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ABSTRACT 

Three approaches, i.e., the harmonic analysis (HA) technique, the thermal diffusion equation and correction (TDEC) method, and 
the calorimetric method used to estimate ground heat flux, are evaluated by using observations from the Semi-Arid Climate and 
Environment Observatory of Lanzhou University (SACOL) in July, 2008. The calorimetric method, which involves soil heat flux 
measurement with an HFP01SC self-calibrating heat flux plate buried at a depth of 5 cm and heat storage in the soil between the 
plate and the surface, is here called the ITHP approach. The results show good linear relationships between the soil heat fluxes 
measured with the HFP01SC heat flux plate and those calculated with the HA technique and the TDEC method, respectively, at a 
depth of 5 cm. The soil heat fluxes calculated with the latter two methods well follow the phase measured with the HFP01SC heat 
flux plate. The magnitudes of the soil heat flux calculated with the HA technique and the TDEC method are close to each other, 
and they are about 2 percent and 6 percent larger than the measured soil heat flux, respectively, which mainly occur during the 
nighttime. Moreover, the ground heat fluxes calculated with the TDEC method and the HA technique are highly correlated with 
each other (R2 = 0.97), and their difference is only about 1 percent. The TDEC-calculated ground heat flux also has a good linear 
relationship with the ITHP-calculated ground heat flux (R2 = 0.99), but their difference is larger (about 9 percent). Furthermore, 
compared to the HFP01SC direct measurements at a depth of 5 cm, the ground heat flux calculated with the HA technique, the 
TDEC method, and the ITHP approach can improve the surface energy budget closure by about 6 percent, 7 percent, and 6 percent 
at SACOL site, respectively. Therefore, the contribution of ground heat flux to the surface energy budget is very important for the 
semi-arid grassland over the Loess Plateau in China. Using turbulent heat fluxes with common corrections, soil heat storage be-
tween the surface and the heat flux plate can improve the surface energy budget closure by about 6 to 7 percent, resulting in a clo-
sure of 82 to 83 percent at the SACOL site. 
Keywords: soil heat flux; harmonic analysis; TDEC method; self-calculating heat flux plate; surface energy budget 

 

1. Introduction 
 

The impacts of human activities and land cover changes 

on the climate, and the regional climate responses to global 
environment change, are both results of the energy and mass 
exchanges between the surface and the atmosphere. Studies 
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of these exchanges will help to further elucidate the energy 
and mass circulations of regional climate systems and re-
gional climate changes. Total energy conservation is a ma-
jor constraint in the land-atmosphere energy exchange 
process. However, observations in recent decades have 
shown that turbulent heat fluxes (the sum of sensible heat 
flux and latent heat flux) calculated with the most ad-
vanced eddy covariance technique are typically only about 
70 to 90 percent of the surface available energy (the dif-
ference between net radiation and ground heat flux). In 
addition, lack of surface energy budget closure has been 
found in almost all of the studied flux sites (e.g., Wilson et 
al., 2002; Tanaka et al., 2003; Culf et al., 2004; Yang et al., 
2004a; Li et al., 2005; Oncley et al., 2007). This imbalance 
problem must be solved over time because surface energy 
conservation is the basic principle for the land module in 
all of the atmospheric circulation models. An imbalance of 
greater than 10 percent is not acceptable for model testing 
and further development, especially for the land model. 
Moreover, the main technique for many applications,—the 
satellite retrieval of surface evapotranspiration that is used 
in water resource management—is also based on the sur-
face energy conservation principle. In addition, the re-
trieval results must be tested with in-situ measurements. 
Therefore, surface energy budget closure has been used to 
characterize the quality of turbulent fluxes measured with 
the eddy covariance technique. 

Recent studies have found that the correct determination 
of heat storage within the soil-vegetation-atmosphere system 
is a key factor in the solution of the surface energy imbal-
ance (Ochsner et al., 2007; Foken, 2008). As a component of 
the surface energy balance, the ground heat flux (soil heat 
flux at the surface) plays an important role in the surface 
energy budget; its accurate estimation can improve the sur-
face energy budget closure significantly, especially over 
surfaces with bare soil or sparse vegetation (Heusinkveld et 
al., 2004). This component is usually measured directly with 
a soil heat flux plate buried at a certain depth below the 
ground surface (such as depths of 5–10 cm), or derived from 
multi-level measurements of soil temperature and soil mois-
ture. Because of the large gradient and significant phase 
difference (in vertical) of the soil temperature and soil heat 
flux, the accurate estimation of ground heat flux from meas-
urements of soil temperature and soil moisture has been of 
wide concern in recent years (for review, refer to Zhang et 
al., 2004). 

At present, there are several approaches to estimate the 
ground heat flux from observations, such as the common 
integral method which involves soil temperature measure-
ments, and the calorimetric method which involves heat flux 
plate measurement (Liebethal et al., 2005); the harmonic 
analysis (HA) technique (Horton et al., 1983); the empirical 
method (Zhang et al., 2006); and the method considering 
soil thermal conduction and convection (Fan and Tang, 1994; 
Gao et al., 2003). Measurements with heat flux plates could 
be quite erroneous in magnitude because it is usually diffi-

cult to calibrate them accurately (van Loon et al., 1998). 
This would result in significant uncertainty in estimating 
ground heat flux with the calorimetric method involving 
heat flux plate measurement (hereinafter referred to as the 
ITHP approach). Jacobs et al. (2007) found that the HA 
technique has better accuracy than the ITHP approach in the 
estimation of ground heat flux. However, the HA technique 
assumes a vertical homogeneous soil, which may be far 
from the reality. In order to deal with these problems, Yang 
and Wang (2008) recently developed an integral method that 
is not sensitive to the soil thermal conductivity, which was 
named thermal diffusion equation and correction (TDEC). 
Moreover, in order to eliminate errors due to the changing 
thermal conductivity of the environment, a new type of heat 
flux plate with an in-situ self-calibrating function (model 
HFP01SC) has been recently developed by Hukseflux 
Thermal Sensors, Delft, The Netherlands. Van Loon et al. 
(1998) showed through laboratory testing that this type of 
heat flux plate has an accuracy within 5 percent, and field 
comparisons also demonstrated that its accuracy had been 
improved significantly (Cobos and Baker, 2003; Ochsner et 
al., 2006). This indicates that the ITHP approach involving 
an HFP01SC self-calibrating heat flux plate may be one of 
the most reliable and effective methods of estimating ground 
heat flux. 

Since the TDEC method is a relatively new approach to 
estimate ground heat flux, to date there is no report about its 
application to surface energy budget study. Moreover, the 
effectiveness of the HFP01SC self-calibrating procedure 
needs more field tests over different types of surfaces. 
Therefore, in this study three approaches—the HA technique, 
the TDEC method, and the ITHP approach involving an 
HFP01SC self-calibrating heat flux plate—are evaluated to 
estimate ground heat flux by using observations from the 
Semi-Arid Climate and Environment Observatory of Lan-
zhou University (SACOL). Furthermore, the impacts of 
ground heat flux estimated with the above approaches on the 
surface energy budget closure will be assessed for a 
semi-arid grassland over the Loess Plateau of China. 
 
2. Materials and methods 
 
2.1. Experimental set-up 
 

SACOL is located in the Loess Plateau mesa region in 
central Gansu (35°57N, 104°08E, elevation 1,966 m), 
which has a semi-arid climate. According to the Chinese 
Soil Classification System (1995), the soil type of this region 
is Sierozem. This region is a natural desert grassland with 
species of Stipa bungeana, Artemisia frigida, and Leymus 
secalinu. More details about SACOL can be found in a re-
port by Huang et al. (2008). 

The in-situ measurements used in this study mainly in-
clude soil temperature, soil moisture (soil water content), 
soil heat flux, and radiation fluxes with a sampling interval 
of 10 minutes. The soil temperature measurements were 
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performed at depths of 2, 5, 10, 20, 50, and 80 cm (STP01-L, 
Hukseflux) and soil water content at depths of 5, 10, 20, 40, 
and 80 cm (CS616-L, Campbell). The soil heat flux was 
measured with a self-calibrating soil heat flux plate 
(HFP01SC-L, Hukseflux) at a depth of 5 cm. In addition, 
the upward and downward shortwave radiation fluxes were 
measured with a pyranometer (CM21, Kipp & Zonen), and 
the upward and downward longwave radiation fluxes with 
a pyrgeometer (CG4, Kipp & Zonen) at a height of 1.5 m 
above the ground surface. The surface temperature (Tsfc) 
was derived from the longwave radiation components as 
follows: 

  1/4
1 g

g

R R
T



 

   

 
 

LW LW
sfc             (1) 

where R
LW and R 

LW are the upward and downward long-
wave radiation fluxes (W/m2); the surface emissivity εg is set 
to be 0.98 empirically; and the Stefan-Boltzmann constant σ 
5.6710−8 W/(m2·K4). 

The turbulent heat fluxes (including sensible and latent 
heat fluxes) used to assess the surface energy budget closure 
were calculated from the measurements from the eddy co-
variance system. This system mainly consists of a three-axis 
sonic anemometer (CSAT3, Campbell) and an open-path 
infrared CO2/H2O analyzer (LI7500, LI-COR) at a height of 
3.0 m above the ground surface. The sampling interval of 
raw data was 10 Hz and the averaging interval was 30 min-
utes for the calculation of turbulent fluxes. Before acquiring 
the turbulent fluxes, the data were processed with an auto-
mated quality assurance and quality control (QA/QC) pro-
cedure of eddy covariance measurements. For more infor-
mation about the QA/QC procedure of turbulent fluxes, 
please refer to the work given by Zuo et al. (2009). 
 
2.2. Principle of the self-calibrating heat flux plate 

 
The HFP01SC self-calibrating heat flux plate is a new 

type of plate developed by Hukseflux Thermal Sensors, 
Delft, The Netherlands. This type of plate is 5 mm in thick-
ness and 80 mm in diameter, and has a thermal conductivity 
(m) of 0.8 W/(m·K). Unlike other types of heat flux plates, 
the HFP01SC has a film resistor covering its upper face. 
This resistor is used to generate a well known heat flux, φ 
through the plate; then the self-calibrating procedure can be 
achieved by quantifying the response of the heat flux plate to 
the heating (Hukseflux Thermal Sensors, 1999). In an ideal-
ized scenario (i.e., no gap and no difference of thermal con-
ductivity between the soil and the plate), half of the heat flux, 
φ/2, would pass upward into the surrounding medium and 
the otherφ/2 would pass downward through the plate. In 
reality, for a self-calibrating heat flux plate installed in soil, 
the actual flux through the plate caused by the heating, φh, 
will generally not be equal toφ/2 due to the inconsistency of 
the thermal conductivity between the soil and the plate. The 
ratio of the actual flux to the ideal flux, φh/(φ/2), is a 

measure of the heat flow distortion during heating and is 
defined as the calibration constant. Then the heat flux meas-
ured with the plate with the heater turned off can be cali-
brated in-situ as follows:  
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where Gr is the actual soil heat flux through the soil, which 
is the final output of the self-calibrating heat flux plate 
(W/m2), and Gm the soil heat flux measured with the plate 
(W/m2).  

The HFP01SC heat flux plate was buried at a depth of 5 
cm at the SACOL site. The ground heat flux in this site can 
be estimated by summing of the HFP01SC measurements 
(GObs,5) and the soil heat storage between the ground surface 
and the heat flux plate as follows: 

   , ,
z

i i
z

c
G G T z t t T z t

t

 



z       
0

s s
ITHP,0 Obs,5

5cm
  (3) 

where GITHP,0 is the ground heat flux (W/m2), ρscs is the soil 
heat capacity (J/(m3·K)), and T(z,t) is the measured soil 
temperature (°C). This method of estimating ground heat 
flux is a combination of HFP01SC measurements and the 
integral method, and is called ITHP for the convenience of 
description in this study. 
 
2.3. Harmonic analysis 

 
Molecular conduction dominates the heat transfer proc-

ess in the soil (Stull, 1988). The heat flux by conduction 
vertically through the soil (G) is proportional to the vertical 
gradient of soil temperature and is given as:  

T
G

z
 

 
s                    (4) 

where T is the soil temperature (°C), s(W/(m·K)) is the 
soil thermal conductivity, and z (m) is the soil depth (posi-
tive downward). Neglecting any horizontal heat conduction 
in the soil, i.e., assuming no other heat source/sink in the soil, 
the one-dimensional soil thermal diffusion equation can be 
given as: 

1T
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                (5) 

If the soil moisture does not change with depth or the 
change is so small that its impact on the thermal parameters, 
ρscs and λs, can be neglected, these two parameters can be 
considered as constant for a homogeneous soil. Assuming 
that there is only vertical heat transfer, equation (5) can be 
simplified as: 
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where λsscs (m2/s) is the soil thermal diffusivity. The 
initial and boundary conditions are given as: 

  00,   ,   0t T z T z z   

   (7b) 

where n is the harmonic wave number, (= 2N) is the 

n (8) 

where 

            (7a) 
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radial frequency, N is the total number of samples, M is the 
highest harmonic wave number, A0 and θ0are the amplitude 
and the phase, and γ (K/m) is the soil temperature lapse rate 
with depth. Then the analytical solution of equation (6) can 
be obtained by using the variable separation method as fol-
lows: 
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By taking the derivative ∂T/∂z of equation (9) and multiply-

the soil an be neglected, it is acceptable to as-
sume that the mean soil temperatures at all levels are uni-
form, i.e., γz≈0. Then the analytical solution becomes:  
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ing this by λs (or scs/), the soil heat flux G(z,t) can be 
given as: 

       

(10)

The soil heat capacity can be calculated with ing

Q

 

the follow  
formula: 

(1 )c c Q c    s s d d sat w w             (11) 

where Q (m3/m3) is the soil water conten sat

t

equation (5), the soil heat flux G(z) can 
be 

t, Q  is the soil 
porosity and has an observed value of 0.53 at he SACOL 
site, wcw = 4.19106 J/(m3·K) is the heat capacity of liquid 
water, and dcd is the heat capacity of the dry soil (J/(m3·K)), 
which can be determined from the observations. Therefore, 
the soil heat flux at a certain depth can be calculated from 
the observed soil temperature according to equation (10). 
The soil thermal diffusivity  can be estimated from a fit of 
equation (9) into the measured soil temperature. This 
method of estimating soil heat flux is called HA (harmonic 
analysis technique) in this study. 
 
.4. TDEC method 2
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expressed as:  
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where G(zref) is the soil heat flux at a reference depth (zref). 
pGiven tem erature profile T(zi), the discretized form of 

equation (12) is: 

     (13)

If the reference level zref is so deep that G(zref) is much less
ux, it 

lts 

r to eliminate the influence of rainfall/snow on 
the resul

and

 

 
than the ground heat fl is acceptable to assume G(zref) 
≈0. According to equation (11), the heat capacity can be 
calculated from soil water content and soil porosity, which 
can be easily determined. Therefore, the key issue in calcu-
lating the ground heat flux with equation (13) is how to 
make a reliable soil temperature profile from limited obser-
vations. Recently, Yang and Wang (2008) developed a new 
interpolation method of making the soil temperature profile. 
By assuming a constant soil thermal conductivity (e.g., 1.0 
W/(m·K)), they calculated the basic profile of soil tempera-
ture (TTDEC) with the soil thermal diffusion equation. Then 
the temperature errors due to inaccurate soil thermal con-
ductivity were corrected by the observations. Finally, soil 
heat flux at all layers can be obtained by integrating equation 
(13) from the bottom to the surface. This new method, called 
TDEC, is simple and can be easily realized (Yang and Wang, 
2008). 
 
3. Resu

 
In orde

t, a dataset of only 11 days (from July 17 to 27, 
2008) was selected for a detailed analysis in this study. Dur-
ing this 11-day period, the soil temperature in the middle and 
upper layers was characterized by significant diurnal varia-
tion and decreased amplitude with depth. The range of soil 
temperature at the ground surface was 11.3 ºC to 54.0 ºC, 
which was significantly larger than that from 15.8 ºC to 39.6 
ºC at a depth of 2 cm, indicating a more dramatic change of 
soil temperature in the upper layer. The soil temperature at 
the deeper layer varied little with time, especially at a depth 
of 80 cm which was nearly constant (data not shown). The 
mean soil temperature at depths of 2 cm, 5 cm, and 10 cm 
were 26.3 ºC, 25.9 ºC, and 25.5 ºC, respectively, indicating 
nearly uniform mean temperature in vertical in the upper soil 
layer. Moreover, the soil water content in all layers varied 
little with time and was constant (6.7 percent) at a depth of 
80 cm. The ranges of soil water content at depths of 5 cm 
and 10 cm were 9.5 to 11.5 percent and 11.0 to 12.5 percent, 
respectively. 

Moreover, some of the definitions used in this study are 
given as follows: Ti, L and Gi, L indicate the soil temperature 

 soil heat flux, respectively, at a depth of L cm, where i 
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indicates the approach to estimate the soil heat flux, i.e., 
TDEC, HA, or ITHP; Obs represented observation. We also 
defined the root mean square (rms) and bias, respectively, 
between two time series x and y as follows:  

in the calculation of soil heat flux. The former also requires 
the soil thermal diffusivity  which can be estimated by fit-
ting equation (9) into the measured soil temperature. A de-
tailed description of the calculation of  can be found in the 
report by Heusinkveld et al. (2004). 

Figures 1(a) and 1(b) compare the fitting of soil tem-
perature with HA and the observed soil temperatures at 
depths of 5 cm and 10 cm, respectively. It is shown that the 
fitting and the observed soil temperatures had almost a 1:1 
linear relationship with each other (R2 = 1.00). Their rms 
and bias were about 0.20 °C and 0.08 °C, respectively, at 5 
cm depth, and 0.33 °C and 0.18 °C, respectively, at 10 cm 
depth. This indicates that the soil temperature in the upper 
layer can be accurately fitted with HA at the SACOL site. 
With a mean soil water content of about 11 percent, the soil 
thermal diffusivity estimated with HA is about 7.2×10−7 
m2/s at this site. 

 2
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j j
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3.1. Determination of soil thermal parameters 

both require 
e soil heat capacity scs (or the heat capacity of dry soil dcd) 

 
The HA technique and the integral method 

th

 

 

Figure 1  Comparisons of fitting soil temperatures with the HA technique and the observed soil temperatures (Obs)                        
at depths of (a) 5 cm and (b) 10 cm, respectively 

 

The soil thermal conductivity λs can 
ng equation (4) to the observed soil heat flux and the verti-

cal

s

be obtained by fit-
ti

 gradient of the soil temperature. Figure 2 shows the dis-
tributions of the observed soil heat flux at a depth of 5 cm 
(GObs,5) and the observed vertical gradient of soil tempera-
tures between depths of 2 cm and 10 cm (dT/dz). It is shown 
that the soil heat flux was highly correlated with the vertical 
gradient of soil temperature (R2 = 0.99). According to equa-
tion (4), the slope of the regression line in figure 2 can rep-
resent the soil thermal conductivity λs. This indicates that a λs 
of about 1.0 W/(m·K) was obtained at the SACOL site, 
which was greater than that of the heat flux plate (λm = 0.8 
W/(m·K)). Then the soil heat capacity can be estimated from 
the well known λs and  according to their relationship, i.e., 
λsscs. With a mean soil water content of 11 percent, the 
soil heat capacity is about 1.4 × 106 J/(m3·K) at the SACOL 
ite, which indicates that the heat capacity of dry soil (Cd = 
dcd(1 − Qsat)) at this site is about 0.9 × 106 J/(m3·K). 

 

Figure 2  Scattergram of the observed soil heat flux at a depth of 5 
cm versus the observed vertical gradient of soil temperatures between 

depths of 2 cm and 10 cm. The line is the linear fit for all the data. 
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Harmonic analysis requires a vertical homogenous soil 
for performing soil thermal analysis. Therefore, we exam-

ed whether the soil at the SACOL site met this condition. in
As

ifferent soil layers at the SACOL site* 

Layer (cm) 0–1 60–80 80–100 

 shown in Table 1, the soil bulk density (d), with a range 
of 1.20103 to 1.22103 kg/m3 between surface and 100 cm 
depth, varies little with depth at the SACOL site. The soil 
porosity (Qsat) depends on the soil bulk density and the soil 

weight (D), i.e., Qsat = 1 − d/D. With a measurement value 
of D = 2.6, the soil porosities calculated from the above soil 
bulk densities had a range of about 0.52 to 0.54, indicating 
little variation of soil porosity with depth at this site. This 
indicates that the soil is nearly homogenous in vertical at the 
SACOL site, which can meet the requirement of HA in per-
forming soil thermal analysis. 

 

Table 1  Soil bulk density (ρd) of d

0 10–20 20–30 30–40 40–60 
d (g/cm3) 1.22 1.21 1.20 1.22 1.24 1.24 1.24 

*From Li et al., 2008. 

 

3.2.  heat fluxes calculated with different 
approaches 

 equation (10) or equation (13), soil heat 
flux at a certain depth can be calculated from observations 
by 

 heat flux plate and those 
cal

tively. GHA,5 and GTDEC,5 were closer to each other, with a 
slope of linear regression as high as 1.0 and R2 = 0.98 (data 

te are usually considered to be accurate (e.g., 
Ya

 Comparisons of soil

 
According to

using the HA technique or the TDEC method. In addition, 
soil heat flux at a depth of 5 cm could be measured with an 
HFP01SC self-calibrating heat flux plate at the SACOL site. 
Ground heat flux can also be estimated by summing the 
HFP01SC measurements and the soil heat storage between 
the plate and the ground surface. The following section pre-
sents a comparison analysis of the soil heat flux determined 
with these different approaches. 

Figures 3(a) and 3(b) show the comparisons of soil heat 
flux measured with an HFP01SC

culated with the HA technique and the TDEC method, 
respectively, at a depth of 5 cm. It is shown that the heat 
fluxes calculated with the HA technique (GHA,5) and with the 
TDEC method (GTDEC,5) were both highly correlated with 
the measured heat flux (GObs,5) (R

2 of about 0.98 and 0.99, 
respectively). However, GHA,5 and GTDEC,5 were both slightly 
larger than GObs,5, by about 2 percent and 6 percent, respec-

not shown). 
The sign and phase of soil heat fluxes measured with a 

heat flux pla

 

ng and Wang, 2008), so they can be used as a reference 
for the validation of the soil heat fluxes estimated with other 
methods. Figure 4 shows the measured and calculated soil 
heat fluxes at a depth of 5 cm at the SACOL site. For a bet-
ter visualization, only 6 days (DOYs from 204 to 210, 2008) 
are shown. These data demonstrate that the soil heat fluxes 
calculated with the HA technique and the TDEC method 
both follow the sign and phase of the HFP01SC measure-
ments very well, indicating that both HA and TDEC likely 
have only small errors in the phase of the estimated soil heat 
fluxes. In particular, the time curves of the soil heat fluxes 
calculated with the HA technique and the TDEC method 
almost overlap. However, the absolute HFP01SC measure-
ments were significantly smaller than those calculated with 
the HA technique and the TDEC method during the night-
time, resulting in a relatively large difference between the 
calculated and the measured soil heat fluxes. 

 

Figure 3  Comparisons of the soil heat fluxes measured with an HFP01SC heat plate (GObs,5) and calculated with                        
(a) the HA technique (GHA,5) and (b) the TDEC method (GTDEC,5) at a depth of 5 cm at the SACOL site 
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Figure 4  Soil heat fluxes measured with an HFP01SC heat plate (Obs) and calculated with the HA technique and the TDEC method,           
respectively, at a depth of 5 cm for DOYs from 204 to 210, 2008 

The accurate estimation of g
tant, especially for surface energy budget studies. Figure 5 
com

 larger than GITHP,0 by about 9 
percent (Figure 5(b)). The sign and phase of the ground 

  

 

round heat flux is impor- 4.6 W/m2), but GTDEC,0 is

pares ground heat fluxes calculated with different ap-
proaches. There is a nearly 1:1 linear relationship between 
the ground heat fluxes calculated with the TDEC method 
(GTDEC,0) and the HA technique (GHA,0) (R2 = 0.97 and a 
bias of about 1.9 W/m2) (Figure 5(a)). The former also has 
good agreement with the ground heat flux calculated with 
the ITHP approach (GITHP,0) (R

2 = 0.99 and a bias of about 

heat fluxes calculated with these three approaches agree 
well with each other and their time curves almost overlap 
(data not shown). However, the absolute GITHP,0 is slightly 
smaller than the absolute GTDEC,0 and the absolute GHA,0 
during the nighttime, which mainly resulted from the 
smaller absolute measurements with the HFP01SC at the 
depth of 5 cm. 

 

 
Figure 5  Comparisons of ground heat fluxes calculated with the TDEC method (GTDEC,0) and (a) the HA technique (GHA,0)                    

and (b) the ITHP approach involving HFP01SC measurement 

3.3. Impact of the ground heat flux on 
 

 
rface energy balance, many studies have focused on the 

cha

nent of the surface energy balance 
without extrapolating to the ground surface (e.g., Yang et al., 

 

the surface energy budget ally used as the G0 compo

Due to the important role of ground heat flux (G0) in the
su

racteristics of the G0 component and its contribution to 
the surface energy budget over the Loess Plateau of north-
west China in recent years (Yang et al., 2004b; Wei et al., 
2005; Liu et al., 2007; Wang et al., 2007; Wen et al., 2007). 
Among these studies, measurements with a heat flux plate 
buried at a certain depth below the ground surface were usu-

2004b; Wei et al., 2005; Wang et al., 2007). For the surface 
energy budget, however, the soil heat storage (S) in the layer 
between the heat flux plate and the ground surface could not 
be neglected and a higher energy budget closure could be 
obtained if the S term is taken into account (e.g., Jacobs et 
al., 2007; Liu et al., 2007). 

The previous results have shown that the soil heat fluxes 
calculated with the HA technique and the TDEC method 
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both agree well with the HFP01SC measurements at the 
SACOL site. Ground heat fluxes can be calculated with any 
of these approaches, i.e., HA, TDEC, and ITHP involving 
HFP01SC measurements, and then used to evaluate the clo-
sure of the surface energy budget. 

The simplified surface energy balance equation can be 
expressed as: 

n 0R G E H                 (15) 

wh
ownward longwave and shortwave radiation 

components, and E and H are the la
fluxes (W/m2), respectively. In addition,

ere Rn is the net radiation (W/m2), calculated from the 
upward and d

tent and sensible heat 
 the closure of the 

surface energy budget is defined as: 

n 0

E H

R G

 



                  (16) 

In this study,  was determined with the least squares method. 
Figure 6 shows the variations of the surface energy bal-

ance components during an almo
site. The turbulent fluxes, including E and H, and the 

cat

ariance flux uncertainty during the nighttime 
(M

st clear day at the SACOL 

ground heat flux were all positive during the daytime, indi-
ing that the former were transported upward into the at-

mosphere and the latter downward into the soil. In contrast, 
during the nighttime the sensible heat flux was transported 
downward and the ground heat flux upward to the surface, 
while the latent heat transfer was very weak. Furthermore, it 
is also shown that the sensible heat transfer played a major 
role and the soil heat flow and latent heat transfer were sec-
ondary in the consumption of the net radiation during the 
daytime. 

Table 2 shows that the characteristics of surface energy 
balance depended on different methods of estimating ground 
heat flux at the SACOL site. To eliminate the influence of 
eddy cov

assman and Lee, 2002), only data collected during the 
daytime were used in this analysis. It is shown that a closure 
of only about 76 percent was obtained by using the direct 
measurements with an HFP01SC heat flux plate buried at a 
depth of 5 cm (GObs,5) in the estimation of surface energy 
budget closure. By using the TDEC-calculated ground heat 
flux GTDEC,0 instead of GObs,5, the closure was about 83 
percent, an improvement of 7 percent. Moreover, the con-
tributions of H, E, and GTDEC,0 to the surface energy 
budget were about 47 percent, 20 percent, and 21 percent of Rn, 

respectively, while GObs,5 was only about 13 percent of Rn. If 
the HFP01SC measurements were extrapolated to the 
ground surface, the proportion of soil heat flux to the net 
radiation was improved by about 7 percent and the associ-
ated surface energy budget closure improved by about 6 
percent. The ground heat flux calculated with the HA tech-
nique was about 20 percent of Rn and could result in a sur-
face energy budget closure of about 82 percent, which was 
also higher than the closure (76 percent) estimated from the 
HFP01SC measurements without fully taking the soil heat 
storage into account. These results indicate that the soil heat 
storage in the layer between the flux heat plate and the 
ground surface was about 7 to 8 percent of Rn at the SACOL 
site. If this part of the heat storage was taken into account, 
the surface energy budget closure would be improved by 6 
to 7 percent. 

 

 

Figure 6  Measurements of the surface energy balance components 
during an almost clear day. Rn indicates the net radiation flux, H and 
E the sensible and latent heat fluxes, respectively, measured with 

the eddy covariance technique, and G0 is the TDEC-calculated 
ground heat flux. 

 

Therefore, the ground heat flux has a very important 
contribution to the surface energy budget for the semi-arid 
grassland over the Loess Plateau mesa region. The surface 
energy budget closure was improved significantly when the 
soil heat storage was fully taken into account at the SACOL 
site. Even by doing so, the resultant imbalance was still 
about 49.7 to 52.9 W/m2. The reasons for this imbalance will 
be further discussed in another study. 

 

Table 2  Dependence of characteristics of surface energy balance on 

Method G0/Rn 

different methods of estimating ground heat flux (G0) at the SACOL site  

 R2 ΔE  
TDEC 0.21 0.83 0.88 49.7 
HA 0.20 0.82 0.88 52.9 
ITHP 0.20 0.82 0.88 52.0 

a 0.   HFP01SC 0.13 76 0.89 74.8 
aThe HFP01SC heat flux plate was buried at a depth of 5 cm. Rn tes the net radiation  closure rate of the sur ergy budget, 

 linear correlation coefficient between the sum of sensible and latent heat fluxes (H + nd the surface availab gy (Rn − G0), 
 = Rn − (λE + H + G0), the res energy flux (W/m2). 

indica ,  the face en
R the  E) a le ener
and ΔE idual 
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4. Conclusions 
 

 
yzed by using observations 
 Environment Observatory 

f 

y 

 
The HFP01SC self-calibrating heat flux plate is different 

eteorology, 13(1): 14–19. 
ergy balance closure problem: an overview. Ecologi-

cal Applications, 18: 1351–1367. 
ian L, 2003. An analytical solution to one-dimensional 
tion-convection in soil. Soil Science, 168: 99–107. 

Heusinkveld BG, Jacobs AFG, Holtslag AAM, Berkowicz SM, 2004. Sur-

Jac

Li 

Li 

and discussion 

Three methods of estimating ground heat flux were 
pact of their calculated results on the

measurements t th a common heat plate usuall
have large errors in their magnitude that are difficult to cali-
brate accurately by post-processing (van Loon et al., 1998).

evaluated and the im
surface energy budget was anal
rom the Semi-Arid Climate andf

o Lanzhou University (SACOL) in July, 2008. These ap-
proaches included the HA technique, the TDEC method, and 
the calorimetric method involving soil heat flux measure-
ment with a self-calibrating heat flux plate (Model 
HFP01SC). It was shown that the soil heat fluxes calculated 
with the HA technique and the TDEC method were both 
highly correlated with the soil heat flux measured with the 
HFP01SC heat flux plate. In addition, these calculated soil 
heat fluxes well followed the sign and phase of the 
HFP01SC measurements, and the magnitude of the former 
was close to that of the latter. Furthermore, ground heat flux 
calculated with any of these approaches (HA, TDEC, and 
the calorimetric method) can be used to assess the closure of 
surface energy budget at the SACOL site. By fully taking the 
soil heat storage into account, a closure of about 82 to 83 
percent was obtained, an improvement of about 6 to 7 per-
cent compared to the HFP01SC direct measurements at a 
depth of 5 cm. 

In the estimation of ground heat flux, the HA technique 
only requires soil temperature at the surface or in a layer 
near the surface, and the relevant soil thermal parameters. 
However, HA assumes that the soil temperature could be 
described with a sine function or a Fourier series, which may 
be far from the reality. This method also assumes a vertical 
homogenous soil, implying that a homogenous or nearly 
homogenous soil is required in soil thermal analysis (Heus-
inkveld et al., 2004). 

TDEC is a type of integral method of estimating soil 
heat flux from observations of multi-level soil temperature 
and soil moisture. An obvious advantage of TDEC is its 
insensitivity to the soil thermal conductivity, which is diffi-
cult to determine accurately (Yang and Wang, 2008). Be-
cause the soil temperatures in the upper soil layer always 
have dramatic variations, large vertical gradients, and sig-
nificant differences in phase between different levels, a reli-
able temperature profile calculated from limited observa-
tions is crucial for estimating soil heat flux with the integral 
method. Unlike the general integral method, TDEC uses the 
soil thermal diffusion equation to construct the major part of 
the temperature profile, and then a linear interpolation to 
correct minor errors of this profile, resulting in a more reli-
able temperature profile for estimating soil heat flux. Our 
results showed that soil heat flux calculated with the TDEC 
method agreed well with that calculated with the HA tech-
nique. These calculated results were both close to the 
HFP01SC measurements, indicating that the TDEC method 
may be a reliable and effective method of estimating ground 
heat flux. 

Direct measurement with a heat flux plate is a relatively 
simple method of determining soil heat flux. However, 

from other types of heat flux plates in that it can provide a 
more accurate estimation of soil heat flux in laboratory 
studies as well as in field experiments (van Loon et al., 1998; 
Och

aken wi  flux 

sner et al., 2006). Although Cobos and Baker (2003) 
found that the soil heat flux measured with an HFP01SC 
heat flux plate was overestimated by about 22 percent in the 
laboratory, the HFP01SC measurements were shown to be 
reliable in their field study. Our field study also showed that 
the HFP01SC measurements were likely accurate at the 
SACOL site. Therefore, the calorimetric method involving 
HPF01SC measurements may also be a reliable and effec-
tive method of estimating ground heat flux. 
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