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ABSTRACT

In this study, the effect of the lower boundary position selection for the Fourier equation on heat
transfer and energy balance in soil is evaluated. A detailed numerical study shows that the proper position
of the lower boundary is critical when solving the Fourier equation by using zero heat flux as the lower
boundary condition. Since the position defines the capacity of soil as a heat sink or source, which absorbs
and stores radiation energy from the sky in summer and then releases the energy to the atmosphere in
winter, and regulates the deep soil temperature distribution, the depth of the position greatly influences
the heat balance within the soil as well as the interaction between the soil and the atmosphere. Based
on physical reasoning and the results of numerical simulation, the proper depth of the position should be
equal to approximately 3 times of the annual heat wave damping depth. For most soils, the proper lower
boundary depth for the Fourier equation should be around 8 m to 15 m, depending on soil texture.
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1. Introduction

The interactive physical processes between differ-
ent land surface covers and the climate system have
been studied for a long time. Due to limitations of
observed data and knowledge available about the land
surface process now, many land surface models (LSMs)
developed since the 1980s have no alternative but to
include many parameterization schemes and parame-
ters with much uncertainty. So, a good understanding
of the effects from the uncertainty of the schemes and
parameters has been a major subject of the impor-
tant international efforts such as PILPS and GEWEX.
Many sensitivity studies have sought to discuss the ef-
fect from different scheme designs and parameter se-
lections in the LSMs.

Atmosphere circulation will be strongly dependent
on the energy flux partition on the ground surface
as well as on the soil temperature profile. Varia-
tions or anomalies in either soil surface temperature
or deep soil temperature will significantly impact the
atmospheric process. Wang (1991) indicated that an
anomaly of 1◦C in the ground surface temperature
over 30 days would cause significant increases in pre-

cipitation, air temperature, and humidity as well as
a decrease in surface level pressure. Tang and Re-
iter (1986) found that deep soil temperature over the
United States has an impact on precipitation anoma-
lies of the subsequent season. Retnakumari et al.
(2000) showed that pre-monsoon soil temperature af-
fects monsoon rainfall at a tropical meteorological sta-
tion. Xue (2002) demonstrated that deep soil temper-
ature over the western US in late spring has an impact
on the summer U.S. precipitation, which could have a
substantial implication for the North American snow-
monsoon interactions. Thus, Gonzalez-Rouco at al.
(2003) suggested that ground temperature, especially
deep soil temperature, is a good proxy for annual sur-
face air temperature.

Basically, the spatial distribution and temporal
variation of soil temperature are regulated by ground
surface heat fluxes and can be described by the ther-
mal transport equation-Fourier equation. However,
before the late 1980s, due to the limitation of com-
puter resources, the prediction of soil temperature in
most LSMs was performed by a simple but not very ac-
curate scheme, the Force Restore method (Deardorff,
1978; Lin, 1980). Afterwards, the rapid development
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of computers provided a powerful tool to apply more
sophisticated schemes to the LSMs. One important
step in LSM development was to solve the Fourier
equation (Bonnan, 1996) explicitly instead of using
its simplified version, the Force-Restore method. At
the same time, a critical issue of how to determine
the lower boundary condition for the equation solu-
tion was raised naturally. The existing LSMs using
the Fourier equation have paid much attention to the
surface layer thickness determination because develop-
ers of the models are clearly aware of the important
influence of the layer thickness on the surface tem-
perature and in turn on the surface energy balance.
For the lower boundary condition of the Fourier equa-
tion, a zero heat flux was used in most LSMs because
of the difficulty in determining an accurate heat flux
in the soil bottom layer. The selection of the lower
boundary position with the zero flux condition, how-
ever, seems to vary widely and be quite arbitrary. For
example,a value at 1 m was used by Avissar and Piekle
(1989),1.158 m–3.49 m by Dai and Zeng (1997);4.25 m
by Thompson and Pollard (1995); 4.1 m by Verseghy
(1991); 2.89 m by Viterbo and Beljaars (1995); 6.3 m
by Bonan (1996), and a value of more than 6.0 m by
Roesch at al. (1997) who mentioned the importance
of the lower boundary position setting. One exception
is Linch-Stieglitz (Lynch-Stieglitz, 1994), who used a
non zero heat flux condition at a depth of 2.3 m in the
GISS (Goddard Institute for Space Studies) model ear-
lier (1994) and used a zero heat flux condition but em-
phasized the placement of the lower boundary position
at a depth of 10 m later (2001). Thus, we ask whether
a correct lower boundary position with the zero flux
condition for the Fourier equation is important for en-
ergy partition and temperature profile prediction. If
the answer is positive, we ask further where the right
boundary position is. The goal of this paper is to elu-
cidate the above questions through physical reasoning
and a model simulation.

In this paper, the soil model is described in sec-
tion 2, the correct estimation of the lower boundary
position is illustrated in section 3, the result of the
numerical experiment is analyzed in section 4, and a
conclusion and discussion are given in section 5.

2. Description of the soil model

The study of heat and water transport within soil
is based on the coupled moisture and heat transport
model (CMHM) (Philip and Devries, 1975; Rosema,
1975; Sun, 1987; Milly, 1982; Scanlon and Milly, 1994).
Based on CMHM, Sun et al. (2003) derived a simpli-
fied version of the model without loss of accuracy. The

basic equations for soil moisture and temperature dis-
tribution from the simplified version are given by:
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where t and z are the time and depth, θ(z) and T (z)
are soil volumetric water content and temperature, C
is soil volumetric heat capacity, k is soil thermal con-
ductivity, K and DθL (Clapp and Hornberger, 1978)
are liquid moisture hydraulic conductivity and diffu-
sivity of soil, and DθV and DTV (Sun et al., 2003) rep-
resent the diffusivities contributed by vapor movement
due to moisture content gradient and temperature gra-
dient in the soil.

Equations (1) and (2) are solved by using the
implicit finite difference scheme and the Newton-
Raphson iterative method. The time step is 15 min-
utes, and the spatial interval varies from the surface
to the bottom, increasing exponentially downwards.
Near the soil surface where the variable gradients are
normally very sharp, a small interval should be used
and the surface layer thickness should be less than 2
cm. In order to simulate the temperature distribution
around the surface accurately, there should be several
sub-layers located within the damping depth of the
diurnal temperature wave. Within a depth of 1.5 m,
the model uses about 20 soil layers. When the lower
boundary position is lower than 1.5 m, the number of
soil layers should increase. The relatively fine vertical
structure of the soil model can improve the accuracy
of the model simulation results.

3. Estimation of the lower boundary position
with the zero flux condition

Equations (1) and (2) need upper and lower bound-
ary conditions. They are:
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Equations (3) and (4) are the upper and the lower
boundary conditions, respectively, for Eq. (1). Equa-
tions (5) and (6) are the upper and the lower boundary
conditions, respectively, for Eq. (2). ρw is water den-
sity, Rn, LE, and Hs are net radiation, latent heat,
and sensible heat on the soil surface, and I is the in-
filtration rate.

Table 1. The heat capacify and thermal conductivity
calealated from J75 for six exemplifical soils.

θ k (W m−1 K−1) C (J m−3 K−1)

Clay

0.05 0.202 1299000

0.10 0.538 1509000

0.20 0.874 1929000

0.30 1.071 2349000

0.40 1.210 2769000

0.48 1.300 3113400

Silt loam

0.05 0.197 1481000

0.10 0.532 1691000

0.20 0.867 2111000

0.30 1.062 2531000

0.40 1.201 2951000

0.485 1.294 3308000

Loam

0.05 0.264 1422000

0.10 0.662 1632000

0.20 1.060 2052000

0.30 1.292 2472000

0.40 1.458 2892000

0.451 1.527 3106200

Sandy clay

0.05 0.327 1385000

0.10 0.789 1595000

0.20 1.250 2015000

0.30 1.519 2435000

0.40 1.710 2855000

0.426 1.752 2964200

Sandy loam

0.05 0.313 1530000

0.10 0.799 1740000

0.20 1.285 2160000

0.30 1.569 2580000

0.40 1.771 3000000

0.435 1.830 3147000

Sand

0.05 0.486 1673000

0.10 1.188 1883000

0.20 1.890 2303000

0.30 2.301 2723000

0.35 2.457 2933000

0.395 2.580 3122000

The main problem is determining the proper lower
boundary position for Eq. (6). From a strict mathe-
matical point of view, the correct position should be
infinitely deep in order to completely include the en-
tire heat capacity of the soil body to absorb or release
heat energy. In practical and computational appli-
cations, however, the position can only be fixed at a
proper specified depth. At the same time, it is required
that the temperature gradient or the heat flux must be
insured to approach zero at the specified depth, oth-
erwise it may cause some artificial energy added into
or extracted from the model simulation, which would,
to some degree, distort the soil temperature solution.
However, by inspecting existing LSMs, you will find a
random selection of the position ranging from 1 m to
6 m as mentioned in section 1 .

The right position is related to the damping depth
of the annual heat wave defined in the Force-restore
method. Even though the Force-restore method is an
approximation of the Fourier Eqs. (2) and (6), its solu-
tion correctly reveals the propagation of two different
temperature waves characterized with different damp-
ing depths in the soil. One is the diurnal temper-
ature wave whose amplitude decreases exponentially,
∼ exp(−z/d), in a shallow surface layer with damping
depth d(O (10 cm))(O represents the order of mag-
nitude). The wave propagation is important because
it mainly dominates the diurnal variation of surface
temperature. The other is the annual (or seasonal)
temperature wave whose amplitude also decreases ex-
ponentially, ∼ exp(−z/D), in the deep soil layer with
damping depth D(O (1–5 m)). This wave is also very
important because the propagation and attenuation
of the wave basically defines the seasonal tempera-
ture distribution and variation in the entire deep soil
zone, which in turn determines the full capacity for
the soil body to store the heat energy and regulate
the amount of heat energy absorbed in the warm sea-
son and released in the cold season. Deardorff (1978)
and Lin (1980) proved that the annual waves of tem-
perature T and ground heat flux G both propagate
vertically according to T = T0 + ∆Te−z/D sin(ω̃t)
and G = (k/D)∆Te−z/D sin(ωt) = ∆Ge−z/D sin(ω̃t)
where D =

√
365d (d =

√
86400k/(πC). This means

that, if the variation amplitude of annual temper-
ature or ground heat flux at the ground surface is
O (∆T or ∆G) ≈ O (20◦ to 30◦C or 50 W m−2), the
variation amplitude of annual temperature or ground
heat flux is O(e−1∆T or ∆G) ≈ O(0.37∆T ≈ 7.4 to
11◦C or 19 W m−2) at depth D,O(e−2∆T or ∆G) ≈
O(0.135∆T ≈ 2.7 to 4.0◦C or 6.8 W m−2) at depth 2
D, and O(e−3∆T or ∆T ) ≈ O(0.05∆T ≈ 1.0 to 1.5◦C
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Fig.1. Variation of damping depth of annual temperature wave(m)(a),(b) and the thermal 
conductivity (c),(d) with the moisture content for different soil textures. 
 
   

Fig. 1. Variation of damping depth of annual temperature wave (a), (b) and the thermal conductivity
(c), (d) with the moisture content for different soil textures.

or 2.5 W m−2) at depth 3D. This indicates that the
heat flux and temperature variation in the soil will
not be reduced to a very small value or to zero at a
depth less than 2D. This clearly tells us the right lower
boundary position should be located around depth 3D
from the ground surface if a zero flux is used as the
lower boundary condition for the Fourier equation.

The damping depth D=
√

365d(d=
√

86400k/(πC)
is closely related to the soil thermal heat capacity and
conductivity. The heat capacity C (J K−1 m−3) is es-
timated by Peters-Lidard et al. (1998) as

C = (1942θm + 2503θo + 4186θ)103 , (7)

where θm is the volumetric content of minerals, θo the
volumetric content of organic minerals, and θ the vol-
umetric moisture content in the soil. For the ther-
mal conductivity, there are several empirical schemes
that are used very often, such as scheme J75 (Peters-
Lidard et al, 1998) and scheme MP81+CH78 (later
called MP81) (McCumber and Pielke, 1981), which
show great discrepancies between them,especially in a
wet soil case. Table 1 gives the results of the heat ca-
pacity and thermal conductivity calculated from J75
for six exemplified soils: clay, silt loam, loam, sandy

clay, sandy loam, and sand, based on the formula and
data used by Peters-Lidard et al. (1998). It can be
found from Table 1 that, for each soil, the heat capac-
ity for wet soil is around 2.0 times as large as that for
dry soil, and the conductivity for wet soil is around six
times or more as large as that for dry soil. This in-
dicates that the change of thermal conductivity with
moisture content has a more decisive influence on the
damping depth of the annual temperature wave. Fig-
ures 1c and 1d display the disparities of the thermal
conductivities from the schemes of J75 and MP81.
The conductivity magnitude from MP81 can be five
times larger than that from J75 for wet soil. Figure 1a
presents the damping depths of the annual tempera-
ture wave for the six soil textures based on J75, and
Fig. 1b for clay and sand based on MP81. In the Fig.
1a, the damping depth D from J75 for the six soil tex-
tures changes from 1.2 m–1.7 m under dry conditions
to 1.7 m–2.8 m under wet conditions, and in Fig. 1b,
the damping depth D from MP81 changes from 1.0
m–1.5 m under dry conditions to 4.5 m–5.5 m under
wet conditions. In order to cover the whole range of
soil moisture and soil texture and to take different
conductivity schemes into consideration, the entire
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Fig 2a Daily mean soil temperature at the indicated depths with the lower boundary position 1.5m 
deep for HEIFE desert station. 

(a) 

 3

 
Fig 2b Daily mean soil temperature at the indicated depths with the lower boundary position 3m 
deep for HEIFE desert station. 

(b) 

Fig. 2. Daily mean soil temperature at the indicated depths with the lower boundary position 1.5 m deep (a), 3 m deep
(b), 6 m deep (c), 10 m deep (d) for HEIFE desert station.

range covers 1 m–5.5 m, and a reasonable upper limit
of the maximum D should be from 2.8 m to 5.5 m. Ac-
cording to the reasoning given above, the lower bound-
ary position with zero flux should be located at a depth
around 3D (8 m–15 m) (the accurate estimation de-
pends on soil texture and soil moisture).

4. Results of numerical experiments

In order to verify the inference in section 3, the ef-
fect of the bottom position with different depths on the
temperature profile and heat transfers is examined by
simulating observed field data from the HEIFE (Heihe
river basin Field Experiments) experiment. The data
for one year is from a desert station of the HEIFE ex-
periment plan conducted in the Heihe region in west-
ern China, where the soil texture is sand and the soil
moisture is in a very dry situation because the annual
rainfall is around 60 mm and the total potential evapo-
ration is around 2000 mm. An empirical scheme (later
called NIU) of thermal conductivity k for sand being
used in this study is obtained from the Heihe field ob-
servation data in China (Gao and Hu, 1994; Niu, 1995)

and is expressed as

k = 0.8 + 1.4θ − (0.8− 0.3) exp(−27.0θ4) .

The thermal conductivity from NIU is close to that
from J75 in the dry case. But it is only half of the
conductivity from J75 and around one tenth of the
conductivity from MP81 in the wet case.

The effects of the lower boundary position on
temperature distribution are numerically investigated.
Figure 2 shows the comparison of the predicted daily
mean soil temperatures with observations above the
depth of 80 cm at the Heihe desert station for differ-
ent lower boundary positions (with depths of 1.5 m, 3
m, 6 m, and 10 m). From the figure, one can find that
the predicted temperatures around the surface layer
within a depth of 20 cm are not affected by shifting
the boundary position, and all are very close to each
other and are in good agreement with the observations
(refer to the curves at depths of 5 cm, 10 cm, and 20
cm). This is because variations of the temperatures
near the surface layer within the diurnal heat wave
penetration depth are mainly controlled by the diur-
nal heat-forcing wave and are little influenced by the
annual heat-forcing wave. However, for the region
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Fig 2c Daily mean soil temperature at the indicated depths with the lower boundary position 6m 
deep for HEIFE desert station. 

(c) 

 5

 
 
Fig 2d Daily mean soil temperature at the indicated depths with the lower boundary position 6m 
deep for HEIFE desert station. 
 

(d) 

Fig. 2. (Continued)

deeper than 40 cm, the temperatures predicted with
different boundary positions are somehow different
from each other, and the predicted temperatures with
the deeper boundary position show agreement with the
observations better than those with a shallower bound-
ary position. This is because the soil temperature at
a depth below O(2d) begins to be affected by different
boundary position settings.

In order to show the effect of the lower bound-
ary position on temperature distribution further into
the deeper soil zone, two numerical tests at the Heife
desert station are conducted with different moisture
conditions but with same air forcing condition and
sand soil property: one is in dry conditions with real
measured initial moistures, and one is in wet condi-
tions with a constant moisture during the model sim-
ulation period.

For the dry case, k (W m−1 K−1) from NIU is equal
to about 0.33 (W m−1 K−1) and the corresponding D
is around 1.46 m. Figure 3 displays the comparison of
daily average temperature distributions at the deeper
depths of 1.5 m, 3 m, and 6 m in the soil by using dif-
ferent lower boundary depths of 1.5 m (long and short
dashed line), 3 m (dotted line), 6 m (dashed line) and

10 m (solid line). For the temperatures at a depth of
1.5 m shown in Fig. 3a, there is a great discrepancy
of 10◦C between the temperature with the boundary
position 1.5 m and the temperatures with the other
boundary positions (3 m, 6 m, or 10 m). There is only
a small variation among the temperatures with the
boundary positions of 3 m, 6 m, and 10 m (equal to or
less than 2◦C). The range of the annual temperature
wave at a depth of 1.5 m with the boundary position
1.5 m deep varies from –5◦C to 25◦C approximately,
but the range of the annual temperature wave at the
same depth with other boundary positions (3 m, 6 m,
or 10 m) are close to each other and change only from
4◦C to 12◦C approximately. For the temperatures at a
depth of 3 m in Fig. 3b, there is a moderate variation of
5◦C between the temperature with the boundary posi-
tion 3 m deep and that with boundary positions 6 m or
10 m deep, and there is a very small difference between
the temperatures with the boundary positions 6 m and
10 m. The amplitude of the annual temperature wave
at a depth of 3 m with the boundary position 3 m deep
reaches approximately 8◦C, but the amplitudes of the
annual temperature wave with other boundary depths
(6 m and 10 m) decrease to about 2◦C. Then, by view-
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Fig. 3. Comparison of predicted daily mean temperature of the indicated depths with different 
lower boundary positions for HEIFE desert station.  

Fig. 3. Comparison of predicted daily mean temperature
of the indicated depths with different lower boundary po-
sitions for HEIFE desert station.

ing Fig. 3c which displays the differences of two tem-
peratures and the variation of their amplitudes at a
depth of 6 m for the two lower boundary positions 6 m
and 10 m deep, it can be found that both the differ-
ence and amplitudes reduce to very small values. From
the figures, the explicit conclusion can be made that
the lower boundary position has an important effect
on both ground heat flux transport into the soil and
the deep soil temperature profile, and a proper lower
boundary position in this dry case should be located
at a depth around 3 m to 6 m, which is approximately
equal to the depth 3D.

For the wet case test with the constant soil mois-
ture wetness W (W ≡ 0.75), the heat conductivities
estimated by J75 and MP81 are k =2.16 W m−1 K−1

and 5.75 W m−1 K−1, and the corresponding Ds are
2.8 m and 4.7 m. Figures 4 and 5 show the compari-
son of daily average temperature distributions at the
different depths of 3 m, 6 m, 10 m and 15 m by us-
ing different lower boundary depths of 3 m (long and
short dashed line), 6 m (dotted line), 10 m (dashed
line) and 15 m (solid line) for the two schemes respec-
tively. For the temperatures at a depth of 3 m shown

in Figs. 4a and 5a, both the temperatures with bound-
ary position 3 m deep are quite different from those
with other boundary positions, the difference being
about 10◦C or more. The temperatures at a depth
of 3 m with boundary positions 3 m deep also exhibit
greater annual variation. The range of the variation is
approximately from −5◦C to 20◦C for J75 and −10◦C
to 23◦C for M81. For the other boundary depths of 6
m, 10 m, and 15 m, all the corresponding temperatures
show smaller differences and the range of the differ-
ences are approximately equal to 2◦C (for J75) and
4◦C (for M81). All the temperatures bear a relatively
small annual variation with amplitudes around 3◦C to
15◦C (for J75) and −2◦C to 17◦C (for M81). The fea-
ture of the temperature at depth 3 m for the wet case
is quite similar to that at depth 1.5 m for the dry case
mentioned above, except there is a depth shift. The
other three sub-figures in Figs. 4 and 5 also present
behaviors similar to those in the dry case but with a
similar depth shift. Comparing Fig. 4 with Fig. 5, it
can be found that, at the same depth, the amplitudes
of the simulated temperatures using the MP81 scheme
are greater than those using the J75 scheme. The rea-
son is that the thermal conductivity (5.75 W m−1 K−1)
for the MP81 is much greater than that for J75 (2.16
W m−1 K−1). Under the same moisture content condi-
tions, the greater the thermal conductivity in the soil,
the more heat transfer to the soil, and the deeper the
damping depth of the diurnal and annual temperature
wave for the soil. By further checking the temperature
distribution at the depths of 3 m, 6 m, and 10 m and
the temperature wave amplitudes at depths of 10 m
and 15 m in Figs. 4 and 5, it is evident that the proper
lower boundary positions are 6 m–10 m for J75 and
10 m–15 m for MP81. It also proves that the depth
around 3D for the lower boundary position is a cor-
rect selection in the wet case. The features, that the
temperature at the shallower depth predicted by the
shallower lower boundary position (such as 1.5 m in
the dry case in Fig. 3 and 3 m in the wet case in Figs.
4 and 5) exhibits greater annual variation amplitude
than and more difference from those predicted by other
deeper boundary positions, are ascribed to the signif-
icant influence of the boundary position on the heat
transfer and storage in the soil body. When using zero
flux as a boundary condition, the boundary actually
acts as a heat barrier. It blocks the heat energy flow
up or down across the boundary. Thus, the heat en-
ergy flux, which originally should flow down through
the boundary in the warm season or go up through
the boundary in the cold season, is blocked and so the
energy accumulates up at the boundary. In turn, this
will increase the temperature in the warm season and
decrease the temperature in the cold season and enlar-
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 Fig. 4. Comparison of calculated daily mean temperatures at the indicated depth due to different 
lower boundary positions, Thermal conductivity scheme is J75 with constant wetness W=0.75. 
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Fig. 4. Comparison of calculated daily mean temperatures at the indicated depth due to different
lower boundary positions. Thermal conductivity scheme is J75 with constant wetness W = 0.75.
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Fig. 5. Comparison of calculated daily mean temperatures at the indicated depth due to different 
lower boundary positions, Thermal conductivity scheme is MP81 with constant wetness W=0.75 
 
 

Fig. 5. As in Fig. 4 but for MP81.
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Fig. 6. Calculated values of (A) monthly and (B) cumulative variation of total energy stored by soil 
body with different depth of boundary position. Thermal conductivity scheme is NIU 

Fig. 6. Calculated values of (a) monthly and (b) cumula-
tive variation of total energy stored by the soil body with
different depths of the boundary position. The thermal
conductivity scheme is NIU.

 10

 
Fig. 7. Calculated values of (A) monthly and (B) cumulative variation of total energy stored by soil 
body with different depth of boundary position. Thermal conductivity scheme is J75 with constant 
wetness W=0.75. 

Fig. 7. As in Fig. 6 but with thermal conductivity scheme
J75 with constant wetness W = 0.75.

ge the amplitude of the annual temperature wave at
the boundary. The deviation of the predicted temper-
ature from the real value depends on how much energy,
which originally ought to be transported away from or
into the boundary, is blocked and accumulated at the
boundary. The more energy blocked, the greater the
deviation of temperature produced.

In order to demonstrate the effect of the bound-
ary position on the energy transport in the soil, the
heat energy absorbed or released by the soil body in
different seasons with different boundary positions are
simulated. Figures 6, 7, and 8 present the results for
both dry and wet soil cases. They depict the differ-
ence of heat energy absorbed or released each month
and the cumulative variation of net gain of total heat
energy stored from June to the current month by the
soil body due to different boundary positions. Fig-
ure 6 presents the simulation results of the dry case
for one year of HEIFE data, which corresponds to a
small thermal conductivity k from the NIU scheme
and a small damping depth. Figure 6a describes the
heat energy absorbed (positive value) or released (neg-
ative value) each month, which is actually equal to
the amount of the ground heat flux into or out of the
soil surface in each month. There is an approximate
5 × 106 J m−2 difference of heat energy between the
case with boundary position 1.5 m deep and the cases
with boundary position 3 m, 6 m, and 10 m deep, while
there is a smaller difference between the positions 3 m
and 6 m (or 10 m) and little difference between the
positions of 6 m and 10 m. This verifies the conclu-
sion that the depth around 3–6 m (≈ 3D) is a correct
position for the lower boundary. Figure 6b shows the
cumulative variation of the total energy stored by the
soil body with different depths of the boundary po-
sition, which indicates the heat capacity of the soil.
Figures 7 and 8 show the results for wet soil, which
are similar to the dry case. By comparing Fig. 7 with
Fig. 8, the effects of the thermal conductivity on
the correct boundary position setting are clearly re-
vealed. The thermal conductivities from MP81 and
J75 are 5.75 and 2.16 (W m−1 K−1), respectively.
The results from the figures show that the soil with
greater thermal conductivity holds more heat capac-
ity and in turn can absorb more heat energy in sum-
mer and then release it in winter. This makes the soil
body more powerful in regulating the heat exchange
between the air and the ground surface. Figures 7 and
8 also verify that the proper lower boundary positions
are 6–10 m for the D = 2.8 m case and 10–15 m for
the D = 4.7 m case (both are around 3 again!).
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Fig. 8. Calculated values of (A) monthly and (B) cumulative variation of total energy stored by soil 
body with different depth of boundary position. Thermal conductivity scheme is MP81 with constant 
wetness W=0.75. 
 

Fig. 8. As in Fig. 6 but with thermal conductivity scheme
MP81 with constant wetness W = 0.75.

5. Conclusions and discussions

In this study, the effects of the lower boundary po-
sition setting on the heat balance of soil are reviewed.
From the above discussion and reasoning, the follow-
ing conclusions can be made. (1) The soil body as a
heat carrier has its intrinsic heat capacity under an-
nual heat wave forcing. The heat capacity is not al-
lowed to be ill-natured, or otherwise the solution of
the Fourier equation with a zero flux boundary con-
dition will be distorted. (2) The volume of the heat
capacity for a soil body is closely dependent on the an-
nual wave damping depth, mainly determined by the
thermal properties of the soil. (3) When using the
Fourier equation with zero flux as the lower boundary
condition, the selection of the lower boundary posi-
tion should be made very carefully because an over-
shallow lower boundary position will limit the annual
wave propagation downward into the entire soil zone,
block up heat energy into or out of the soil zone and
then misinterpret the intrinsic heat capacity owned by
the soil zone. This will cause the energy balance in
the soil to malfunction and in turn distort the energy
exchange between the atmosphere and the ground sur-
face. (4) In practice, it is impossible to locate lower
boundary position at an infinitely deep depth. So,
there should be a criterion for the position selection.

According to the reasoning and numerical simulation
results in this study, the depth of the position is very
dependent on the annual wave damping depth. The
proper depth for the lower boundary position may be
three times the annual heat wave damping depth or
more. For most soil textures, the proper lower bound-
ary depth for the Fourier equation should be within a
range of 6 m to 15 m, where the selection of the proper
value mainly depends on soil properties and the soil
moisture condition. Understanding the effect of the
lower boundary position on the heat balance in the
soil and the exchange between the ground surface and
the atmosphere is important.

If the land surface is covered by both snow and veg-
etation, the annual soil temperature wave will propa-
gate to a shallower depth than in bare soil because
snow has a lower thermal conductivity and snow also
acts as an isolator for the underlying soil. Since the
overlap of snow, vegetation, and underlying soil varies
in different seasons, it is better to select the lowest
boundary position for different land surface cover for
the whole year, which means to select the lower bound-
ary position of bare soil. With regard to frozen soil
with ice, the annual wave damping depth is much
greater than unfrozen soil because the thermal conduc-
tivity of ice is 4 times that of water and the heat capac-
ity of ice is one half of water. Accordingly, we should
take a deeper lower boundary position in a frozen soil
model.
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