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Abstract Using supplementary observational data
obtained from the “Oasis System Energy and Water Cycle
Field Experiment” conducted in the summer of 2005 and
2008, we performed a comparative analysis of the char-
acteristics of soil thermal regimes of an Oasis and the Gobi
in terms of the surface albedo, soil temperature gradient,
soil heat flux and soil thermal conductivity. The results
showed that on sunny summer days, the daily average
albedos of the Gobi and Oasis were 0.215, 0.159 in 2005
and 0.207, 0.150 in 2008, respectively. The soil tempera-
ture gradient and the net radiation showed an approximate
linear relationship; the soil temperature gradient decreased
with the increase of net radiation and it declined faster
when the net radiation was negative. The soil heat flux of
the 0.05 m soil layer varied in phase with the soil heat flux
of the 0.20 m layer of soil. The thermal conductivity values
of the 0.05 m layer of the Gobi and Oasis soil were 0.193
and 0.374 W m~' K~'. The soil heat flux can be well
estimated using soil temperature gradient and soil thermal
conductivity from observation in the Gobi.
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Introduction

The surface energy flux can change the structure of the
atmospheric boundary layer as well as its mechanism
(Kristovich and Braham 1998; MacKellar et al. 2013;
Mahrt and Vickers 2005; Michael and Cuenca 1994;
Oncley et al. 2007), and further influence the regional and
global climate (Harding and Snyder 2012; Trenberth et al.
2001; Watterson and Dix 1996; Zhu and Lettenmaier
2007). The law governing interactions between the
underlying surface and atmosphere in different environ-
ments have been studied for many years by meteorologists
in China and throughout the world (Bernhofer 1992;
Hammerle et al. 2007; Wen et al. 2014; Wu et al. 2014;
Zhang et al. 2014). Soil temperature and soil heat flux are
the main parameters that determine the soil thermal regime,
which also significantly influence the energy balances of
different ecological systems (Guo et al. 2011; Heusinkveld
et al. 2004; Li et al. 2014). As one of the major components
of the land—atmosphere interaction, the surface energy
balance reflects the energy bonding function of the land—
atmosphere coupling process (Zhang and Cao 2003). The
climate change due to solar activity, land use changes and
anthropogenic activities is mainly realized through changes
in the radiation balance and the energy exchange between
land and atmosphere. Therefore, changes in surface heating
field are of significant concern in the study of global cli-
mate change and climatic anomalies (Ogée et al. 2001;
Wilson et al. 2002; Zhang and Cao 2003). Undoubtedly,
the land—atmosphere interaction plays an important role in
climate systems, and the soil thermal regime also plays an
extremely important role in the land—atmosphere interac-
tion. A description of changes in the heat and moisture of
soil is also essential for the development of land surface
models (Gayler et al. 2013; Ren et al. 2008; Shao and
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Irannejad 1999; Warrach et al. 2001). According to the
study by Yang et al. (2005), the vertical heterogeneity of
soil has a significant influence on simulations of the ver-
tical distribution of the soil moisture content, which can in
turn affect land surface model simulations of the sensible
heat flux and latent heat flux. Ji and Pu (1989) conducted a
study on the characteristics of surface heating fields in the
Tibetan Plateau, and Li et al. (2005) discussed the char-
acteristics of surface heating fields and soil thermal
regimes in the Wudaoliang Region of the northern Tibetan
Plateau. Using ground temperature data collected over
many years, Zhang et al. (2005) calculated the distribution
characteristics of soil heat flux in the Tibetan Plateau.
Based on these data, Gao (2005) and Gao et al. (2003)
described the effect of soil heat convection on soil tem-
perature. Furthermore, Gao et al. (2010) characterized the
phase difference between soil surface heat flux and tem-
perature and to investigate whether it influences soil sur-
face energy balance closure. These studies gave an
explanation for the non-closure of the surface energy bal-
ance observed in the field experiments, which has been
widely recognized. However, these studies mainly
addressed conditions in the Tibetan Plateau, and few
studies have focused on the arid and semiarid regions of
northwestern China.

In this study, the Jinta Oasis is located in the Heihe
River Basin in northwest China. In recent years, studies of
the heterogeneous underlying surface of this Oasis system
have been increasingly highlighted by atmospheric
boundary layer research (Han et al. 2010; Meng et al.
2009). For example, the “HEIFE” and “Field Experiment
on Land—atmosphere interaction in Arid Region of North-
west China” projects have been conducted in this area. In
these studies, researchers determined some of the charac-
teristics of the land—atmosphere interaction in the arid and
semiarid regions of northwest China, and they put forward
several new concepts on certain land surface processes
(Kang et al. 2005; Tamagawa 1996; Wang and Mitsuta
1992; Zhang et al. 2002). However, further study is needed.
To assess the water-heat exchange between the extremely
important Jinta Oasis and the surrounding Gobi in the arid
and semiarid region of northwest China, the “Oasis System
Energy and Water Cycle Field Experiment” (simply called
the “Jinta Experiment”) was carried out in Gansu Province

Table 1 The site and underlying surface of the observed stations

Station Coordinates The underlying surface

Oasis 39°59.488'N There were cropland covered with the
98°56.177'E mature period wheat

Gobi 39°58.353'N There were different sizes of gravel
98°51.518'E on the Gobi
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in China in the summers of 2005 and 2008 (Han et al.
2010). The objective was to obtain observational data from
experiments at the Gobi and Oasis sites using a consistent
observation system (Table 1). Here, the soil thermal
regimes of different underlying surfaces based on their
surface albedo, soil temperature gradient, soil heat flux and
soil thermal conductivity were analyzed and discussed.

Materials and methods
Study area and data selection

In this study, the Jinta Oasis is situated in the western part
of the Badain Jaran Desert and along the bank of the Heihe
River. The Oasis has a total area of approximately
2,152 km? and lies between 98°39’ to 99°08'E and 39°56
to 40°17'N. Jinta Oasis is surrounded by the Gobi, and its
topography is flat with altitude difference of only approx-
imately 80 m (Fig. 1). This area has a temperate conti-
nental climate with an annual precipitation of
approximately 59.5 mm and an annual potential evapo-
transpiration of approximately 2,538 mm. The soil-water
recharge of the Jinta Oasis is mainly dependent on snow-
melt from Qilian Mountain and irrigation through manual
wells. The Jinta Oasis also receives strong solar radiation
and exhibits considerable temperature differences between
day and night as well as an intense land—atmosphere water
and heat exchange. The data were adopted in 2005 and
2008, respectively. The observational period spanned from
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Fig. 1 Geographic and land use sketch map of Jinta Oasis
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summer to autumn in 2005 and 2008. The experiments
were simultaneously conducted in the Oasis and Gobi study
areas. The observation variables included the downward
and upward shortwave radiation, the downward and
upward long-wave radiation, the latent heat flux, the sen-
sible heat flux, the soil heat flux, the soil temperature, the
soil moisture content, the air temperature and humidity.
Please see Table 2 for details regarding the observation
height and instruments. All instruments were calibrated,
and comparative tests were conducted prior to the experi-
ment. The results were in line across all instruments. The
sampling frequency of the ultrasonic instrument was
10 Hz.

By focusing on the comparative analysis of character-
istics of the soil thermal regimes of different underlying
surfaces on several consecutive sunny days in June of 2005
and 2008, this paper provides a reference for studying the
interaction mechanism of the soil-plant—atmosphere con-
tinuum of different underlying surfaces in the Oasis and
Gobi. In this paper, the observation time was converted
into the local time, with the average of the analytical data
over a period of 1 h. All experimental data used in this
paper passed quality control assessments.

Albedo

In this study, the average surface albedo refers to the
specific value of upward shortwave radiation and down-
ward shortwave radiation during the observation period:

=Ry (1)

In this equation, R is the upward shortwave radiation
reflected from the surface, and Q is the downward short-
wave radiation. Generally, the surface albedo is a function
of several factors such as the surface soil color, roughness
length, soil moisture content and solar elevation (Li et al.
2005). However, because diurnal variations of the surface
soil color and roughness length are not evident during
short-term observation, soil moisture content and solar
elevation are regarded as the major factors causing the
diurnal variation of the albedo.

Soil temperature gradient and surface net radiation

The soil temperature gradient reflects the variation in
temperature within a unit of vertical distance. This is an
important physical quantity that is indicative of the inten-
sity of heat transmission in the vertical direction. The heat
transmission takes place in the opposite direction as the soil
temperature gradient.

The equation for the soil temperature gradient is as
follows:

Gra = — > (2)

o _ {ATI/AZH—ATZ/AZZ}
oz

In this equation, Gra is the soil temperature gradient in
K m™!, AT is the temperature difference (°C) between two
soil layers and AZ is the depth interval between two soil
layers. The temperature difference of the two soil layers
can be calculated using Egs. (3a, 3b):

ATl = T1 — T() (321)
AT, =T, — T, (3b)

In these equations, T is the soil surface temperature, 7
is the temperature at 0.1 m depth of soil and 75 is the
temperature at 0.2 m depth of soil. AZ, is the depth interval
between 0 and 0.1 m layer of soil, AZ, is the depth interval
between 0.1 and 0.2 m layer of soil, can be expressed as:

AZ] = AZ2 =0.1m

Soil heat flux and soil thermal conductivity

In this experiment, the average values measured for soil
heat flux plate at 0.05 and 0.20 m depth of soil were used to
express the soil heat flux at different depths in the obser-
vation sites. As an example, the diurnal variations of the
soil heat flux were analyzed at different depths on a typical
sunny day (June 25, 2005).

The equation for the soil heat flux is as follow:

or
G =—-1— 4
27 (4)
In this equation, G is the soil heat flux (W mfz), /. 1s the
soil thermal conductivity (W m ! Kil) and g—g is the soil

Table 2 Sensors and install height of different observation instruments

Content Instrument Manufacturer Country Installation height (m)

Air temperature and humidity HMP45C Vaisala Finland 3.0

Radiation components CNR-1 Kipp & Zone Netherlands 1.5

Turbulent flux CSAT3/LI-7500 Campbell scientific/LI-COR USA 32

Soil heat flux HFPO1 Hukseflux USA —0.05, —0.20

Soil temperature 107L Campbell scientific USA —0.05, —0.10, —0.20, —0.40
Soil moisture content CS616 Campbell scientific USA —0.05, —0.10, —0.20, —0.40
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temperature gradient (K m™'). / can be calculated by
rearranging Eq. (5):

) = —G/(3T/dz) (5)

By substituting the soil heat fluxes observed at 0.05 m
depth of soil in the Gobi and Oasis (G), as well as the
temperature gradient (07 /0Z) calculated using the Eq. (5),
the soil thermal conductivity of the 0.05 m layer could be
easily obtained for different underlying surfaces.

Results and discussion
Albedo

The albedos of different underlying surfaces in the Jinta
Oasis during consecutive sunny days are shown in Fig. 2a,
b, and the average diurnal variation on several days as well
as the fitted curve is presented in Fig. 2c, d.

The albedo is relatively high in the morning and late in
the afternoon and relatively low at noon but is not sym-
metric around 12:00 at noon. In other words, during a
single day, the albedo can vary when the solar altitude is
constant, and the albedo law in the Oasis is more con-
spicuous than that in the Gobi. The diurnal variation curves
of the albedo for the Gobi get closer to U-shaped because
the soil in this area is dry and the soil moisture content is
low. In addition, the diurnal variation of the albedo is a
function of variations in the solar elevation.

Statistics showed that the daily average albedos of Gobi
and Oasis at noon (11:00-13:00) were 0.215, 0.159 in 2005
and 0.207, 0.150 in 2008, respectively. The albedo of the
Gobi was clearly higher than that of the Oasis, mainly
because the shade provided by plants in the Oasis reduced
the albedo; in addition, the soil of the Oasis contains more
moisture, and the moisture surrounding the soil particles
increases the absorption of downward shortwave radiation.
Generally, higher soil moisture content corresponds with a
lower albedo. The observations showed that the albedo of
the Gobi region surrounding the Jinta Oasis was approxi-
mately equal to the albedo of the Heihe Region (0.228)
(Zou et al. 1992).

Soil temperature gradient and surface net radiation

The soil temperature gradients of the Gobi and Oasis in the
Jinta region were calculated using Eqgs. (2) and (3a, 3b).
Figure 3 shows the soil temperature gradients of different
underlying surfaces in the Jinta region during consecutive
sunny days as well as the average diurnal variation of the
soil temperature gradients. Based on Fig. 3, it could iden-
tify the apparent characteristics of the diurnal variation in
the soil temperature gradient for different underlying sur-
faces. From 0:00 to 7:00 in the morning, the Gobi and
Oasis both have a positive temperature gradient, indicating
that during this period, the soil heat is transmitted to the
land surface from the deep soil layers. As the solar ele-
vation gradually increases, the soil temperature gradient
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turns negative, and the deeper soil receives energy from the
land surface. At 19:00 in the afternoon, the soil temperature
gradient again becomes positive. According to Fig. 3, the
amplitude of the variation in the temperature gradient of
the Oasis was clearly lower than that of the Gobi. This is
mainly because the Oasis is largely covered by plants, and
the plant coverage effectively reduces the solar radiation
received by the land surface. Thus, the response of the soil
to solar heating is delayed. At night, the long-wave radia-
tion from the land surface of the Oasis was lower than that
of the Gobi, and the land surface cooling was also rela-
tively slow. Therefore, the variation in the soil temperature
gradient of the Oasis is less obvious than that of the Gobi at
night.

The diurnal variation of the soil temperature gradient
mainly depends on the net radiation accepted by the land
surface and the soil thermal regime (e.g., the soil moisture
content, soil specific heat and soil thermal conductivity).
According to the correlation analysis, the soil temperature
gradient and the surface net radiation showed an approxi-
mate linear relationship (Fig. 4). Overall, the soil temper-
ature gradient decreased with the increase in net radiation
at both sites, however, it declined faster when the net
radiation was negative from a microscopic view. More-
over, compared with the Oasis, there were lower soil
temperature gradient (but its absolute value was large) and
higher lapse rate for soil temperature gradient along with
the increase of net radiation at Gobi site. The average

correlation coefficients of the soil temperature gradient and
net radiation for the Gobi and Oasis were —0.91 and —0.90
in both years. After fitting, we obtained the following
regression equations between the soil temperature gradient
(Gra) and the net radiation (R,):

2005: Gobi

Gra = —2.60 X R, + 32.32 (6a)
Oasis

Gra = —8.94 x R, +23.66 (6b)
2008: Gobi

Gra = —3.25 x R, +20.97 (7a)
Oasis

Gra = —-9.01 x R, +38.17 (7b)

Soil heat flux

The diurnal variations of soil heat flux in the Gobi and
Oasis as well as the variations with time and soil depth are
shown in Fig. 5. The heat fluxes of the soil in the 0.05 and
0.20 m layers of the underlying surface showed diurnal
variation, the variation of soil heat flux in the deep soil
(0.20 m) was clearly behind that in the shallow soil
(0.05 m), and its amplitude in the deep soil was small
because the response of the deep soil to external influences
was slow. At the Gobi site, the peak of soil heat flux at 0.05
m depth occurred at 13:00, whereas the peak of soil heat
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flux at 0.20 m depth occurred at 18:00. The negative soil
heat flux turned positive at approximately the same at both
sites, i.e., 7:00 local time for the 0.05 m layer and 11:00
local time for the 0.20 m layer (Fig. 5a).

The 0.05 and 0.20 m layer of soil in the Oasis both
showed relatively early peaks in the soil heat flux at 11:00
and 15:00, compared to the peaks at the Gobi site. The
positive value of the soil heat flux in the 0.05 m layer
turned negative at about 9:00 and thus lagged behind that
of the Gobi. In addition to the negative soil heat flux of the
0.20 m layer turned positive at about 10:00. This demon-
strates that the surface Oasis soil that is covered by plants is
relatively slow to respond to external influences; however,
the heat capacity is much greater owing to the high mois-
ture content of the Oasis soil. Therefore, as the moisture
gradually increases, the soil heat capacity will also
increase. This fact can be regarded as a better explanation
of why the soil heat flux of the 0.20 m layer in the Oasis
can reach its peak value within a relatively short period. In
this experiment, we only measured the soil heat flux of the
0.05 and 0.20 m layer, from which we determined the
characteristics of the diurnal variation. In practice, as the
soil depth increases, the characteristics of the diurnal var-
iation in the soil heat flux become more complicated than
at the land surface. For example, Zhang et al. (2005) used
the ground temperature data to calculate the soil heat flux
for the 0.04, 0.80 and 2.00 m layers at three stations
(Amdo, Tuotuohe and Naqu) and demonstrated that the soil
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heat flux becomes very complicated due to variations with
time and the soil depth.

Soil thermal conductivity

According to the Eq. (5), the soil thermal conductivity of
the 0.05 m layer could be easily obtained for different
underlying surfaces. They were 0.193 W m~' K™ in the
Gobi and 0.374 W m~ ' K™' in the Oasis. The daily mean
values of soil moisture content were 0.04 and
0.24 m®> m >, respectively. According to these results, the
soil thermal conductivity of the 0.05 m layer in the Gobi
soil of the Jinta region is slightly higher than that of the
Gobi soil in the Dunhuang region (Zhang et al. 2002,
2003), which is 0.177. The reason for this may lie in the
fact that, when we conducted this experiment, the Oasis
farmlands were in the irrigation period, and the soil
moisture content was relatively high.

Based on the soil temperature gradient and soil thermal
conductivity from observation, the soil heat fluxes of the
0.05 m layer were estimated by the Eq. (4) and compared
to the direct measurement of soil heat flux measured by soil
heat flux plate (Fig. 6). Statistics showed the correlation
coefficients (r) between estimated value and observation
value were 0.93 and 0.69 in the Gobi and Oasis, with the
root-mean-square errors of 11.34 and 22.08 W m72, which
may be related to more significant diurnal variation in the
soil moisture content in the Oasis.
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Conclusions and remarks

Based on supplementary observational data obtained from
the “Oasis System Energy and Water Cycle Field Experi-
ment” conducted in the summer of 2005 and 2008, we
compared the soil thermal regimes in the Jinta Oasis and
the surrounding Gobi areas during several consecutive
sunny days. The following conclusions are drawn:

1. The results showed a clear diurnal variation in the
albedo, although the variation was not symmetric at
noon (12:00). During the consecutive sunny days in
summer, the daily average albedos of the Gobi and
Qasis sites were 0.215, 0.159 in 2005 and 0.207, 0.150
in 2008, respectively. This difference may have
occurred because the Oasis was irrigated and covered
with plant during the study period. The albedo of the
Gobi was approximately same as that of the Heihe
region (0.228).

2. A clear diurnal variation in the soil temperature
gradient of the shallow soil layers was observed. The
amplitude of variation in the soil temperature gradient
of the Gobi was higher than that of the Oasis. The
correlation coefficients for the soil temperature gradi-
ent and surface net radiation of the Gobi and Oasis
were —0.91 and —0.92, respectively.

3. Regarding the time scale of diurnal variation, the soil
heat flux of the 0.05 m layer varies in phase with the
soil heat flux of the 0.20 m layer. The peak value of the
heat flux for the deep soil showed a clear lag behind
that of the shallow soil, and this lag was more obvious
in the Gobi than in the Oasis. The time of the soil heat
flux of 0.05 m layer turning negative in the Oasis
lagged behind that of the Gobi in the morning. This
demonstrates that the Oasis soil is relatively slow to
respond to external influences; because it is covered
with plants and the soil heat capacity is greater owing
to the high moisture content.

4. During the consecutive sunny days, the calculated
thermal conductivity values of the 0.05 m layer of the

Gobi and Oasis soils in the Jinta region were 0.193 and
0.374 W m~'K™!, respectively. The soil heat flux can
be well estimated using soil temperature gradient and
soil thermal conductivity from observation in the Gobi.
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