water-balance equation:

c 9k (M )|-0
of oz 0z

(S15)
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where Q represent source/sink term and C is the differential
water capacity:

Node Oil Ouur
@

C= ZyT Qo
Element 0 iAZO/Z
de m m myG AZ
_M:mVGnVGaVG (ev_er)e)l/ V6 (1_@1/ vG) »h, <0 0 ﬁ q»
S , h, 20 Zy t @ Node 1
(S16) Az,
where S is the specific storage of soils under fully saturated
.. 7, T @ Node 2
condition. 2
Equation S15 can be discretised with a fully-implicit finite

difference method (Celia et al., 1990):

Fig. S2. Schematic representation of the mass balance derivation

n+l,m+l1 n+l,m n+1,m n
- hc i ew i B 9\4 i

crim Ced for top nodes.
' At At
prlmtl _ gt il _ ptlmtl (1) First type of boundary condition: pressure head boundary
1 n+l,m ( w,i—1 W, i ) Kn+l,m ( w,i w,i+1 ) diti
| w12 T Rwitl/2 condition
Az ’ Az, ’ Az,
g genlm The pressure head boundary condition suits to ponding infil-
4 wdZV2 T w2 e ortm (S17) tration condition. If the surface potential head is Hy, the poten-
Az tial head of the first node of soil profile ish, = H,, , thus, the

where the superscript n is time level, and m is iteration level for first function is expressed as:

solving the Richards’ equation.

. . . . 1,m+1 1m+1 _
Rearranging the Eq. S17, we can get the following linearized b ol = e —aH,, (520)
equation:
If we set the bottom potential head as Hy,uom, then the water
aiha’_tff‘“ -f-bih‘”v*],l"“*1 +cl_h£*ifj““ =e, (S18) head of the last node of soil profile is &, = H,,,,, » thus, the
last function is expressed as:
I(nJrl,n/q2
_ wyi—1 +1,m+1 +m+l _
a; =- Az (1sz1 h]’z/272m + szflhII\llzfln - eszl - Cszleottom (821)
i1
b= Az o Kt N Koo, (2) Second type of boundary condition: the flux boundary
P T, i condition
At Az, Az,
_ KV"JLT)Z = [LNz—1] S19 A mass-conservative solution can be derived from the mass
G = Az P=1L 0Nz (S19) balance principle (Fig. S2):
1
€ = %[C;ﬁl’mhx:l’m - ijl’m + ‘9\:,11 + ANQ,, +Giuyr + O Az /2) = (Q‘nﬂ -6 )AZO /2 (522)
1, 1, 1,
+cos a(K:;f{‘/‘z -K ) —Az (QI-"+ " ) Then we can use the Darcy’s Law:
n+l,m+1 n+l,m+1
Qn+l _Kn+l,m hw,O _hw,l +1
n+l,p+1 n n+l,m+1 n+l,m n+1,m n Sur 1/2
ew 0 - 6\1/ 0 n+l,m hw 0 - hw 0 Hw 0o Hw 0 AZO n+l
—=C, : — 4+ — —=2 +0, (S23)
At At At Az,
Similarly, by rearranging the above-equation we can obtain:
AZ K‘:lj’l,m K:Hl,m AZ AZ
0 C61+I,m + 1/2 h:":;)]‘mﬂ _ ,1/2 hx::l,mH — 0 |:C(;I+]‘mh:,“0 _(Hx::)l,nr _9:;’0 ):|+(an,:,:] _K:zjil/,zm )+ 0 61+1 (824)
2At Az, Az, 2At 2

Similarly, we can also derive this equation from the mass balance equation. If we control the bottom flux, the last function can be
obtained by the following steps:

00 dq
90, 9% _ 825
ot 0z Q (525)
n+l,m n n+l,m+1 n+l, n+1, n n+l,m+1 n+l
6N;rl . _HNZ — C61+1,m w,sz - hwerzm ew,Jerm _ew,Nz — 2 _qw-sz—T/Z - bo-:tom + Q]r\t/zl (826)
At At At Az,
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n+l,m+1 n+l,m+1
Kn+1,m th—l _th +1!1= n+l1
hn+1,m+l hn+1,m enﬂ,m 0)1 Nz-1/2 AZ bottom
1,m ""w,Nz Nz w,Nz — Yw,Nz Nz—-1
cyretm 2 Ny L)
0

At At Az

voy! 27

Nz—1

Similarly, the Celia’s method for the mixed form of the Richards equation will be:

Kn+]\1],ml/2 +1,m+1 AZN 1 +1 KnJr]‘l/,ml/Z +1,m+1 AZN 1 Az
_tw Nz n+l,m + Iz — n+l,m + w,Nz— ny ,m — z— Cn+1,mhn _ 9n+l,m _ 0n + Kny+1,m _ n+l + Nz—-1 n+1
AZNZ_I w,Nz—1 ZAZ Nz AZNZ_I w,Nz 2Al |: Nz w,Nz ( w,Nz w,Nz ):| ( w,Nz—1/2 Qbottom ) 2 Nz
(S28)
B2. Air flow equation
90,0, dp.q
HaZa | TPada _ 829
ot oz © (529)
apaea + apaqu — Q = palr',:r11/29:itll/2 _pa?—l/Zein—lﬁ — _pa?jllq;l;r—ll +pa:l+lq2i+l +Q
ot oz At Az, (S30)
Az,
= P = R A= (p 0 6
t

Equation S30 shows the air flow equation can be solved by an explicit scheme by assuming the air flow velocity at the lower
boundary of the soil is zero.

B3. Vapor flow (Flux boundary condition)

26 0 )
99uPe (9P _ 9 | g p 9P|, (s31)
ot 0z 0z 0z
n+l gn+l n n ntl n+l n+l n+l n+l n+l
n n pv,i ea,f - Ha,ipv,i (qapv )i, - (qapv )i+ 1 n+l (pv,[—l - pv,i ) n+l (pv,i - pv,i+l
BO; . +(1_IB)Qi = AL +ﬁ{ I/ZAZ = _E (HaDv)i—l/Z —_1_(9aDv)i+1/2T
(qapv );1_1/2 _(qapv ):_1/2 1 n (p:/l,ifl _va) n (pvr; _pvj;+l
+(1 ‘ﬂ){ e | (6D T‘(@Dv )iz Ee— (S32)
a,-ha",ﬁl +bih:;l +cfht)11j-i-l =¢ (S33)
n n+l
_ qa,ﬁl (auD)lq/z
a=p| Lo
2 Az
n+l n+l
Az 6,.D)"  (8,D)
b=—0""+p (8.D) .z + (8:D);s12 i=[1,Nz—1]
AV Az, Az,
n+l n+l
c Z,B _qa;ﬂ _ (eaD)Hl/z
' 2 Az,
Az 1 (qapv)’-q_l/z_(qapv)fl 1/2 1 n (pgi—l_pvr;) n (pv';_pvr;H)
e =— Qa’;'pv;’ +AZQI."+ +(1-5) ! R (HaDv )i_ ;—(QRD‘} )i vt P ?
At |: :' Az Az 1/2 - +1/2 AZI-
(S34)
Vapor density on the surface is evaluated by the evaporation rate:
Hﬂglp"gl _Hﬂopno En+1 —q n+l En —q n
a, v, a,0/v, +2 sur v1/2 +(1= sur vl/2 — n+l +(1- n S35
~ ﬂ—AZO ( ﬂ)—AZO B +(1-B) 0 (S35)
n+l n+l n n pv’ﬂoﬂuagH +pv,ﬂl+lua;l+l _(9 D, )”"'1 (p‘,,nOH _p‘ﬁﬂ) _Enﬂ p"’nou”g ’ p"’ﬂlu”f _( )n (p‘,,no _pv’”l) _E"
aa,o p‘,’o _ ea,opv,o 2 a™=v /)12 AZO sur 2 a=v /)12 AZO sur
=5 +(1-4)
At Az, /2 Az, /2
+BO +(1-8) 0 (S36)
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Bottom boundary: zero gradient

n+l n+l
_ (pvua )N-:—l +(pvua )Nz _(9 D )H‘H (pvn+zl pvnl\*/—zl) +(p u )n+1
p\tlJIr\}zeaanr\/lz - Io\t, NZH: Nz 2 " AZNZ_I s +1
Pt - +0p (S37)
Nz—1

B4. Heat flow

aCeqT+aMHT _i /,laT Q

ot dz  dz| Oz
Uy = prwqw + CapaQa + eaJhG (Cv _Ca,dry) (838)

ch :ewpwcw—‘reapacu +(1_¢)p503

n+ln+l nn n+l n+l o on+l n+l n+l n+l n+l n+l
CT" -C'T, :ﬂ{_uﬁ,i—l/lTi—l/Z uH,i+1/2Ti+1/2 {/1"” (T4 -T )_lnﬂ (" T ):|}

AL Az 12 Az i+1/2 Az,
(S39)
h T s —UainnT fan (", -1") (1" -7}, "
1- +(1- AL, A i hix —AZO"
( ﬁ){ Az -p— { -1/2 Az i+1/2 Az, o/
aihanJrl blh;l:rl +czh:Jtr-}—1 =€
n+l n+l
A
H,i-1 i—1/2
a. =
=g e
/1_n+1 /UHI
b =£Ceq B {—’” R i =[1,Nz~1]
A A (S40)
¢, =Bl - u;1+t]+1 ﬂﬂ}z
1 AZl
Az Q Q”+1 ( Y _”Z,z+1Tf+1) . (T "o, (=T
ei:A_tCi]; B +(1 'B) 2 +ﬂi—l/zAlZ— %+1/2Ti+1

Surface boundary: heat flux boundary

If we set the surface potential head as Hj,,, the potential head of the first node of soil profile is 4, = H ,, , thus, the first function

sur

is expressed as:

C(;HITXHI — C(I)ITE)W =2 Q1/2 + qur
At Az,

-0 (S41)

n+l n+l
n+l To _Tl

n+lmn+l
|:UH1/2 ];/2 M2 :|+Eram qur

Cn+lTn+1 _ CnTn AZ
) ofo _ 0 -0 (542)
At Az, /2
Lower boundary: zero gradient boundary
Cn+1Tn+1 _Cn Tn _ _
Nz ~ Nz v Nz“Nz _ QNZ*ZZZ Qbot _Q (843)
n+l n+l n+l (Tn;—l _T”;l)
Cr _on _thNz—l/ZT N2 T A NAIZ B O
Nz “Nz — “NzTNz Nz-1 ol S44
At Az, /2 e (549
Nz—-1
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