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[1] Arid and semi‐arid areas of the Loess Plateau over northwestern China are one of the
dust aerosol source regions featured by its unique underlying surface. These areas, suffering
the severe aridity trend in past decades, are also known as the transitional zone of climate
and ecosystem change. To better understand the basic characteristics of the land surface
energy budget, seasonal and diurnal variations of moisture and heat flux over this region,
field observations collected at the Semi‐Arid Climate and Environment Observatory of
Lanzhou University (SACOL, 35°57′N, 104°08′E, Elev. 1965.8 m) from January 2007 to
December 2008 were analyzed systematically, especially focusing on land surface energy
partitioning and energy balance. The results indicate that all four radiative components
had distinct seasonal and diurnal cycles, except for the diurnal variation of downward
longwave radiation. They maintained high values during the growing season and low values
during the non‐growing season. The highest dailymean value of DSR (downward shortwave
radiation, 369.2 Wm−2), DLR (downward longwave radiation, 386.8 Wm−2) and ULR
(upward longwave radiation, 484.2 Wm−2) measured in summer while the highest daily
mean value of USR (upward shortwave radiation, 150.1 Wm−2) occurred in winter as the
snow cover. The highest surface albedo was also found in winter as a result of the snow
cover. Surface albedo was lower in the growing season (wet season) due to the larger
vegetation fraction and wetter soil. The components of the land surface energy budget varied
seasonally except for the surface soil heat flux, and all showed strong diurnal cycles. Net
radiation increased from winter to summer and decreased from summer to winter associated
with the variation of DSR. Sensible (latent) heat flux was the main consumer of the available
energy in winter and spring (summer and autumn). The energy imbalance problem was
also identified. When the soil heat storage in the surface soil and vegetation canopy was
neglected, the energy imbalance ratio was about 22%. While given the surface heat storage
calculated by the thermal diffusion equation and correction method (TDEC), the imbalance
ratio was only 14%. Furthermore, taking the soil heat storage into account, this ratio was
only 8% in spring, and 15% in summer and autumn. Compared with the bare surface layer
in spring, it is likely that a part of energy was stored in the vegetation canopy in summer
and autumn. In addition, the sensible and latent heat fluxes over different land surface
types of the Loess Plateau are analyzed. Sensible and latent heat fluxes are utterly different
substantially over those different underlying surfaces due to the factors such as vegetation,
precipitation, and soil moisture.
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of land‐atmosphere interactions over the Loess Plateau of northwest China, J. Geophys. Res., 115, D00K17,
doi:10.1029/2009JD013372.

1. Introduction

[2] Land surface processes, which control the exchanges of
energy and mass fluxes between the surface and the atmo-
sphere, is one of the most basic aspects of climate change
research. State variables that describe climate, such as air
temperature, humidity, precipitation, and net radiation, are
influenced by the rates at which solar energy, water vapor,
and heat fluxes are exchanged between land and atmosphere
[Baldocchi et al., 1997]. Surface fluxes of momentum, heat,
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andmoisture determine to a large extent the steady state of the
atmosphere [Beljaars and Holtslag, 1991]. Climate simula-
tions are especially sensitive to the seasonal and diurnal
variations in surface partitioning of available energy into
sensible and latent heat fluxes [Rowntree, 1991; Dickinson
et al., 1991]. Improving these land‐surface parameters in
atmospheric numerical models is one of two key ways to
enhance their prediction abilities [Dickinson, 1995]. In order
to evaluate the long‐term energy balance and evapotranspi-
ration, numerous experimental studies have been carried at
various terrestrial land‐cover types (e.g., forests, grasslands,
and paddy fields) throughout the world over the past decades
[e.g., Baldocchi et al., 1997; Rosset et al., 1997; Toda et al.,
2002]. Recent studies have not only focused on quantifying
the seasonal variations in surface exchange, but have also
explored the spatial and temporal variations in sensible heat
flux (H), latent heat flux (LE), and net ecosystem CO2

exchange (NEE) over different land surfaces in variety of
ecosystems [Yi et al., 2000; Fischer et al., 2007; Wohlfahrt
et al., 2008; Górska et al., 2008; Liu et al., 2009]. Studies
of long‐term energy balance and evapotranspiration have also
reported on measurements of the seasonal and diurnal var-
iations of heat and water vapor exchanges over the tropical
monsoon region of southern China and the typical steppe
prairie of Inner Mongolia [e.g., Bi et al., 2007; Gao et al.,
2009; Li et al., 2009]. Although, Some field experiments
have recently been carried out over the arid and semi‐arid
regions of China over the past 30 years, e.g., the Heihe river
basin Field Experiment (HEIFE) [Hu, 1994; Hu and Gao,
1994; Wang and Mitsuta, 1991, 1992], the Inner Mongolia
Semi‐Arid Grassland Soil‐Vegetation‐Atmosphere Interac-
tion (IMGRASS) [Lu et al., 2002, 2005], the Field Experi-
ment on Interaction between Land and Atmosphere in Arid
Region of Northwest China (NWC‐ALIEX) [Zhang et al.,
2005; Bao and Lu, 2006], the Dunhuang experiment [Zhang
et al., 2002], and surface layer turbulent flux observations
over Naiman [Zhang et al., 2001] and Tongyu [Liu et al.,
2004], etc. Most of those experiments have been conducted
in summer, and little attention has been paid to long‐term
observations, especially over the arid and semi‐arid areas of
Loess Plateau of northwest China.
[3] Loess Plateau is the largest arid and semi‐arid zone in

China. Chinese loess, a widespread wind‐blown deposit in
northern China, covers an area of about 500,000 km2 with
a thickness of 150∼300 m [Liu, 1985; An, 2000]. As the
uniqueness characteristics of the loess, the monsoon, aridity
history and inland deserts in central Asia can be well recorded
by the loess deposits in China [An et al., 2001; Guo et al.,
2002]. Furthermore, the special land surface physical pro-
cesses of this region not only influence the regional climate
and the atmospheric circulation, but also affect the monsoon
circulation in China. It is an important source regions of the
dust aerosol featured by its unique underlying surface, and
these areas are also known as the transitional zone of climate
and ecosystem change suffering the severe aridity trend in
past decades [Fu and Wen, 2002; Fu and Penning De Vries,
2006]. At the same time, the Loess Plateau, having vulnerable
ecological environments, is experiencing high rates of soil
erosion. The Loess Plateau is rich in light and heat, both of
which are beneficial to plant growth, but high potential
evaporation means that water is rapidly lost from the soil
profile. Water shortages and low soil moisture are the main

restricting factors for the growth of vegetation and ecological
systems [Zhang and Shangguan, 2002]. Soil moisture is
entirely reliant on received precipitation. As annual rainfall is
relatively low over this region and the uneven distribution in
both space and time, the characteristics of soil moisture is
difficult to conserve environmentally in the Loess Plateau
[Guan et al., 2009]. As the uniqueness of the soil, geography,
and climate regimes of the Loess Plateau, it is very important
and necessary to study the long‐term land surface processes
over this region
[4] However, abundant information about various aspects

of the climate characteristics over the Loess Plateau has been
obtained; little attention has been paid to long‐term ob-
servations over these areas. To fill this gap, the Semi‐Arid
Climate and Environment Observatory of Lanzhou Univer-
sity (SACOL) established in 2005, provides long‐term and
continuous observations over the semi‐arid region of the
Loess Plateau in northwest China. It consists of a large set of
instruments and focuses on: (1) monitoring of long‐term
tendencies in semi‐arid climate changes; (2) monitoring of
the aerosol effect on the water cycle; (3) studies of interaction
between land surface and the atmosphere; (4) improving the
land surface and climate models; and (5) validation of space‐
borne observations [Huang et al., 2008].
[5] In this study, series of 2‐year continuous observations

(form 1 January 2007 to 31 December 2008) were used to
investigate the seasonal variation of climate variables and
energy flux over semi‐arid regions of northwest China. This
study is objective to improve our understanding of energy
partitioning, energy balance, and water cycle over the land
surface.

2. Observational Experiments and Method
of Data Analyses

2.1. Site Description and Data Collection

[6] SACOL, located approximately 48 km away from the
downtown of Lanzhou city on the southern bank of the
Yellow River in Gansu province northwest China (35°57′N,
104°08′E, 1965.8 m above sea level), is one of the reference
sites of the international Coordinated Energy and Water
Cycle Observations Project (CEOP). The parent soil material
is mainly the Quaternary aeolian loess with the main soil type
of sierozem. The surface is mainly covered by short grass
with species of Stipa bungeana, Artemisia frigida, and
Leymus secalinu which is usually less than 15 cm tall and
covered less than 80% of the surface in summer and autumn
(Figure 1a). The site is located on a nearly north‐south mesa
with a fetch length of about 120 m in the most common wind
direction. The mesa has a limited width of about 200 m from
the east to the west, and is about 600 m in length from the
north to the south. There is a large V shape valley to the west
of the site and a small one to the east. SACOLwas established
at the typical semi‐arid region of Yuzhong campus of
Lanzhou University in 2005 and started continuous obser-
vation in May 2006. The observatory includes an array of
instrumentation that measures (1) boundary layer meteoro-
logical parameters, (2) surface radiation, (3) surface flux,
(4) soil heat and water moisture, (5) ambient air quality,
(6) aerosol optical properties, (7) temperature andwater vapor
profiles, and (8) sky conditions. All the data used in this paper
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were averaged over 30‐min intervals, except for the raw eddy
covariance.
[7] Following the establishment of SACOL, the first Sino‐

American dust storms observation was made in March, 2008.
Measurements were composed by three observatories: SA-
COL, the Jingtai mobile observatory, and the Zhangyemobile
observatory. The Jingtai mobile observatory was set up in
a semi‐arid area (37°20′N, 104°08′E) and approximately
300 km to the north of SACOL. A pair of experiments was
carried out at this region, which were located at the Jingtai hill
(referred to as JH, 1617m above sea level; Figure 1b) and the
Jingtai farmland (referred to as JF, 1592m above sea level;
Figure 1c), respectively. And the distance between these two
sites was about 1 km away. The underlying surface of JH
during the experiment was covered by Stipa bungeana,
Artemisia frigida, and JF was a maize field irrigated with
water from the Yellow River. Flux data had been collected in
JH from 21 to 31 March, and JF from 17 April to 30 May,
2008 respectively.
[8] SACOL was situated at the semi‐arid area of China‐

Loess Plateau. It is meaningful that the Xinglong Mountain,
an isolated oasis surrounding by the semi‐arid area, is
approximately 25 km away from SACOL. In order to
understand the differences of the meteorological elements

between these two surface types, a temporal experiment
site was set up at Xinglong Mountain (referred to as XM,
35°46′N,104°03′E, 2481m above sea level) in June 2008. It is
similar with SACOL that the XM experiment field was
located in a transitional zone between humid monsoon and
dry non‐monsoon climate zones, however, the vegetation
coverage at XMwas extraordinarily large. Flux data had been
collected from 1 July to 30 September, 2008 (Figure 1d),
and the underlying surface was benne at XM during these
experiment time.
[9] All the information about the above four sites are listed

in Table 1.

2.2. Micrometeorological Measurements

[10] The main instruments at SACOL from which we col-
lected data for our study include a surface layer meteoro-
logical tower, a radiation flux observation system, the eddy
covariance system (EC) to measure the turbulent fluxes, and a
soil temperature/humidity measuring system. XM used the
same model as SACOL, while Jingtai just used the eddy
covariance systems.
[11] Boundary layer meteorological measurements include

wind speed (014A‐L, Met One), air temperature and relative
humidity (HMP45C‐L, Vaisala) at 1, 2, 4, 8, 12, 16 and 32m,

Table 1. Site Information at SACOL, Jingtai Hill, Jingtai Farmland and Xinglong Mountain During the Measurement Periodsa

Site

SACOL JH JF XM

Location 35°57′N, 104°08′E 37°20′N, 104°08′E 37°20′N, 104°08′E 35°46′N, 104 o03′E
Elevation 1965.8 m 1617 m 1592 m 2481 m
Dominant species Stipa bungeana, Artemisia frigida,

and Leymus secalinu
Stipa bungeana,
Artemisia frigida

maize benne

Canopy height 10 cm 5 cm 15 cm 30 cm
Measurement period January 2007– December 2008 21–31 March, 2008 17 April to 30 May, 2008 1 July to 30 September, 2008

aJingtai hill, JH; Jingtai farmland, JF; Xinglong mountain, XM.

Figure 1. Field sites with the eddy covariance systems at (a) SACOL, (b) the Jingtai hill site (JH), (c) the
Jingtai farmland site (JF), and (d) the Xinglong Mountain site (XM).

WANG ET AL.: LAND‐ATMOSPHERE INTERACTION OBSERVATION D00K17D00K17

3 of 15



and wind direction (034B‐L, Met One) at 8 m, with signals
logged to a data logger (CR23X, Campbell) and recorded at
half‐hour intervals. The measurement of skin temperature
is made with a Precision Infrared Thermo‐couple Sensor
(IRTS‐P, Apogee). Barometric pressure is measured using a
CS105 Barometric Pressure Sensor (Vaisala) over a 600 to
1060 hPa range. Precipitation is measured with a tipping
bucket Rain Gage (TE525MM‐L, Texas Electronics) at
0.1 mm increments.
[12] The surface radiation monitoring system consists of

upward and downward pyranometers (CM21, Kipp&Zonen)
for outgoing and incoming short‐wave radiation; and upward
and downward pyrgeometers (CG4, Kipp & Zonen) for
outgoing and incoming longwave radiation.
[13] The fluxes of momentum, latent and sensible heat are

measured at 3.0 m with a three‐axis Sonic Anemometer
(CSAT3, Campbell) pointed toward the prevailing wind
direction, and an opened path infrared CO2 and H2O analyzer
(LI7500,LI‐COR) (Figure 1). These signals are logged to a
data logger (CR5000, Campbell) at 10 Hz. The sensors for
measuring CO2 and H2O turbulence (LI7500) are calibrated
in May every year. All of the necessary procedures for cor-
rections and quality control of the turbulent fluxes are applied
during post‐field data processing, such as coordinate rotation
by the planar fits method (PF) [Wilczak et al., 2001], fre-
quency response corrections [Moore, 1986;Massman, 2000,
2001], sonic temperature correction [Schotanus et al., 1983],
WPL correction [Webb et al., 1980], and quality control after
Foken et al. [2004].
[14] To complete the surface energy balance, soil heat

fluxes (HFP01SC‐L, Hukseflux) are measured at 5 and 10 cm
depth. Soil moisture is measured with a water content
reflectometer (CS616‐L, Campbell) at 5, 10, 20, 40 and
80 cm depths; and soil temperature with a soil temperature
profile (STP01‐L, Hukseflux) sensor at 2, 5, 10, 20, 50 and
80 cm depths. For more details see Huang et al. [2008].
[15] The measurement parameters used in this study are

listed in Table 2. A linear interpolation scheme was used to
fill in missing data and to construct a regularly spaced data.
[16] In addition, fluxes of momentum, latent and sensible

heat are measured at 3.0 m at JH, 2.85 m at JF, and 2.82 m
at XM, respectively, with a three‐axis Sonic Anemometer
(CSAT3, Campbell) pointed into the prevailing wind direc-
tion, and an opened path infrared CO2 and H2O analyzer
(LI7500,LI‐COR) (Figure 1). These signals are logged to a
data logger (CR1000, Campbell) at 10 Hz.

2.3. Method of Data Analyses

2.3.1. Surface Albedo
[17] The land surface albedo is calculated by the formula

below:

� ¼ Su=Sd ; ð1Þ

where Su is the total upward solar radiation (the surface
reflected solar radiation flux) and Sd is the total downward
solar radiation reaching the land surface. Surface albedo is
calculated based on the Su and Sd measured by pyranometer
CM21 every half hourly. To avoid the influence of solar
elevation angle on the surface albedo, daily average surface
albedo is obtained from half hourly average albedo when the
solar elevation angle is lager than 30°.
2.3.2. Surface Energy Balance Analyses
[18] At the surface, the net radiative energy should be

balanced by the surface soil heat flux (G0), sensible heat flux
(H), and latent heat flux (LE). The surface energy balance over
the semi‐arid grass land can be expressed as

Rn ¼ H þ LE þ G0 þ Re; ð2Þ

where Rn is the net radiation, H and LE are respective the
sensible and latent heat fluxes,G0 is the surface soil heat flux,
and Re is the residual energy involved in various processes,
such as photosynthesis and respiration [Harazono et al.,
1998; Burba et al., 1999].
[19] We determine Re from the formula: Re = Rn − (H +

LE + G0). Rn was calculated by using four radiation compo-
nents. Eddy fluxes of sensible heat flux and latent heat flux
were calculated as

H ¼ �cpw 0T 0; ð3Þ

LE ¼ �Lvw 0q 0; ð4Þ

where r,Cp and Lv are the density of air (kg m
−3), the specific

heat of air (J kg−1 K−1), and the latent heat of vaporization
(J kg−1), respectively.W ′, T ′, and q′ are the fluctuations in the
vertical wind component (m s−1), air temperature (K) and
specific humidity, respectively. The data quality control have
been strictly processed before acquiring the turbulent fluxes,
more information about the processing of the calculation
turbulent fluxes and QA/QC (quality assurance/quality con-
trol) please refer to the work by Zuo et al. [2009].

Table 2. Measurement Instruments and Quantities Measured at SACOL

Parameter/Variable Name Description Range Measurement Height Instrument

Wind speed sensor 0–45 m/s 2.0 m Met One, 014A‐L
Humidity probe 0–100% 2.0 m Vaisala, HMP45C‐L
Temperature probe −45–60°C 2.0 m Vaisala, HMP45C‐L
Barometric pressure sensor 600–1060 millibar 8.0 m Vaisala, CS105
Tipping bucket rain gage 0–15 mm 0.3 m TE525MM‐L, R.M Young
Pyranometer (SW flux) 0–1200 W m−2 1.5 m Kipp & Zonen, CM21
Pyrgeometer (LW flux) 0–700 W m−2 1.5 m Kipp & Zonen, CG4
3‐D Sonic anemometer 3.0 m Campbell, CSAT‐3
Opened path infrared CO2 and H2O analyzer 3.0 m Li‐Cor, LI7500
Water content reflectometer 0–70 VV−1 5, 10, 20, 40, 80 cm CAMPELL, CS616L
Soil temperature profile −50–70°C 2, 5, 10, 20, 50, 80 cm Hukseflux, STP01‐L
Soil heat flux plate −300–300 W m−2 5, 10 cm Hukseflux, HFP01SC‐L
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[20] Surface soil heat flux G0 is estimated as follows. The
one‐dimensional soil Thermal Diffusion Equation (TDE) is

@�scsT

@t
¼ @G

@z
ð5Þ

G ¼ �s
@T

@z
; ð6Þ

where t (s) is the time, z (m) is the soil depth (positive if
downward), T (K) is the soil temperature, rscs (J kg

−1 K−1) is
the soil heat capacity, ls (W m−1 K−1) is the soil thermal
conductivity, and G (W m−2) is the soil heat flux (positive if
downward).
[21] Integrating equation (5) gives

G zð Þ ¼ G zrefð Þ þ
Zz

zref

@�scsT zð Þ
@t

dz; ð7Þ

where G(zref) is the soil heat flux at a reference depth (zref).
[22] Given temperature profile T (zi), the discretized form

of equation (7) is

G z; tð Þ ¼ G zref ; tð Þ þ 1

Dt

Xz

zref

�scs zi; t þDtð ÞT zi; t þDtð Þ½

� �scs zi; tð ÞT zi; tð Þ�Dz: ð8Þ

[23] The heat capacity can be calculated from soil water
content and soil porosity that can be easily measured.
Therefore, the key issue to calculate soil heat flux is how to
make a reliable temperature profile from limited observa-
tions. Yang and Wang [2008] proposed a new method to
correct the temperature profile. For the convenience of
description of this method, it is named after TDEC (Thermal
Diffusion Equation and Correction). In this paper, the surface
soil heat flux G0 is estimated by the TDEC method.

3. Results and Discussion

[24] To examine whether our measurements (SACOL)
were representative for the climate of the study area, corre-
sponding historical data obtained from a meteorological
station from January 1956 to December 2008 were plotted
(Figure 2). The meteorological station was located in
Yuzhong (35°52′N, 104°09′E) at approximately 1875 m
above sea level, and approximately 7 km from SACOL. The
historical data have been collected at 2:00, 8:00, 14:00, and
20:00 (local time) as routine observations. The results show
that our measurements well represent the meteorological
situation over the past 53 years (1956–2008), and therefore
can be considered representative of the climate of this region.
Figures 2a–2d show the daily means of wind speed (Ws), air
temperature (Tair), water vapor pressure (e) and air pressure
(P), and Figure 2e presents the daily total precipitation
(Prec.), for both SACOL and historical data.
[25] As shown in Figure 2, the annual wind speed at

SACOL (2.7 m/s) was slightly greater than the 53‐yr‐average
annual mean wind speed (1.7 m/s). The maximum value
of daily mean wind speed was 9.3 m/s in February 2007.
[26] Air temperature had a large seasonal variation. At

SACOL, daily mean air temperature reached a maximum

(297.1 K) in August 2007, while the lowest air temperature
(255.6 K) was recorded in January 2008. The difference
between the highest air temperature and lowest air tempera-
ture was 21.5 K from January 2007 to December 2008, and
the annual mean air temperature was 281.5 K. In historical
data form January 1956 to December 2008, the annual mean
air temperature was 280.0 K. Although SACOL is 90 m
higher in elevation than the Yuzhong meteorological station,
the annual mean air temperature at SACOL was larger than
the 53‐yr‐average annual mean air temperature by ∼1.5 K.
This biases can be explained by the unlike environment of
locations, inconsistent types of instrumentations and dis-
crepancy of measurement heights between these two sites.
Furthermore, the fact that SACOL have the similar trend of
the variation with Yuzhong meteorological station demon-
strates that SACOL can well representative for the climate of
the study area.
[27] Water vapor pressure also showed significant seasonal

variation. The 53‐yr‐average annual mean water vapor
pressure was 7.2 hPa, and the average for SACOL was only
6.8 hPa. Air pressure varied seasonally as well, but was in
reverse phase to air temperature and water vapor pressure.
The 53‐yr‐average annual mean air pressure at Yuzhong
meteorological station and SACOL were 811.5 hPa and
802.8 hPa, respectively. The difference between the histor-
ical and SACOL data is mainly due to the higher elevation
(+90 m) of SACOL.
[28] The 53‐yr‐average of annual precipitation (Prec.) at

the Yuzhong meteorology station was 370.2 mm. Precipita-
tion was unevenly distributed throughout the year, with more
than 90 percent of annual precipitation falling between May
and October (wet season). Annual precipitation at SACOL
was 559.0 mm in 2007 and 335.8 mm in 2008. Clearly, 2007
was a wetter year (50% above the climate‐average annual
precipitation) and 2008 was a drier year (receiving 90% of
the climate‐average annual precipitation). Therefore, during
the study period, the variability of interannual precipitation
was quite large.

3.1. Seasonal and Diurnal Variation

3.1.1. Variation in Radiation Components
[29] Figure 3 shows the seasonal and interannual variations

of the four radiation components at SACOL: (1) downward
shortwave radiation (hereafter, DSR), (2) upward shortwave
radiation (USR), (3) downward longwave radiation (DLR),
and (4) upward longwave radiation (ULR), and the daily
average surface albedo is presented in Figure 3e. To eliminate
the effects of diurnal variation, a 7‐day moving average was
calculated for these four components.
[30] As evident from Figure 3, all the four radiative com-

ponents varied seasonally and dramatically, consistent with
the variations of air temperature, water vapor pressure, air
pressure, and precipitation in Figure 2. ULR and DSR had the
strongest seasonal and interannual variability, especially
during summer. Both DSR and USR were strongly affected
by clouds and aerosols, and maintained high values during
the wet season. The highest daily mean value of DSR was
369.2 Wm−2, measured in June 2008. While the highest daily
mean value of USR (150.1 Wm−2) did not appear at the same
time as that of DSR as expected, because of high surface
albedo in winter. Seasonal variations of DLR and ULR were
not strongly affected by cloud, aerosol, or snow cover, and
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both of them maintained high values during the growing
season. The maximum of daily mean values of DLR and
ULRwere 386.8Wm−2 and 484.2Wm−2 occurring in August
2007 and July 2008, respectively. The lowest values of DLR
(162.6 Wm−2) and ULR (220.9 Wm−2) occurred in January
2008. All four radiative components exhibited significant
differences between 2007 and 2008 due to the different
weather conditions and underlying surface conditions, as
shown in Figures 3a–3d.
[31] Surface albedo is one of the most important properties

of the underlying surface. It determines the surface energy
balance and greatly influences the energy and water cycles of
the ecosystems by influencing the vegetative evapotrans-
piration, photosynthesis, and biochemical processes [Bao
and Lu, 2006]. The seasonal variation of daily averaged
surface albedo is shown in Figure 3e. The highest surface

albedo value (0.9) occurred in winter, which is caused by
snow cover. The value of mean surface albedo value not
influenced by snow cover was 0.187 ± 0.023 from January
2007 to December 2008. This value is lower than those values
observed in HEIFE Gobi (0.228) and desert (0.246) [Zhou
et al., 1992], the Dunhuang Gobi (0.255 ± 0.023) [Zhang
et al., 2002], and the typical steppe prairie in Inner
Mongolia (0.22) [Gao et al., 2009], but it is higher than the
value observed over grassland in the tropical monsoon region
of southern China (0.11 to 0.13) [Bi et al., 2007].
[32] Surface albedo is strongly influenced by solar ele-

vation angle and surface conditions, such as soil moisture,
vegetation cover, roughness, and so on. Excluding the
influence of solar elevation angle, the soil moisture is the key
parameter in controlling the variation of surface albedo.
Surface albedo decreases with increasing soil moisture

Figure 2. (a) Wind speed (Ws), (b) air temperature (Tair), (c) water vapor pressure (e), (d) air pressure (P),
and (e) precipitation (Prec.) measured at SACOL from January 2007 to December 2008 (solid line) com-
pared to the climate data collected at Yuzhong meteorological station from January 1956 to December
2008 (dotted line).
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content [Wang et al., 2005]. Guan et al. [2009] also indicate
that surface albedo decreases when soil moisture content
increases with a typical exponential relationship at SACOL.
Seasonal variation of surface albedo in 2008 was similar to
that in 2007, maintaining high values in winter and spring,
and decreasing from May to October (wet season) when soil
moisture (Figures 9c and 9d) and the vegetation fraction was
at its highest. However, surface albedo is larger in 2007
(0.195 ± 0.024) than that in 2008 (0.179 ± 0.019) while
precipitation in 2007 is 223.2 mm larger than that in 2008.
This can be explained that the higher total precipitation in
2007 primarily comes from the two strong precipitation
events, which supply chance to recharge deep soil moisture
(e.g., 80cm depth), and the surface dries out after precipitation
event. More weak precipitation events in 2008 supply more
chances to recharge surface soil moisture at depths of 5 cm to
20 cm (Figures 9c and 9d). Therefore, surface moisture in
2008 is generally higher than 2007, and surface albedo is
larger in 2007 than that in 2008. Both of soil moisture and
surface albedo show large interannual variations.

[33] To investigate the diurnal variation of the radiation
components, we used a composite analysis method. The
annual means of diurnal variation for DSR, USR, DLR, and
ULR from January 2007 to December 2008 are shown in
Figure 4, and the short lines are error bars. Diurnal variation
for all four radiation components was significant except for
DLR. The distributions of DSR and USR are symmetrical
with a maximum 608.4Wm−2 and 129.1Wm−2, respectively,
at 13:30 local time. ULR had a similar pattern to DSR and
followed the expected warming and cooling of the surface.
The large variability of DSR and USR was likely associated
with variations in clouds and aerosols.
3.1.2. Variations of Energy Components
[34] Figure 5 shows the seasonal and interannual variations

of daily mean (1) net radiation (Rn), (2) sensible heat flux (H),
(3) latent heat flux (LE), and (4) surface soil heat flux (GTDEC,0)
estimated by the TDEC method. The four radiation com-
ponents (i.e., DSR, USR, DLR, and ULR) used to calculate
Rn, andH and LEwere measured by fast response instruments
and calculated using equations (3) and (4). To eliminate the

Figure 3. Variations of the daily mean (a) downward shortwave radiation (DSR), (b) upward shortwave
radiation (USR), (c) downward longwave radiation (DLR), (d) upward longwave radiation (ULR), and
(e) surface albedo; the solid line represents the moving average smoothed by 7 days at SACOL from January
2007 to December 2008.
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Figure 4. Diurnal cycle and standard deviation of (a) downward shortwave radiation (DSR) and upward
shortwave radiation (USR) and (b) downward longwave radiation (DLR) and upward longwave radiation
(ULR) at SACOL from January 2007 to December 2008.

Figure 5. Variations of the daily mean (a) net radiation (Rn), (b) sensible heat flux (H), (c) latent heat flux
(LE), (d) surface soil heat flux (GTDEC, 0), and (e) Bowen ratio; the solid line depicts the moving average
smoothed by 7 days at SACOL from January 2007 to December 2008.
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effects of diurnal variation, a 7‐day moving average was
calculated for the four energy components. The Rn,H, and LE
showed considerable seasonal variation, except the surface
soil heat fluxGTDEC,0. Rn had a similar pattern to DSR, which
had the largest seasonal and interannual variability, especially
during summer. H was the main consumer of Rn during the
dry season, whereas LE was the main consumer of Rn during
the wet season. There was no obvious change in GTDEC,0.
[35] Figure 5e shows the seasonal variation of the Bowen

ratio, which is defined as the ratio of daily average H and LE.
The Bowen ratio showed considerable seasonal variation

over the study period. Bowen ratio in 2007 is generally higher
than that in the 0∼151 days 2008. It is mainly because the
drought trend extended from 2006 to the summer of 2007
and hence the higher soil moisture content appeared in 2008
during these days. As a result of higher precipitation in
growing season of 2007, Bowen ratio is almost far below 1.0
and latent heat flux fraction is much larger. However, soil
moisture is the key parameter not only in controlling variation
of albedo, but also influencing the ratio of net radiation par-
titioning into latent and sensible heat fluxes. Evapotranspi-
ration, especially transpiration from vegetation, primarily

Figure 6. Diurnal cycle of the seasonal mean (a) net radiation (Rn), (b) sensible heat flux (H), (c) latent heat
flux (LE), and (d) surface soil heat flux (GTDEC, 0) at SACOL from January 2007 to December 2008.

Figure 7. Intercomparison of the measured sensible and latent heat fluxes (H+LE) against available energy
(Rn–G0) at SACOL from January 2007 to December 2008. The data represent half‐hourly averages.
(a) Gobs,5 is the soil heat flux observed at 5 cm depth. (b) GTDEC,0 is the surface soil heat flux calculated
from the TDEC method.
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depends on soil moisture at root depth. Weak precipitation
events in 2008 didn’t have chance to recharge soil moisture
at 80 cm depth, therefore, latent heat flux in growing sea-
son 2007 is higher than that in 2008, especially during
days 175∼225.
[36] Figure 6 shows the seasonal mean diurnal cycles of

Rn, H, LE, and GTDEC,0. All components exhibited distinct
diurnal cycles. As illustrated in Figure 6a, the range of the
diurnal cycle of Rn increased from winter to summer and
decreased from summer to winter, implying that the diurnal
variation of Rnwas significant in summer and weak in winter.
Figure 6b shows that the diurnal variation of H was largest
during spring and summer and smallest during autumn and
winter. As indicated by Figure 6c, LE had an obvious diurnal
variation during summer which became small during spring
and autumn, and almost absent during winter. Finally,
as shown in Figure 6d, GTDEC,0 had a similar and obvious
diurnal variation in spring, summer, and autumn, but became
very small in winter.

3.2. Surface Energy Balance Closure

[37] All atmospheric models are based on the principle
of surface energy balance, and large closure errors are
unacceptable. Figure 7 shows the inter‐comparison of H+LE
and Rn−G0. We were concerned with data quality and reli-
ability as the number of flux stations has increased to study
surface energy balance closure. In this work, analysis of the
surface‐heating rate focused on data collected during rain‐
free times because the sonic anemometer displayed large
errors during and after rainfall events. Data collected during
calibration activities, equipment modification, and large
transient fluctuations were also neglected. Analyses were also
limited to situations in which H and LE were all larger than
zero because the unavailable measurement errors would be

significant when the energy components were close to zero.
In Figure 7a, we neglected soil heat storage and used the soil
heat flux observed at 5 cm (Gobs,5) by the soil heat flux plates
to replace G0. The surface heating rate, defined as the ratio of
measured (H+LE) against available energy (Rn−G0), was
0.78, and the correlation coefficient between H+LE and Rn −
Gobs, 5was 0.83. In Figure 7b, we usedGTDEC,0 to replaceG0.
In this case, the surface heating rate was 0.86, and the cor-
relation coefficient between H+LE and Rn−G0 was 0.85.
Clearly, approximately 8% of energy was stored in the top
5cm soil layer, indicating that soil heat storage should not be
neglected.
[38] To understand energy closure issue at SACOL, the

seasonal mean ratio of the measured (H+LE) against available
energy (Rn−G0) was calculated (Table 3). Neglecting soil heat
storage, the surface heating rates were calculated as 0.83,
0.78, 0.75, and 0.67 in spring, summer, autumn, and winter,
respectively. However, when incorporating the soil heat
storage, the surface heating rates were calculated to be 0.92,
0.85, 0.85, and 0.73 in spring, summer, autumn, and winter,
respectively. That is, if the surface heat storage was consid-
ered, surface heating rates were increased by 0.09, 0.07, 0.10,
and 0.06 in spring, summer, autumn, andwinter, respectively.
Notably, the surface heating rate was 0.92, very close to the
theoretical value 1.0 in spring, but only 0.85 in summer and
autumn.
[39] Theoretically, surface heating rate should be very close

to 1.0, but the energy imbalance was found in our measure-
ments. Other major field campaigns have also encountered
such energy imbalances, which caused difficulties for sub-
sequent climate applications [e.g., Kahan et al., 2006]. Pre-
vious researchers [Foken and Oncley, 1995; Panin et al.,
1996; Wicke and Bernhofer, 1996; Foken et al., 1999; Kahan
et al., 2006] reported that the causes of imbalance of the
energy budget were usually related to the errors/uncertainties

Table 3. Seasonal Energy Balance Conditionsa

Spring Summer Autumn Winter

(H+ LE)/(Rn−Gobs,5) 0.83 0.78 0.75 0.67
(H+LE)/(Rn−GTDEC,0) 0.92 0.85 0.85 0.73

aHere (H+ LE)/(Rn−Gobs,5) and (H+ LE)/(Rn− GTDEC,0) are calculated by
sensible and latent heat fluxes (H+LE) against available energy (Rn−Gobs,5)
and (Rn−GTDEC,0), respectively. Gobs,5 is the soil heat flux plate observed
at 5 cm depth; GTDEC,0 is the surface soil heat flux calculated at the land
surface by the TDEC method.

Figure 8. Diurnal cycle of (a) the residual energy (Re = Rn –H – LE –GTDEC, 0) and (b) the surface heating
rate during daytime (10:00–16:00) for the four seasons at SACOL from January 2007 to December 2008.

Table 4. Seasonal Means of the Energy Partitioning Conditionsa

Spring Summer Autumn Winter

H/Rn 0.46 0.33 0.32 0.47
LE /Rn 0.27 0.35 0.35 0.14
GTDEC,0 /Rn 0.21 0.20 0.22 0.18

aH/Rn, LE /Rn, andGTDEC,0 /Rn are the ratios of sensible heat flux (H), latent
heat flux (LE) and the surface soil heat flux (GTDEC,0) to the net radiation,
respectively.
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in individual energy component measurements and the
influence of different footprints on the individual energy
components.
[40] The seasonal mean of diurnal variation of residual

energy (Re = Rn − H − LE − G0) and the surface heating rate
during daytime (10:00–16:00) for the four seasons at SACOL
from January 2007 to December 2008 are plotted in Figure 8.
The diurnal variation pattern of Re was similar to that of Rn,
with both having substantial diurnal variation. Re was smal-
lest in spring and largest in summer and winter in Figure 8a.
As illustrate in Figure 8b, the surface heating rate is lower
in winter, associate with the larger Re. The highest surface
heating rate occurred in spring which is generally larger than
that in summer and autumn. Considering the soil heat storage
when the surface heating rate was calculated, the diurnal
variation of surface heating rate during the day time was
similar to the seasonal energy balance conditions ((H+ LE)/
(Rn− GTDEC,0)) in Table 3.

3.3. Energy Partitioning at the Land Surface

[41] Table 4 shows the seasonal mean of energy partition-
ing at the land surface. In spring, summer, autumn andwinter,
H/Rn values were 0.46, 0.33, 0.32 and 0.47, and LE /Rn values
were 0.27 0.35, 0.35 and 0.14, respectively. Clearly, H was

the main consumer of the net radiation in winter and spring,
while LE was the main consumer of Rn in summer and
autumn.

3.4. Soil Temperature and Soil Moisture

[42] Near‐surface soil moisture and soil temperature con-
trol the apportioning of available energy at the ground surface
into sensible and latent heat exchanges with the atmosphere
and influence regional climate change further [Wei, 1995].
Figure 9 shows the seasonal variations of daily mean soil
temperature at depths of 2, 5, 10, 20, 50 and 80 cm, soil
moisture at depths of 5, 10, 20, 40 and 80 cm, and 24‐h
accumulated precipitation at SACOL during the period from
January 2007 to December 2008.
[43] Soil temperature in each layer changed seasonally.

Although the daily mean of soil temperature showed little
difference in shallow layers (2, 5, 10 cm), there were sig-
nificant differences in deeper layers. The highest soil tem-
peratures occurred during July with values of 303.6, 303.7,
303.4, 301.1, 297.7, and 295.1 K at the depths of 2, 5, 10, 20,
50 and 80 cm, respectively.
[44] Soil moisture is strongly affected by precipitation,

especially in shallow layers. Soil moisture in the deep layers
had significant differences after heavy rainfall (e.g., in June

Figure 9. (a–d) Seasonal variations of daily mean soil temperature (K) at depths of 2, 5, 10, 20, 50 and
80 cm; soil moisture at depths of 5, 10, 20, 40, and 80 cm; and 24‐ hour precipitations at SACOL from
January 2007 to December 2008.
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and August 2007). Soil moisture was highest during summer
and autumn in 2007. In contrast, soil moisture at 80‐cm
depth did not change significantly during the wet season
of 2008 because few heavy rainfalls occurred in that year.
Soil moisture clearly decreased with depth, except the trend
between 5‐cm depth and 10‐cm depth. Guan et al. [2009]
have analyzed the seasonal variability of soil moisture, sur-
face albedo, and other soil thermal parameters such as heat
capacity, thermal conductivity, and thermal diffusivity, and
their relationships to soil moisture at SACOL.

3.5. Surface Type Effects

[45] The differences in surface properties and canopy
growth at the different land surface types resulted in signifi-
cant discrepancies in water vapor, heat and energy exchanges
[e.g., Fischer et al., 2007; Li et al., 2009]. To better under-
stand the influence to energy partitioning at different types
of surfaces in semi‐arid areas of the Loess Plateau, flux data

collected at the JH, JF, and XM in 2008 were analyzed to
explore the spatiotemporal variations of H and LE and to
compare the results with flux data for the same period from
SACOL.
[46] Figure 10 plots the diurnal variations of H and LE at

SACOL, JH, JF, and XM during the experimental periods,
respectively. Figure 10a shows the diurnal variations ofH and
LE at SACOL and JH from 21 to 31March 2008. LE at JHwas
very small and significantly less than that at SACOL, while
H was large and approximately equal to that at SACOL.
Obviously, the main consumer of Rn at these two sites wasH.
Figure 10b shows the diurnal variations of H and LE at
SACOL and JF from April 17 to May 31 2008. Both H and
LE have similar diurnal variations at JF and SACOL. But the
values of H and LE at SACOL are generally larger than that
at JF. The discrepancy between SACOL and Jingtai could
be explained by climate differences between these two sites.
Soil moisture content in Jingtai, where is approximately
75 km away from the Tengger Desert, is usually much lower
than that at SACOL in the dry season. As land of JF was
irrigated by the Yellow River in the spring and summer time,
soil moisture at JF is apparently higher than JH, even higher
than that at SACOL. Although soil moisture observations
both at JH and JF was absent during the experiment time,
a confirm conclusion that the discrepancy in soil moisture
lead to the differences in energy apportioning still could be
established. To some extent, energy apportioning will be
influenced by the land‐surface type, land cover and land use.
Ultimately, soil moisture is the key parameter in controlling
energy apportioning. Figure 10c shows the diurnal variation
of H and LE at SACOL and XM from 1 July to 30 September
2008. At these two sites, H was the largest consumer at
SACOL, while H and LE were essentially equal consumers
at XM. Although these two sites are only 25 km apart, both
H and LE at SACOL was far greater than XM. It was mainly
caused by the different land‐surface types present at each site
and lead to differences in soil moisture and surface albedo.
[47] Here, analysis was mainly focus on temporal varia-

tions in H and LE over two different land surface types.
Figure 11 shows the diurnal variations of monthly mean of
H and LE at SACOL and XM from July to September 2008.
At SACOL, H strongly decreased while LE significantly
increased with increasing precipitation during this period.
In contrast, there were no such significant changes in H and
LE at XM, although, the total precipitation at XM was larger
than SACOL every month. Both H and LE were approxi-
mately equal in July and August, and only in September
did LE become greater than H at XM. H was lager than LE in
July, but become smaller in August and September, with LE
showing the larger increase at SACOL. The results also show
that both H and LE at SACOL was far greater than XM, as it
shows in Figure 10. Monthly total precipitation at XM was
lager than at SACOL, and H and LE at SACOL were more
sensitive to precipitation, which readily affected the surface
soil moisture.
[48] Based on the discussion above, the results demonstrate

that H and LE show significant differences over different
land surfaces as a result of differences in vegetation, pre-
cipitation and soil moisture. Furthermore, the apportioning
of available energy into sensible and latent heat fluxes at
the semi‐arid area is more sensitive to precipitation and the

Figure 10. Diurnal variations of sensible heat flux (H) and
latent heat flux (LE) at SACOL, (a) the Jingtai hill site (JH),
(b) the Jingtai farmland site (JF), and (c) the Xinglong moun-
tain site (XM) during the experiment periods.
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variation of soil moisture than it at the semi‐humid area.
Uncertainty water resources provided more uncertainty to the
partition of available energy in the semi‐arid area.

4. Conclusions

[49] Wind speed, air temperature, water vapor pressure,
air pressure, and precipitation measured at SACOL were
compared to historical data for the period from January 1956
to December 2008. Our measurement site at SACOL was
determined to be representative of the climate for the area.
[50] All four radiative components had distinct seasonal

and diurnal cycles, except for the diurnal variation of down-
ward longwave radiation. The highest surface albedo value
(0.9) occurred during winter, as result of ground snow cover.
Surface albedo was lowest during the wet season due to the
high fraction of vegetation cover and wetter soil. Due to
the interannual differences in soil moisture, surface albedo
showed significant differences between wet and dry years.

[51] Except for the seasonal variation of surface soil heat
flux, the energy components changed seasonally and showed
dramatic diurnal variations. Sensible (latent) heat flux was
the main consumer of available energy in winter and spring
(summer and autumn).
[52] Soil moisture is one of the most important factors

affecting the portioning of available energy into sensible and
latent heat fluxes between the ground surface and the atmo-
sphere. It also influences the surface albedo and the regional
climate.
[53] The energy imbalance problem was identified and

found that, when the soil heat storage in the surface soil and
vegetation canopy was neglected, the energy imbalance ratio
was about 22%. While given the surface heat storage calcu-
lated by the TDEC method, the imbalance ratio was only
14%. Furthermore, taking the soil heat storage into account,
this ratio was reduced to only 8% in spring, and 15% in
summer and autumn. Compared with the bare surface layer in
spring, it is likely that a part of energy was sorted in the
vegetation canopy in summer and autumn.
[54] In addition, we also analyzed the sensible and latent

heat fluxes over different land surface types of the Loess
Plateau. The results indicate that the sensible and latent
heat fluxes exhibited substantial differences over different
underlying surfaces due to the differences in vegetation,
precipitation, and soil moisture. Furthermore, the apportion-
ing of available energy into sensible and latent heat flux at
the semi‐arid area is more sensitive to precipitation and the
variation of soil moisture than it at the semi‐humid area.
Uncertainty water resources provided more uncertainty to the
partition of available energy at the semi‐arid area.
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