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Understanding the land–atmosphere interactions over the semi-arid area of Loess Plateau is important due to its
special climate and unique underlying surface. In this study, two years' micrometeorological and energy flux ob-
servations from the Pingliang Land Surface Process & SevereWeather Research Station, CAS were used to inves-
tigate the seasonal and interannual variations of radiation budget and energy fluxes over a rain-fed cropland in
the semi-arid area of Loess Plateau, with an emphasis on the influence of rain, soil moisture and agricultural pro-
duction activities (such as crop type and harvest time) on the energy partitioning as well as the surface energy
balance. The results revealed large annual variations in the seasonal distribution of precipitation, which gave
rise to significant seasonal and interannual variations in soilmoisture. Soilmoisturewas themain factor affecting
radiation budget and energy partitioning. There was a negatively linear relationship between the albedo and the
soil moisture. The main consumer of available energy varied among months and years with an apparent water
stress threshold value of ca. 0.12 m3 m−3, and the evapotranspiration was suppressed especially during the
growing season. On an annual scale, the largest consumer of midday net radiation was sensible heat flux in
2010–2011, while it was latent heat flux in 2011–2012, which accounted for about 35% and 40% of the net radi-
ation, respectively. The agricultural activity altered the sensitivity and variability of albedo to soil moisture, as
well as energy partitioning patterns. The surface energy budget closures during Dec. 2010–Nov. 2011 and Dec.
2011–Nov. 2012were 77.6% and 73.3%, respectively, after considering the soil heat storage. The closurewas com-
parable to other sites in ChinaFLUX (49% to 81% of 8 sites). The patterns of energy partitioning and the water
stress threshold found in the semi-arid cropland could be used to evaluate and improve land surface models.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Land surface processes, which control the exchange of energy and
mass fluxes between the surface and the atmosphere, is one of the
most active research areas in climate change research (Wang et al.,
2010). In recent years, global climate change research has promoted re-
searches on surface radiation balance and energy balance in different re-
gions around the world (Zhang et al., 2011a). The distribution and
redistribution of solar energymodulate variousmeteorological environ-
ments (Baldocchi et al., 1997; Betts et al., 1996) and drive the Earth's cli-
mate system on local, regional, and ultimately global scales (Eugster
et al., 2000). The partitioning of net radiation at the land surface into
sensible and latent heat fluxes is one of the most important aspects of
ace Process & Climate Change in
ental & Engineering Research
Gansu, PR China. Tel.: +86 931
the land–atmosphere coupling (Gu et al., 2006), which determines the
water vapor and heat content in the atmosphere and is critical in hydro-
logical cycle, boundary layer development, and the regional or even
global climate (Wilson and Baldocchi, 2000). Climate model results
are especially sensitive to the seasonal and diurnal variations in surface
energy partitioning (Bi et al., 2007; Dickinson et al., 1991) which is con-
trolled by long-term interactions between biogeochemical cycling, cli-
mate and short-term interactions between plant physiology and the
development of the atmospheric boundary layer (Wilson et al., 2002).
In order to evaluate the long-term changes in energy balance and
evapotranspiration, a number of field experiments have been carried
out over various terrestrial surfaces throughout the world during the
past decades (Gao et al., 2009). The eddy covariance technique (EC),
the only method measuring turbulent fluxes over an ecosystem in a
quasi-continuous long-term manner with minimal disturbance to the
ecosystem, has become a standard tool for monitoring carbon, water
and energy exchanges in ecosystems (Baldocchi, 2008; Baldocchi and
Meyers, 1998). Within FLUXNET, in order to meet the emerging need
for long-term studies of the biosphere-atmosphere exchange, a large
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number of studies have been conducted to characterize the temporal
and spatial variations in canopy-scale carbon dioxide, water vapor,
and energy fluxes across diverse ecosystems (Baldocchi, 2008;
Baldocchi et al., 2001; Bruemmer et al., 2008; Chen et al., 2012; Gu
et al., 2015; Holwerda et al., 2013; Li et al., 2005; Liu et al., 2004; Liu
and Feng, 2012; Liu et al., 2008a; Ma et al., 2003; Ryu et al., 2008; Su,
2002; Su et al., 2006; Suyker and Verma, 2008; Wu et al., 2007; Yao
et al., 2011; Yu et al., 2006). It was observed that the energy balance
at the surface was not always closed (Foken, 2008a; Foken, 2008b),
and this problem could cause large differences between observations
and model simulations and systematic errors (Cuxart et al., 2015).

In recent years, some field experiments have been conducted over
the Loess Plateau in northwestern China (Chen et al., 2014; Guan
et al., 2009; Huang et al., 2008; Li et al., 2012b; Wang et al., 2010,
2013; Wen et al., 2009, 2007; Yue et al., 2012; Zhang et al., 2009;
Zhang et al., 2014; Zuo et al., 2009). Loess Plateau, located at thewestern
boundary of the area affected by the East Asian summer monsoon and
the South Asian summer monsoon (Zhang et al., 2011a), is the largest
arid and semi-arid zone in China. Its surface characteristics have large
spatial and seasonal variations and are sensitive to the change of East
Asia summer Monsoon. The land surface processes over this region af-
fect not only the regional climate and atmospheric circulations, but
also the monsoon circulation in China (Wang et al., 2010). Global
warming and human activities have affected the environment in the re-
gion very seriously and modified the temporal and spatial land surface
physical processes to some extent (Zhang et al., 2011a). Although
some scattered observations have been carried out in the Loess Plateau,
many of the studies investigated only the short-term surface radiation
and energy fluxes and mostly focused on one season or typical sunny
days (Zhang et al., 2011a), little attention has been paid to long-term
observations over the area (Li et al., 2012a; Wang et al., 2010; Zhang
et al., 2013a, 2013b, 2011b), especially over cropland ecosystem.
Land-use change is one of the most important aspects of global change,
and farming is one of the major land-use change practices, which alters
the species composition and function, removes substantial amounts of
vegetation, modifies soil structure and affects the microclimate
(Hammerle et al., 2006; Lei and Yang, 2010; Miao et al., 2009). Such
land use changes have dramatic effect on the ecological and hydrologi-
cal processes, including radiation balance, energy partitioning, aerody-
namic characteristics, soil moisture and carbon cycle, which could in
turn lead to potential significant changes in the regional and global cli-
mate (Baldocchi et al., 2001; Betts, 2001; Chen et al., 2009; Pielke et al.,
1998), especially in the semi-arid area which is more sensitive to land
use change (Liu et al., 2008b). An in depth understanding of the water
vapor and energy exchange processes between the ground and the at-
mosphere and the related control factors in cropland ecosystem over
the semi-arid area of Loess Plateau would benefit land surface model
development and the evaluation of human effect on regional climate.

In this paper, comprehensive micrometeorological and energy flux
data covering a 2-year period (December 2010–November 2012) col-
lected at a typical rain-fed agricultural region of the Loess Plateau
were used to: (1) analyze the variability of surface radiation, and char-
acterize the seasonal and interannual variation of energy partitioning,
(2) elucidate its relationship with land surface status as well as land
use change caused by agricultural activities, and (3) evaluation the sur-
face energy balance closure.

2. Materials and methods

2.1. Study site

The data used in this study were collected at the Pingliang Land Sur-
face Process & Severe Weather Research Station, CAS (106°41′E, 35°34′
N, altitude 1630 m) located at a typical rain-fed agricultural region of
the Loess Plateau in China (Fig. 1a), where the average annual precipita-
tion is 500 mm with more than 70% concentrated in the East Asian
monsoon season from June to September. The total annual precipitation
varies significantly from year to year putting the region in alternating
drought and flood conditions. The soil at the site is dominated by silty
loam with a high proportion of silt (clay: 9.8%, silt: 76.6% and sand:
13.6%) and the agricultural economy is dominated by winter wheat
and maize with some millet, soybean and benne. The measurement
site is on themesa of the Loess Plateau, with relatively flat surroundings.
More details about the site can be found inWen et al. (2009) and Zhang
et al. (2014). The main crops were winter wheat with somemaize dur-
ing 2011 as showed in Fig. 2a, while they were dominated by winter
wheatwith some soybean andmaize during 2012 (Fig. 2b). The seeding
and harvest time of the crops are listed in Table 1.

2.2. Measurement and data processing

Surface radiation wasmeasured with a net radiometer (CNR-1, Kipp
& Zonen Inc., Netherland) at 1.5m above the ground, which consisted of
four radiometers to measure the incoming and reflected short-wave ra-
diations, and the incoming and outgoing long-wave radiations. Soil tem-
perature and water content were measured with thermistors (107,
Campbell Scientific Inc., USA) and TDR sensors (CS616, Campbell Scien-
tific Inc., USA) respectively at four depths (5, 10, 20 and40 cm). Soil heat
fluxes were measured with heat flux plates (HFP01, Hukseflux Inc.,
Netherland) at two depths (5 and 20 cm). Surface soil heat flux was
corrected for storage above the heat flux plate at 5 cm depth, the data
from the 20 cm plate was not used in this paper. Air temperature and
humidity were measured with temperature and relative humidity
probes (HMP45C, Vaisala Inc., Finland) at 2 m height. Wind speed and
wind direction were measured using propeller anemometers (034B,
Met One Inc., USA) at 2 m height and precipitation was measured
with a tipping bucket rain gauge (52202, R M Young Inc., USA). The EC
system, including an open-path infrared gas analyzer (LI-7500, Li-Cor
Inc., USA) and a fast response three-dimensional sonic anemometer
(CSAT3, Campbell Scientific Inc., USA), was used to measure the ex-
change of energy and water vapor in the ecosystem at 2.95 m above
the ground. Basic meteorological parameters were measured at 10-
min intervals, while the EC system sampled at 10 Hz. All the basicmete-
orologicalmeasurementswere conducted at a distance of about 15m to
the east-southeast of the EC system, and the surface crop type was the
same as that under the EC system.

Sensible and latent heat fluxes were calculated at an averaging
time of 30 min in post-processing from the 10 Hz time series raw
data. All of the necessary procedures for corrections and quality con-
trol of the turbulent flux calculation were applied during the post-
processing. This included the statistical spike detection, planar fit co-
ordinate transformation, sonic temperature correction, frequency
response correction and Webb, Pearman, and Leuning correction of
density fluctuations (WPL correction). And the quality control was
made according to the number of missing values, stationary tests
on covariance, integral turbulence characteristics test, residual w
after planar fit and interdependency of flags due to corrections or
conversions (Mauder et al., 2013). We also estimated the stochastic
error and systematic error following Mauder et al. (2013). Periods
with clearly bad half-hourly data likely caused by precipitation,
malfunctions, or low quality were removed (using the flag system
following Mauder et al.). The data gaps were not filled. There are
about 25.2% (34.2%) missing or bad data for sensible (latent) heat
fluxes during the period of December 2010-November 2011, and
about 40.1% (47.5%) missing or bad data for the period of December
2011-November 2012, mainly caused by instrument malfunction
and power supply problems during 19 January–8 April, 2012.

2.3. Footprint modeling

Most of the FLUXNET sites are operated in more or less homoge-
neous environments, however, small-scale within-site heterogeneity



Fig. 1. (a) The Loess Plateau in China (red line showed the boundary of Loess Plateau) with the location of the observation site marked as dot, and the midday wind rose of the study site
during (b) 2010–2011, (c) 2011–2012.
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causes problems in ecosystem-scale eddy covariance measurements
and they are considered a source of measurement uncertainty (Barcza
et al., 2009; Gockede et al., 2004). In our study site, winter wheat,
maize and soybean aremain crops. Due to the climate, the growing sea-
son of the main crops have some overlap period over the Loess Plateau,
which is special and different from the North China Plain (Lei and Yang,
2010). Therefore, we need to attribute the measured land–atmosphere
exchange signal to specific crop cover for interpretation of themeasured
data. The problem was addressed by using a state-of-the-art footprint
model and the information on crop cover in our site. A Lagrangian sto-
chastic footprint model (Barcza et al., 2009; Kljun et al., 2004; Peters
et al., 2011) was used to estimate the crosswind integrated footprint
and themaximum source weight location of each half-hourly measure-
ments. The applicability of the model is restricted to the following con-
ditions: –200≤Zm/L≤1; u⁎≥0.2 m s–1; ZmN1 m; Zmbh (Zm is the
measurement height, L is the Obukhov length, u⁎ is the friction velocity
and h is the height of the planetary boundary layer). As our focus is on
the energy partitioning during midday in the following section, we ap-
plied the model for midday measurements in the two years.

The footprint climatology of the ECmeasurement for the two years is
shown in Fig. 2. It can be seen that there are two regions that contribute
frequently to the measured signal: one is located at a distance of about
20–60 m to the southeast/south-southeast from the EC system, the sec-
ond is located at the opposite side, i.e. to the north/north-northwest.
The footprint climatology for the two years is similar, and they are the
consequence of the prevailing wind directions (Fig. 1b and c) at the
study site. Combining the crop covermap,we estimated the relative fre-
quency of the contribution from different crop cover types to the mea-
sured signal (Table 1). Overall, during 2010–2011, the majority of the
measured signal originates from winter wheat land, however, during
2011–2012, about 32.8%of themeasured signal originates from soybean
land (which was winter wheat land in previous year).



Fig. 2. Footprint climatology of the ECmeasurement duringmidday for (a) Dec. 2010 to Nov. 2011, and (b) Dec. 2011 to Nov. 2012. Themaximum source strength locations are plotted as
red dots. The crop cover map is also shown.
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3. Results and discussion

3.1. Meteorological condition

Air temperature (Ta),water vapor pressure (e), soil volumetricwater
content (VWC) andprecipitation (P) fromDecember 2010 toNovember
2012 is presented in Fig. 3. The annual mean air temperature in 2010–
2011 (2011–2012) was 7.8 (7.7) °C, which was close to the 38-yr-
average annual mean air temperature (7.7 °C, which was calculated
using the data from the nearest meteorological station located in
Pingliang) in the study area. The water content in the upper soil
(5 cm) was significantly lower than that in the deeper soil (10 and
20 cm) and responded readily to precipitation (Fig. 3c). Soil volumetric
water content had large seasonal variations. It was strongly affected by
precipitation and fluctuated with rainfall amount obviously. The maxi-
mum soil VWC at 5 cm was 0.297 m3 m−3, which was about 57.7% of
the soil porosity (0.52 m3 m−3 for the silt loam in the study site). The
seasonal and interannual variation of precipitation (P) was large
(Fig. 3d) in the study area. The total precipitation was 615.6 and
453.1 mm in 2011 and 2012, respectively. Compared to the 38-yr-
average annual P (486.7 mm), it was wet (slightly dry) in 2011
(2012). In 2011, P was unevenly distributed throughout the year, with
70% of the annual precipitation falling between July and September,
while Pdistributed relatively even in 2012 and both themonthly precip-
itation and the number of dayswithmore than 5mmdaily precipitation
weremore than that in 2011during the growing season (March to June)
of winter wheat (Fig. 3d and e).
3.2. Radiation components

Solar radiation is the energy source of the earth and drives energy ex-
change between the surface and the atmosphere. Seasonal variation of
the solar radiation received by land surface depends mainly on the solar
altitude and is significantly influenced by weather conditions and clouds.
The daily mean downward shortwave radiation (DSR) fluctuated with
weather conditions and reached the maximum of 360.2 W m−2 in the
Table 1
Cropping information and relative importance of the crop cover types to themeasured sig-
nal for Dec. 2010 to Nov. 2012.

Crop cover Seeding time Harvest time 2010–2011 2011–2012

Winter wheat September Late June 72.6% 33.0%
Maize March September 27.4% 34.2%
Soybean April September – 32.8%
middle of June (Fig. 4), which is comparable to that observed in middle
Gansu region (Wang et al., 2010). The daily mean upward shortwave ra-
diation (USR) maximized in winter due to the high snow surface albedo.
In addition, the USR was high with the increase of DSR in late spring and
fell to relatively low values with the decrease of surface albedo due to the
greening of vegetation and the increase of precipitation. Longwave radia-
tion was less affected by weather conditions and reached the maximum
in summer. The maximum daily mean downward longwave radiation
(DLR) was 408.7 W m−2, which was slightly larger than that observed
over grassland inmiddle Gansu (Wang et al., 2010), while the maximum
daily mean upward longwave radiation (ULR) was 459.2 Wm−2, which
was slightly lower than that observed over grassland in middle Gansu
(Wang et al., 2010). The upward longwave radiation was related to sur-
face temperature (R2=0.99), thus it had the same waveform with the
surface temperature (not shown). While the downward longwave radia-
tionwas influenced by air temperature (R2=0.71) andwater vapor pres-
sure (R2=0.83).

Surface albedo characterizes the ability of surface to reflect the in-
coming solar radiation and is related to the conditions of underlying
surface. Fig. 5 shows the variation of midday (11:00–15:00) mean sur-
face albedo during the study period. The maximum midday mean sur-
face albedo was 0.83, occurred after snow. With the melting of snow
and infiltrating of water into the soil, the albedo decreased quickly in
spring. During the growing season, the albedo decreased slightly with
the growth of crop. The surface was bare and sparsely vegetated after
the harvest of winter wheat at the end of June in 2011, after which
the surface albedo was relatively low and lower than that before the
harvest as wet soil is dimmer than vegetation. There were periods
when surface albedo increased day by daywhen soil was gradually dry-
ing out until the next rainfall. This cycle was obvious between July and
September 2011. Soil moisture is a key parameter controlling surface al-
bedo (Wang et al., 2010). A decrease of surface albedo with increasing
soil moisture was found over the grassland in middle Gansu over
Loess Plateau (Guan et al., 2009; Li et al., 2012a), the bare landscape
over the north region ofMt. Everest (Chen et al., 2012), and the cropland
and grassland in the semiarid area of northeastern China (Liu et al.,
2008a). An inverse correlation between the albedo and the soilmoisture
was also found in our study site, especially after the harvest, as shown in
Fig. 6 & Table 2. The albedowas less sensitive to soil moisture during the
growing season compared with that after the harvest.

The albedo during the growing season in our study area was lower
than the cropland in middle Gansu over the Loess Plateau (Zhang
et al., 2011a), which was related to more precipitation, and thus wetter
soil and better crop growth in our site. The maximum albedo observed
in winter was higher than that of cropland in middle Gansu (Zhang
et al., 2011a), probably due to the heavy snow in our study period.



Fig. 3. (a) Dailymean air temperature (Ta), (b) dailymeanwater vapor pressure (e), (c) soil volumetricwater content (VWC) and daily precipitation (P), (d)monthly precipitation (P), and
(e) number of days with daily precipitation larger than 5mm, from Dec. 2010 to Nov. 2012.
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Due to the large interannual variations in precipitation and agricul-
tural activity, there were considerable differences in surface radiation
budget among years. The annualmean albedo in 2011–2012was small-
er than that in 2010–2011 as listed in Table 3, resulted in less shortwave
radiation reflected into the atmosphere. The surface temperature and
soil temperature were slightly lower in 2011–2012, resulted in less up-
ward longwave radiation. All these contributed to the more net radia-
tion in 2011–2012.



Fig. 4.Dailymean (a) downward shortwave radiation (DSR), (b) upward shortwave radiation (USR), (c) downward longwave radiation (DLR), (d) upward longwave radiation (ULR) from
Dec. 2010 to Nov. 2012.
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3.3. Surface energy fluxes

3.3.1. Diurnal, seasonal and interannual variations
The radiation received by surface drives the energy exchange be-

tween the surface and the atmosphere. As shown in Fig. 7a, the diurnal
cycle of monthly mean net radiation (Rn) reached the daily peak during
12:00–13:00 Beijing time, while the daily peak of Hs (LE) lagged for
about 0–1.5 (2.0) hours. The small positive value of LE (about
10Wm−2) during nighttime indicates that there were evapotranspira-
tion (ET) during night, while the small negative value of Hs (about
−10Wm−2) indicates that the surface obtained energy from the atmo-
sphere due to its cooling by emitting radiation during night or supplying
energy for ET. In general, G0 was lower than Hs and LE, with higher
values during spring and summer and lower values during autumn
and winter. The slightly negative value of G0 (about−20Wm−2) dur-
ing night indicates that energy was transported from soil to the surface.

The seasonal variation of energy exchange was shown in Fig. 7b, c
and Table 4. The midday mean Hs, LE and G0 ranged from 53.6 to
177.6 W m−2, 37.4 to 235.8 W m−2, and 4.3 to 108.4 W m−2, respec-
tively. The seasonal variations in LE and Hs during 2011–2012 (Fig. 7c)
were similar to other ecosystems, which had been interpreted as re-
sponses to the emergence of new leaves in spring and the rapid senes-
cence of leaves from early September (Chen et al., 2009; Wilson and
Baldocchi, 2000; Wu et al., 2007). However, the seasonal patterns of
the LE and Hs during 2010–2011 (Fig. 7b) was significantly different
from that during 2011–2012. During 2010–2011, the midday Hs/Rn



Fig. 5. Variation of midday mean surface albedo (a) from Dec. 2010 to Nov. 2011, (b) from Dec. 2011 to Nov. 2012.
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ranged from 12.0% to 76.1%, while themidday LE/Rn ranged from7.5% to
75.8%, and the largest consumer of net radiation shifted between LE and
Hs. One of the reasons for the seasonal fluctuation in Hs and LEwas the
distribution of precipitation, for instance, during the growing season
of 2011, LE was lower than Hs in April due to low precipitation
(Table 4), while it became greater than Hs in May with the increase of
precipitation, but fell slightly below Hs when the precipitation de-
creased in June, and LE was obviously higher than Hs in September
2011 when the maximum monthly precipitation of 2011 occurred
(Fig. 3d, Table 4). Another reason was the agricultural activities, i.e. in
July and August of 2011, LE was only slightly higher than Hs though
the precipitation increased (Table 4), which was related to the lower
or no active plant transpiration (soilwas bare after the harvest of winter
wheat). The harvest of winter wheat could lead to the decrease of LE as
vegetated surface produces more LE than bare soil due to transpiration.
While, during 2011–2012, more precipitation was available in spring
and it was well-distributed in the whole growing season (Fig. 3d and
e), in addition, there were soybeans in the footprint of surface energy
fluxes after the harvest of winter wheat, all of these made the LE higher
than Hs from April to September with the daily peak of LE more than
doubled that of Hs and reached the maximum of 277.6 W m−2 in July
2012.

Compared with the cropland in middle Gansu (Zhang et al., 2011a),
the LE in our studied ecosystemwas larger and thereweremoremonths
during which LE was larger than Hs. The seasonal variation of energy
Fig. 6. Relationships between midday mean surface albedo and soil volumetric water
content (VWC) from Apr. to Nov. 2011.
fluxes were also different from that in middle Gansu cropland where
LE increased with Rn and reached the maximum in early summer
whichwere larger thanHs for only fewmonths, then fell as quickly as Rn.

3.3.2. Bowen ratio
Fig. 8 shows the variation of the midday Bowen ratio which is de-

fined as the ratio of Hs and LE and was generally used to investigate
the effect of surface condition on energy partitioning. The variability in
the Bowen ratio was large, ranged from 0.04 to 7.86, which was related
to the variation of soil moisture and vegetation. As a result of the frozen
soil and the degeneration of vegetation in winter, Rnwas primarily con-
sumed by Hs (Fig. 7, Table 4) and the Bowen ratio was large. With the
increase of precipitation and the growth of crop, LE increased signifi-
cantly (Fig. 7, Table 4) and the Bowen ratio fell quickly from spring. As
the spring of 2011 was dry and the surface was bare in summer after
the winter wheat harvest, the Bowen ratio was generally around or
above 2 except after rainfall evens. While the spring and the summer
of 2012 were relatively wet and there was some soybean after the har-
vest of winterwheat, the Bowen ratiowas generally below1. During the
autumn of 2011, the Bowen ratio maintained below 1 due to high soil
volumetric water content, while the Bowen ratio was below 1 in early
autumn of 2012 and then increased to above 3 in late autumn when
soil was drying out.

The Bowen ratio in our study site was comparable to the shrub sa-
vanna in West Africa (Bruemmer et al., 2008) during wet season, but
was much lower than the shrub savanna during dry season. It was
higher than the irrigated maize-based cropland (Suyker and Verma,
2008) during the growing seasonof 2011,whilewas slightly higher dur-
ing the growing season of 2012. The annual midday Bowen ratio were
1.61 and 1.23 in 2011 and 2012, respectively, which were much lower
than some cropland and steppe sites in Inner Mongolia (Chen et al.,
2009). The mean Bowen ratio for winter wheat (averaged for April
and May) were 1.14 and 0.53 in 2011 and 2012, respectively, that
were much higher than an irrigated wheat site in the North China
Table 2
Statistical parameters of the relationships between midday mean surface albedo and soil
VWC from Apr. to Nov. 2011.

Period Surface Slope Intercept R2

Apr.-Jun. Wheat −0.31 0.22 0.11⁎

July Ploughed −0.62 0.22 0.55⁎

August Bare −0.99 0.32 0.90⁎

Sep.-Nov. Sparsely vegetated −0.36 0.22 0.42⁎

⁎ Relationships are significant at the 99% confidence interval.



Table 3
Annual mean values of radiation components, albedo, surface temperature (Ts), 5-cm soil
temperature (T5) and soil heatflux (G0). The radiation components and soil heatfluxare in
W m−2 and the temperatures are in °C.

Year DSRa USRa DLRa ULRa Rn
a Albedo Ts T5 G0

2010–2011 159.9 34.9 302.4 359.1 68.3 0.218 7.8 12.1 4.0
2011–2012 163.7 34.6 303.6 355.8 76.9 0.211 7.7 11.2 0.3

a DSR: downward shortwave radiation, USR: upward shortwave radiation, DLR: down-
ward longwave radiation, ULR: upward longwave radiation, Rn: net radiation.
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Plain (Lei and Yang, 2010), indicating that the evapotranspiration was
suppressed in our study site.
3.3.3. Energy partitioning
The partitioning of net radiation absorbed by the surface into Hs, LE

and G0 was affected by land surface conditions. On an annual scale,
the largest consumer of midday net radiation was sensible heat flux in
2011, which accounted for about 35% of Rn, while it was the latent
heat flux in 2012, which accounted for about 40% of Rn. The average
midday LE/Rn were about 32% and 40% in 2011 and 2012, respectively,
which were lower than some irrigated croplands of 59% and 60% (Lei
Fig. 7. (a) Diurnal cycle of the monthly mean net radiation (Rn), sensible heat flux (Hs), latent h
heat flux and surface soil heat flux to net radiation (b) from Dec. 2010 to Nov. 2011, (c) from D
and Yang, 2010; Suyker and Verma, 2008). During the rapid growing
season of winter wheat (March to May), the average midday LE/Rn
were about 34% and 46%, respectively, in 2011 and 2012, which were
much lower than other croplands, such as, irrigated winter wheat
agro-ecosystem of 83% (Lei and Yang, 2010), summer maize of 57%
(Lei and Yang, 2010), and irrigated maize or soybean of about 70%
(Suyker and Verma, 2008), indicating that it was water limited in our
study site. Therefore, we investigated the effects of soil moisture on sur-
face energy partitioning as shown in Fig. 9. Overall,Hs/Rn decreasedwith
increasing soil moisture, while LE/Rn increased with soil moisture. This
overall pattern resulted in the fluctuation of Hs and LE (Fig. 7b). As the
precipitation was the only source of the soil moisture, the partitioning
of the surface energy was sensitive to the changes in precipitation in
the studied semi-arid agroecosystem, and the largest consumer of net
radiation shifted between LE andHs mainly depending on precipitation.
There was an apparent water stress threshold value of ca. 0.12m3 m−3,
above that, LE/Rn exceed Hs/Rn. However, there were only 30% of days
with the midday VWC greater than this threshold during May to June,
2011. The evapotranspiration of crops was suppressed in our study
site, resulted in the much lower LE/Rn than other agro-ecosystem (Lei
and Yang, 2010; Suyker and Verma, 2008). While during May to June,
2012, there were more than 70% of days with midday VWC greater
than 0.12 m3 m−3 and the LE/Rn was obviously higher than 2011
eat flux (LE) and surface soil heat flux (G0), and ratios of midday sensible heat flux, latent
ec. 2011 to Nov. 2012.



Table 4
Monthly summaries of total precipitation (P) in mm, and midday means of 5-cm soil water content (VWC5) in m3 m−3, net radiation (Rn) in W m−2, air temperature (Ta) in °C, vapor
pressure deficit (VPD) in kPa, surface temperature (Ts) in °C, sensible heat flux (Hs) in W m−2, latent heat flux (LE) in W m−2, and surface soil heat flux (G0) in W m−2, from Dec.
2010 to Nov. 2012.

Year Month Surfacea P VWC5 Rn Ta VPD Ts Hs LE G0

Wheat Maize Soybean

2010 12 √ – 5.3 – 222.1 1.3 0.54 6.4 90.7 50.9 13.8
2011 1 √ – 7.7 – 141.6 −8.4 0.16 −4.1 57.2 37.4 18.5

2 √ – 5.1 – 258.5 1.6 0.39 10.2 111.2 42.7 46.4
3 √ √ – 6.0 0.112 336.2 3.7 0.60 14.2 147.8 62.0 81.2
4 √ √ – 2.5 0.112 395.4 14.6 1.33 25.7 177.6 127.1 108.4
5 √ √ – 43.6 0.130 441.7 17.2 1.27 23.0 123.9 216.2 103.3
6 √ √ – 18.3 0.103 389.2 22.1 1.60 28.2 143.6 135.5 77.6
7 √ – 99.6 0.127 389.4 22.8 1.42 34.5 140.8 152.3 79.1
8 √ – 105.4 0.142 406.9 20.7 0.96 29.5 127.1 167.4 83.4
9 √ – 224.8 0.218 304.7 14.2 0.50 18.3 77.1 177.3 44.1
10 √ 45.4 0.194 294.3 10.5 0.47 13.8 75.1 120.7 50.1
11 √ 51.9 0.203 189.1 4.5 0.22 7.0 53.6 83.1 28.5
12 √ 2.7 – 167.7 −2.3 0.23 −0.1 65.0 37.6 4.3

2012 1 √ 8.0 – 163.4 −4.5 0.24 0.2 103.2 18.9 12.7
2 √ 2.4 – 243.2 −2.8 0.26 3.5 – – 19.7
3 √ √ 19.0 0.147 360.5 4.8 0.50 10.5 – – 56.8
4 √ √ √ 35.9 0.154 438.1 13.9 1.08 20.6 93.5 196.5 86.3
5 √ √ √ 46.8 0.160 416.8 17.1 0.98 23.7 88.6 218.3 67.2
6 √ √ √ 80.9 0.139 484.5 21.8 1.45 31.8 125.9 227.6 88.0
7 √ √ 42.0 0.166 430.1 22.7 1.17 27.5 69.3 235.8 54.2
8 √ √ 120.3 0.190 419.6 21.1 0.84 28.4 83.4 223.0 40.2
9 √ √ 81.0 0.246 363.6 15.2 0.65 20.1 98.1 186.6 54.8
10 √ 12.7 0.197 320.1 12.2 0.75 16.8 88.8 118.4 66.8
11 √ 1.4 0.145 256.5 3.8 0.52 9.1 93.0 63.5 7.2

a Surface crop types are shown in Fig. 2. √ means the crop was in the land, blank means the crop was harvested, – means no soybean during 2010 to 2011.
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(Fig. 7c) though the total precipitation was less compared to 2011. This
indicated that the distribution of precipitation was more important than
the total precipitation amount. In addition, when the main crop (wheat)
was harvested (Fig. 9b and c) or all the crops were harvested (Fig. 9d),
the LE/Rn was lower than that before harvested (Fig. 9a) at the same soil
Fig. 8. Variation of midday Bowen ratios (a) from Dec. 2
moisture condition. Thismeans that the agricultural activities could result
in decreased latent heat fraction because of the shortened plant growing
period (Chen et al., 2009), so the LE/Rn during July–August 2011 was
much lower than that in 2012 due to the earlier harvest of the winter
wheat in 2011 as compared to the harvest of soybean in 2012.
010 to Nov. 2011, (b) from Dec. 2011 to Nov. 2012.



Fig. 9. Relationships between the ratios of midday Hs and LE to Rn with soil volumetric water content for (a) May to June, (b) July, (c) August, and (d) September to November, 2011.
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3.4. Energy balance closure

The surface energy balance can be expressed as

Rn ¼ Hsþ LE þ G0 þ Re ð1Þ

where Re is the residual energy involving various processes, such as can-
opy heat storage, photosynthesis, respiration and advection. Surface soil
heat flux G0 is estimated as the sum of soil heat flux measured at 5cm
depth and ground heat storage above the soil heat flux plate. Fig. 10
showed the intercomparison of (Hs + LE) and (Rn − G0) for a full year.
The energy balance closure, defined as the ratio of measured (Hs + LE)
and available energy (Rn − G0), was 77.6% and 73.3% for 2010–2011
and 2011–2012 using 30-min dataset, respectively, which falls within
the closure (using linear regression slope for 30-min dataset) of 49% to
81% obtained by Li et al. (2005) for 8 sites in ChinaFLUX, and the use of
daily averages could improve the energy closures in our site to 90.2%
Fig. 10. Surface energy balance closure for (a) Dec. 2
and 78.8%, respectively. Overall, the surface energy balance closure in
our sitewas good comparedwith other sites in ChinaFLUX. There are var-
ious sources for the energy imbalance (Foken, 2008a; Leuning et al.,
2012). Wen et al. (2009) argued that the degree of energy imbalance is
considerable in the Loess Plateau mainly due to the heat storage in the
soil, vegetation canopy and near surface air layer. Their estimated heat
storage in millet canopy during summer in the study site was about
−10 to 25 Wm−2. Meyers and Hollinger (2004) reported that the stor-
age in maize and soybean land were generally a small fraction (b5%) of
the net radiation. An analysis of the role of ground heat storage to the en-
ergy balance in the study site in our previous work (Chen et al., 2014) in-
dicated that ground heat storage should not be neglected, whichwas also
investigated by Li et al. (2012b). The energy balance closure considering
the ground heat storage was still lower than that at grassland in middle
Gansu (Li et al., 2012b;Wang et al., 2010). The signature of themeasured
fluxes coming from different source areas was one of the reasons for en-
ergy imbalance (Foken, 2008b). At our study site, the source areas of
010–Nov. 2011, and (b) Dec. 2011–Nov. 2012.



Table 5
Average values of the terms of the surface energy balancea from Dec. 2010 to Nov. 2011.

Rn Hs LE G0 Imb

1100–1500 Annual 314.5 114.8 116.9 61.3 39.3
Winter 205.7 87.3 44.2 25.5 54.2
Spring 391.1 151.7 139.0 97.5 8.8
Summer 395.2 140.0 155.7 80.0 36.5
Autumn 263.0 71.3 133.5 41.0 62.5

2300–0300 Annual −40.7 −10.6 7.9 −21.4 −18.9
Winter −46.0 −13.3 5.2 −22.2 −20.9
Spring −48.0 −12.3 9.1 −22.3 −21.9
Summer −40.8 −10.4 8.4 −23.2 −15.3
Autumn −27.9 −5.2 8.5 −17.8 −16.8

a Units: W m−2. The imbalance (Imb) is the average of individual imbalances.
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turbulent fluxes contained different crops, whereas those of Rn and G0

were from a single kind of cropland.
Cuxart et al. (2015) estimated the surface energy balance for a site in

the eastern Ebro Basin, Catalonia, using the annual and seasonal aver-
ages for both noon and midnight. Here we also calculated the annual
and seasonal averages of the surface energy balance for the midday
(11:00–15:00) and midnight (23:00–03:00) (Table 5). The imbalance
(Imb) at midday was large in autumn and winter, while it was small
in spring. During midday, the values of the imbalance were approxi-
mately 2% of Rn in spring and 26% in winter, whereas for the midnight,
the imbalance accounted for about 37% to 60% of Rn. Compared to
other recent studies, such as in the Ebro Valley, Cuxart et al. (2015) re-
ported imbalances of about 27% to 34% of Rn during the daytime and
about 24% to 33% during nighttime, our imbalances were small in the
midday, however the values at midnight were relatively large.

To investigate the reasons for energy imbalance, Cuxart et al. (2015)
analyzed the relationship of the imbalancewith the terms of surface en-
ergy balance for all hours in the Ebro Valley site and found the imbal-
ance was linearly related to Rn. Here we also analyzed this relationship
Fig. 11. The imbalance as a function of the terms of the surface energy balance (comparable to Fi
a particular interval of the SEB term and the shaded grey area the standard deviation.
and the results are shown in Fig. 11. A linear relationship between the
imbalance and Rn, either during night or daytime, was also found in
our site similar to that documented in Cuxart et al. (2015) except the
small magnitude of the imbalance at our site. It means that the radiative
forcing is not compensated by the main terms of the SEB (Cuxart et al.,
2015). However, the relationships of the imbalance with the Hs, LE, and
G0 were different from that in the Ebro Valley site, especially at high
values of Hs, LE and G0, when some deficits exist. We found that
the large imbalance deficit (Imbb−100 W m−2) mainly occurred dur-
ing 13:00 to 16:00 (accounting for 70% of occasions with Imb-
−100 W m−2) in spring and summer. It happened mainly due to the
short time cloudy which resulted in the decrease of incoming (Rn)
(Table 6), whereas the expense of energy by Hs and LE stayed the
same except the little decrease of G0 (Table 6), which means that
there was a time delay of the energy exchange at land surface from
the radiative forcing as shown in the diurnal cycle in Section 3.3.1.

In addition, we investigated the relationship between the Imb/Rn
and several air and soil variables during the midday (11:00–15:00), as
very large imbalances was found to be related to high soil moisture es-
pecially in warm conditions in Cuxart et al. (2015) for the Ebro Valley
site through a similar analysis. As shown in Fig. 12a, the energy imbal-
ance showed a dependence on u⁎, and the ratio of the imbalance de-
creased with the increasing u⁎. Friction velocity, to some extent,
reflects the development of turbulence and low u⁎ often indicates poorly
developed turbulence (Wu et al., 2007). This explains the great energy
imbalance in autumn and winter, as well as during midnight, when u⁎
was low. It seemed that the ratio of imbalance was high when the
weather was cold (Fig. 12b, d, and e), or the soil was wet (Fig. 12f),
pointing to the effect of the heat storage in frozen soil, vegetation cano-
py and near surface air layer. While, there was no clear relationship be-
tween the ratio of imbalance and the specific humidity (q, Fig. 12c).

Overall, the energy balance closure statistics at our site were reason-
ably comparable to other sites. The eddy covariancemethod is susceptible
g. 4 in Cuxart et al., 2015). The black line represents the average values of the imbalance for



Table 6
Average values of the terms of the surface energy balancea for the periods with imbalance
deficit and different hours before the occurrence of the imbalance deficit.

Rn Hs LE G0 Imb

Time—2h 499.3 167.8 198.3 118.9 23.0
Time—1.5h 497.4 173.9 197.6 120.8 14.0
Time—1h 483.7 172.4 197.1 118.7 0.4
Time—0.5h 456.5 168.4 195.0 112.4 −18.1
Imbb—100 329.0 167.9 222.1 96.4 −157.3

a Units: W m−2. The imbalance is the average of individual imbalances.
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to errors when the surface energy balance does not close, however, its
strengths in measuring interannual variability of surface energy fluxes
are apparent because bias errors tend to be constant from year to year
(Ryu et al., 2008).

4. Conclusions

In this study, we reported the seasonal and interannual variability of
the radiation, the energy fluxes and the energy balance closure over a
Fig. 12. Relationships between the ratio of energy imbalance and some air and soil variables
temperature, (c) specific humidity, (d) surface temperature, (e) soil temperature at 10cm dep
rain-fed cropland in the semi-arid area of Loess Plateau, Northwest
China, based on 2-year's flux measurements spanning from December
2010 to November 2012.

The studied agro-ecosystem located in a semi-arid area, where the
precipitation has large seasonal and interannual variations. Soil volu-
metric water content was far from saturation and the evapotranspira-
tion was suppressed due to the water stress in this semi-arid
cropland, especially during the growing season. An apparent water
stress threshold value of ca. 0.12 m3 m−3 was found for the studied
crop site. In this semi-arid area, soil moisture (distribute of precipita-
tion) was themain factor affecting the radiation budget and surface en-
ergy partitioning. Soil moisture altered the main consumer of available
energy, which could determine the development of boundary layer
and the regional climate. As climate models are sensitive to surface en-
ergy partitioning, the pattern of the energy partitioning in our site could
be used to evaluate the models.

Agricultural activity affects the function of soil moisture by alter-
ing the sensitivity and variability of albedo to soil moisture, as well as
energy partitioning patterns. This short-term change in land use
caused by agriculture activities should be considered in models.
And the energy portioning over different crop species need to be
during midday (modified after Fig. 5 in Cuxart et al., 2015), (a) Friction velocity, (b) air
th, and (f) soil volumetric water content at 5cm depth.
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investigated to evaluate the influence of human activities on regional
climate in future studies.

Surface energy balance closures in our site were reasonably compa-
rable to other sites, with the closure of 77.6% and 73.3% for the year of
2011 and 2012, respectively. However, the imbalance was large during
midnight, related to the low turbulent intensity. The time delay of tur-
bulent fluxes relative to the net radiation may cause large imbalance
at 30-min timescale.

The semi-arid area of Loess Plateau is at the western edge of the East
Asian summer monsoon-affected area and its climatic conditions, such
as precipitation, have large interannual variations. Climate change
could alter the water availability in the area, our study is limited to
the analysis of only 2-years' variability of radiation and energy fluxes
over the region. It is necessary to analyze long-term observation data
or model results over this area to evaluate the influence of climate
change on the energy partitioning.
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