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Abstract

Introduction: Low energy balance closure (EBC) at a particular eddy-covariance flux site has increased the
uncertainties of carbon, water, and energy measurements and has thus hampered the urgent research of
scaling up and modeling analyses through site combinations in regional or global flux networks.

Methods: A series of manipulative experiments were conducted in this study to explore the role of net radiation
(Rn) in the EBC in relation to spatial variability of vegetation characteristics, source area, and sensor type in three
sites of the Inner Mongolian grassland of northern China.

Results: At all three sites, the residual fluxes of EBC peaked consistently at 110 W m−2. The spatial variability in net
radiation was 19 W m−2 (5% of Rn) during the day and 7 W m−2 (16%) at night, with an average of 13 W m−2 (11%)
from eight plot measurements across the three sites. Large area measurements of Rn significantly increased by
9 W m−2 during the day and decreased by 4 W m−2 at night in the unclipped treatments. Net radiation decreased
by 25 W m−2 (6% of Rn) at midday and 81 MJ m−2 (6%) during a growing season with heavier regular clipping than
that in unclipped treatments. The Rn was lower by 11–21 W m−2 (~20–40% of Rn) measured by CNR1 than by Q7.1
at night, while there was only 6 W m−2 (~1–2% of Rn) difference during the daytime between these two types of
commonly used net radiometers.

Conclusions: Overall, the inclusion of the uncertainty in available energy accounted for 65% of the ~110 W m−2

shortfalls in the lack of closure. Clearly, the unclosed energy balance at these three grassland sites remains
significant, with unexplored mechanisms for future research.
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Introduction
The energy balance of the terrestrial surface can be
expressed by the first law of thermodynamics, which dic-
tates conservation of energy as:

Rn ¼ H þ LE þ G þ Qþ ε ð1Þ
where Rn is the net radiation, H is the sensible heat flux,
LE is the latent heat flux, G is the soil heat flux, Q is the
sum of other heat fluxes on the surface (plants, water,
etc.) with a small fraction converted to chemical energy
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through photosynthesis, and ε is any residual flux associ-
ated with errors. In grasslands, Q flux is relatively minor
due to low and often neglected vegetation mass. If Q is
small enough to ignore at a study site, the residual flux
(ε = Rn – H – LE – G) should approximate to zero.
In-depth investigations on the energy balance and energy

balance closure (EBC) of terrestrial ecosystems have been
extensively revisited since the 2000s with rapid increases in
the direct measurements of net exchanges of carbon and
water using the eddy-covariance (EC) flux tower technol-
ogy, in which the EBC plays a critical role in assessing the
quality of flux measurements (Foken 2008; Oncley et al.
2007). Within the FLUXNET (http://www.fluxnet.ornl.gov/
fluxnet/index.cfm) community, the EBC is considered a
key indicator for evaluating the flux data quality of EC
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measurements (Baldocchi et al. 1996; Goulden et al. 1996;
Mauder and Foken 2006; Wilson et al. 2002). The low EBC
(i.e., higher portion of missing energy) triggers suspicions
that trace gases are not being adequately measured. This
would consequently hamper the use of flux data for model
validations and/or up-scaling exercises (Turnipseed et al.
2002; Wilson et al. 2002). For example, Wilson et al.
(2002) reported that the magnitudes of both CO2 uptake
and respiration were underestimated when the energy im-
balance was greater. Similarly, the amount of missing en-
ergy correlated negatively with the Bowen ratio (Chen
et al. 2004), suggesting that the turbulent flux measure-
ment had an error when the EBC was low.
The energy closure problem is frequently related to

low turbulent energy and high available energy (H +
LE < Rn – G), potentially due to underestimation of the
turbulent energy and/or overestimation of the available
energy. Foken (2008), in a review of the EBC problems,
reported that the residuals of the EBC in daytime varied
from 50–300 W m−2, suggesting that available energy
could be 30% higher than turbulent energy (Wilson et al.
2002). In recent years, numerous efforts have been made
to explain the specific reasons for the EBCs at diverse flux
measurement sites (Oliphant et al. 2004; Sanchez et al.
2010). Yet, no universally valid theories for the underlying
mechanisms have been accepted by the community.
Herein, we describe the use of a net radiometer with suffi-
cient replications and field installations among the many
reasons for conducting this EBC study.
Inadequate spatial sampling of Rn, especially when

patchy vegetation and complex terrains exist, has been
examined as another possible reason for EBC issues
(Malhi et al. 2004; Schmid 1997). An EC site is conven-
tionally selected to meet the theoretical needs of a large,
homogeneous, and flat landscape. While turbulent en-
ergy components (i.e., sensible and latent heat fluxes)
have a footprint of an entire ecosystem (normally, 50–100
sensor heights in all directions) (Chen et al. 2004), net
radiation and soil heat fluxes are sampled with a much
smaller footprint, with about 100 m2 for Rn and 10−4 m2

for G. These mismatched measurement footprints would
not be issues when the spatial variations of vegetation, soil,
and topography are minimal (Schmid 1997); however,
such ideal conditions rarely exist. To improve the EBC,
one solution is to increase the sampling numbers of Rn
Table 1 Net radiometers and their deployments in the three

Experiment Period of measurement

1 Site I Jul 9–29, 2006

Site II Jul 31–Aug 20, 2006

Site III Aug 21–Sept 15, 2006

2 Jun 3–30; July 26–Oct 31, 2007

3 Jul 13–21, 2007
and G (i.e., increasing the measurement footprint) within
the larger footprint of the turbulent footprints (Schmid
1997; Shao et al. 2008).
This paper investigates how spatial variability in Rn

affects EBCs through a detailed analysis of vegetation
characteristics and source area effects. Measurements
for this study were conducted at three experimental sites in
Inner Mongolia along temperature and water gradients to
produce more general results/conclusions. Three specific
questions will be answered through inter-/intra-site com-
parisons and manipulative experiments: i) What is the
magnitude of the spatial variability in Rn at the three EC
measurement sites? ii) What are the potential causes of Rn
variation within and between our sites? iii) What are the
contributions of Rn to EBC at these sites due to its spatial
variation caused by heterogeneous vegetation? To seek the
answers, we designed three experiments in a typical grass-
land type of Inner Mongolia and applied a mobile energy
flux measurement system, which consists of nine net
radiometers and other meteorological sensors with three
eddy flux towers to record spatially independent Rn and
associated surface properties (e.g., vegetation and soil).
We specifically hypothesize that the heterogeneity of vege-
tation structure plays an important role in the EBC due to
its direct alterations of the outgoing (or reflectance) of
short- and long-wave radiation that determine the magni-
tude of net radiation.

Methods
Site descriptions
Experiment 1 was designed to measure Rn at three EC
measurement sites: Duolun (site I), Xilinhot (site II), and
Dongwu (site III) of Inner Mongolia, northern China,
during the growing season of 2006. Experiments 2 and 3
were conducted at site I during the growing season of
2007 in a manipulative plot that is approximately 1,000 m
south of the EC tower (Table 1).
Site I (42° 02′ N, 116° 17′ E, 1,380 m asl) involved in

Experiments 1–3 was located at the Shisanlitan Grassland
Ecosystem Restoration Research Station in Duolun County,
a semiarid agriculture-pasture transition area in southeast-
ern Inner Mongolia. The site has a distinct continental
climate with a mean annual relative humidity of 61% and a
mean annual precipitation of 399 mm (375 mm in 2007),
which falls primarily from May to October. The mean
experiments in this study

Sensor used Height

Eight Q7.1 s; one CNR1 Q7.1 2 m; CNR1 4 m

Eight Q7.1 s; one CNR1 Q7.1 2 m; CNR1 4 m

Eight Q7.1 s; one CNR1 Q7.1 2 m; CNR1 3.5 m

Nine Q7.1 s 0.3–0.5 m above the canopy

Six Q7.1 s Small 0.5 m; large 1.5 m
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annual temperature is 3.3°C, with a mean monthly tem-
perature ranging from −15.9°C in January to 19.9°C in July
(1990–2004). Summers are relatively damp and warm
while winters are rather cold, dry, and windy. The study
site was flat with relatively homogenous vegetation within
the landscape. The experimental manipulations were con-
ducted in the Stipa krylovii grassland, which is the most
dominant vegetation type in the region. The soils are chest-
nut soils and below 0.4 m, there is a mixture of sandy soil
and gravel. The site has been fenced since 2001 to prevent
large herbivores, such as cattle and sheep, from grazing on
the grassland, as had previously occurred. The dominant
species include Stipa krylovii, Artemisia frigida, and
Potentilla acaulis.
Site II (43° 33′ N, 116° 40′ E, 1,120 m asl) is at the

Inner Mongolian Grassland Ecosystem Research Station
of the Chinese Ecosystem Research Network. The site is
exposed to a temperate, semi-arid continental climate
with a mean annual temperature of 2.6°C and mean
monthly temperatures ranging from −18.8°C in January to
21.2°C in July over the past 30 years. The mean annual
precipitation is 350 mm. The dominant wind direction is
northwest with an average wind velocity of 3.4 m s−1 dur-
ing the sampling period. Chestnut and dark chestnut soils
are the zonal soil types (Chen et al. 2005). The dominant
plant species are two perennial grass species, Leymus
chinensis and Stipa grandis.
At site III (45° 33′ N, 116° 59′ E, 840 m asl), the mean

annual precipitation is 259 mm and the mean annual
temperature is 1.4°C, with mean monthly temperatures
ranging from −20.8°C in January to 21.1°C in July over
the past 30 years. The growing season usually begins in
mid-May and ends in late September. The mean wind
direction is southwesterly from June 1 to September 30,
with an average wind velocity of 3.1 m s−1 during the
sampling period. The experimental plot is very flat and
homogenous with degraded typical grasslands. The dom-
inant species are Salsola collina and Leymus chinensis.
For further site information, see Shao et al. (2008).

Experiment 1: Spatial variability of Rn within the EC
footprints
All of the EBC terms in Eq. (1) were directly measured
at each of the EC towers (Zhang et al. 2007). Rn was
measured by four-component net radiometers CNR1
(Kipp & Zonen, Delft, the Netherlands). The open path
EC tower included a fast response three-dimensional
ultrasonic anemometer (CSAT3, Campbell Scientific Inc.
(CSI), Logan, UT, USA) installed 3 m above the ground
and a LI7500 InfraRed Gas Analyzer (IRGA, LiCor Inc.,
Lincoln, NE, USA) to obtain the LE and H. We arbitrar-
ily laid out a 50 × 50 m2 plot around the three EC towers
to install the mobile energy balance (EB) system, which
consists of eight stations in an orthogonal layout with
12.5 m intervals in the four cardinal directions. That is,
two stations were installed at distances of 12.5 and 25 m
from the center point in each direction. Each station was
equipped with a Q7.1 net radiometer (Radiation Energy
Balance System (REBS), Seattle, WA, USA) mounted 2.0 m
above the ground, two heat flux transducers (HFT3.1,
REBS) buried at 0.025 m depth to measure soil heat flux
(G0), and one custom-made T-type copper-constantan
thermocouple to measure soil temperature at 0.05 m depth
(Ts). The mobile EB system also included four water
content reflectometers (model CS616, CSI) in the four
directions at a depth of 0.025 m (upper pole) to record soil
volumetric water content (θ), and three E-type chromel-
constantan thermocouples to measure soil surface tempe-
rature (T0). Soil bulk density (ρb), from surface to 0.05 m
depth, was measured in four replicates in each direction at
each site. Ts, T0, θ, and ρb were used to calculate the soil
layer heat storage (S) above the two HFT3.1 s. The sum of
G0 and S is soil heat flux (G). All the Q7.1 s were corrected
by using the same wind speed derived from an anemo-
meter (05103, CSI) that was mounted at 2 m above the
ground at each site. Data was collected at 10 s inter-
vals and compiled as 30 min averages with a CR10X
datalogger (CSI). The prevailing wind directions were
northwest for sites I and II, and southwest for site III, with
average wind velocities of 3.5, 3.4, and 3.1 m s−1 from June 1
to September 30 for sites I, II, and III, respectively. A
footprint analysis was performed using the method of
Stannard (1997, Eqn. (18), P382), showing that, at all three
tower sites, approximately 99% of measured scalar fluxes
originated within 500 m of the tower and approximately
97% originated with 250 m.

Experiment 2: Vegetation influence
To assess the influence of vegetation on Rn, a precision
manipulative experiment initiated in 2003 near site I but
outside the EC tower footprint was used. The experi-
ment was planned in a single-factor design with five
clipping treatments and five replications on the grass-
land: remaining shoot height 0.02 (M2), 0.05 (M5), 0.10
(M10), 0.15 m (M15), and without clipping (M0, control).
Three replicate microclimatic stations were installed in
each of the M2, M10, and M0 treatments, for a total of
nine stations. Continuous measurements of micrometeoro-
logical variables began on June 3 (DOY 154) throughout
the growing season, 2007. After four years of continuous
clipping, the dominant species changed from heteroge-
neous tall-stature bunchgrass Stipa krylovii grassland
(treatment M0) to homogeneous short-stature semi-shrub
Artemisia frigida grassland (treatment M2). The cover, bio-
mass, and biomass-per-cluster in Stipa krylovii, leaf area
index, green biomass, height, and litter weight in the com-
munities of M2 plots were consistently less than those of
M10 and M0 plots (Table 2).



Table 2 Vegetation characteristics at growing seasonal peak time for clipping treatments where Experiments 2 and 3
were conducted

Treatment Vegetation
cover (%)

Leaf area
index

Living biomass
(g m−2)

Litter
(g m−2)

Stand dead
(g m−2)

Average height
of vegetation (m)

Number of
species

M2 54 ± 2a 0.34 ± 0.02a 66 ± 8a 48 ± 8a 25 ± 4a 0.04 ± 0.01a 15 ± 1a

M10 49 ± 2a 0.38 ± 0.02a 76 ± 10a 58 ± 17a 24 ± 1a 0.09 ± 0.01b 14 ± 2a

M0 48 ± 5a 0.48 ± 0.02b 112 ± 7b 130 ± 14b 177 ± 19b 0.23 ± 0.02c 12 ± 1b

M2, M10, and M0 showed biomass removal by clipping shoots at heights of 0.02 m, 0.10 m, respectively, once a year in late August since 2003 and no clipping.
Values (mean ±1 SE) designated by the same letter (a, b, or c) are not significantly different at P = 0.05 among treatments.

Table 3 One week inter-comparison between the Q7.1
net radiometers before Experiments 2 and 3 in 2007

Between§ OLS slope Intercept r2

1, 2 0.98 −0.64 0.999

1, 3 0.99 −1.64 1.000

2, 3 1.01 −0.37 0.999

4, 5 0.99 1.53 1.000

4, 9 0.99 1.19 1.000

5, 9 1.01 −0.12 1.000

6, 7 0.98 0.76 1.000

6, 8 0.99 0.99 1.000

7, 8 1.01 0.12 1.000

Mean (SE) 0.99 (0.00) 0.20 (0.34) 1.00 (0.00)
§In the first column, the first value is the independent variable and the second
value is dependent variable when making the linear regression; r2 is the
coefficient of determination.
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The 25 10 × 20 m2 plots were randomly assigned for
treatment types and placed with 4 m gaps between the
adjacent plots. A push mower (Yard-man 160CC, USA)
was used to clip the vegetation in late-August once a
year and plants were allowed to grow until the next
clipping. The nine stations were distributed randomly
avoiding the edge effects (Chen et al. 1992).

Experiment 3: Influence of the source area
The size of the source area under a radiometer can also
be critical, since a large source area will often include
more diverse land surfaces. Three paired Q7.1 net radi-
ometers were randomly selected for July 12–20, 2007,
with one Q7.1 raised to 1 m higher than the others
during a four-day study period (Table 1).
The source area of a radiometer with a hemispherical

windshield can be calculated as:

A ¼ 1− R=hð Þ2 þ 1
� �−1 ð2Þ

where A is the relative contribution to the measured flux
signal from a partial source area (centered below the net
radiometer) of radius R for net radiometer height above
the canopy of h (Stannard et al. 1994). When R/h =∞, A
= 1. In Experiment 2, as R/h > 10, ≈99% contributed
from each of the measured clipping plots; while in
Experiment 3, R/h = 3.3, therefore A = 92%. The plot area
in our study was large enough for all three experiments.
Experiment 1 was conducted in the summer of 2006 with
the new eight factory calibrated Q7.1 s. These Q7.1 s were
moved to the three sites (I, II, and III) in turn, and then an
inter-comparison was conducted before Experiments 2
and 3. At this time, nine Q7.1 s were randomly divided
into three groups and operated side by side. Descriptions
of net radiometer deployments of Experiments 1–3 are
listed in Table 1. In addition to the factory calibration of
Q7.1 at the beginning of Experiment 1, a one week field
inter-comparison (Halldin and Lindroth 1992) was also
conducted during Experiment 2 (Table 3).

Eddy-covariance data processing
The July to September raw 10 Hz time series data from
the EC measurements were processed off-line using the
EC_Processor software package (http://research.eeescience.
utoledo.edu/lees/ECP/ECP.html) (Noormets et al. 2007;
2010) for sites I, II, and III, respectively, which were
corrected by the double rotation method. The turbulent
fluxes were adjusted for fluctuations in air density using the
Webb-Pearman-Leuning expression (Webb et al. 1980). A
series of data quality controls were used in the EC_Pro-
cessor; for example, data quality was judged by atmos-
pheric stability. Obvious outliers were removed, such
as anomalous or spurious data that were caused by
sensor malfunction, sensor maintenance, rainfall events,
IRGA calibration, power failure, etc. A friction velocity u*
(Goulden et al. 1996) of <0.15 m s−1 was used in this study
(Zhang et al. 2007). Following these quality tests, the
remaining data were classified as ‘good data’ to be submit-
ted for analysis. Consequently, 52%, 42%, and 40% of the
July–September growing season H and LE data obtained
from our EC systems of sites I, II, and III, respectively, were
discarded in Experiment 1. We did not intend to gap-fill
the data and only the ‘good data’ were used in this energy
balance closure analysis.

Data analysis
We analyzed the energy balance residual and applied
linear regression to explore the spatial variability in Rn
contributing to EBC in Experiment 1. First, the data from
12, 16, and 17 days at sites I, II, and III, respectively, were

http://research.eeescience.utoledo.edu/lees/ECP/ECP.html
http://research.eeescience.utoledo.edu/lees/ECP/ECP.html
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compiled into 30 min averages to illustrate the residual
fluxes of EBC (i.e., ε). Then, the data was examined using
an ordinary least square (OLS) linear regression by relat-
ing dependent turbulence energy (H + LE) and independ-
ent available energy (Rn – G). The mean values of the
30 min Rn and G from eight replicated measurements
were calculated at each site. The mean values of Rn were
used to compare the closures resulting from Q7.1 with
those from CNR1 at the EC towers. The maximum and
minimum values were used to illustrate the spatial vari-
ability of Rn and its contribution to the EBC. The mean
values of G from sixteen replications were used to calcu-
late the EBC. Rainy days were deliberately avoided, be-
cause the turbulent flux instruments would not work well
at those times. For Experiments 2 and 3, all the 30 min ex-
perimental periods data were also integrated and exam-
ined on a diurnal scale. The paired T-test (SPSS 13.0
software) was used to analyze Rn deployment by height to
find its contribution to the EBC. Rn differences among
treatments/plots were used to examine the influences of
vegetation and source area.

Results
Spatial variability of Rn
The ε averaged 19 W m−2 (i.e., 5% of Rn) during the day
and 7 W m−2 (16%) at night across the three sites due to
the spatial variability in Rn (Table 4 and Figure 1). The
daytime ε were 48, 68, and 67 W m−2 due to the max-
imum Rn for sites I, II, and III, respectively, and 33,
48, and 47 W m−2 due to the minimum Rn (Table 4 and
Figure 1). Altogether, the spatial variability in Rn contrib-
uting to the EBC was approximately 13 W m−2 or 11%
of the daily mean Rn (Table 4). A 4% OLS slope differ-
ence (0.88 and 0.92) was found from the replicated Rn

sampling (i.e., spatial variability). The OLS slopes for
sites I, II, and III were 0.97, 0.93, and 0.86 for the mini-
mum Rn, respectively, and 0.95, 0.89, and 0.81 for the
maximum Rn. The wet site (i.e., site I) had the highest
OLS slopes for both day and night.
The daytime ε was higher than that at night, but the

portion to Rn was greater at night in all three sites. The
daytime ε was 33 to 68 W m−2 with the portion to Rn

being 3% to 5%, while the nighttime ε was −7 to 7 W m−2

with the portion to Rn being 14% to 20% (Table 4).
Table 4 Energy balance closure residuals (ε, W m−2) resulted
sites (I, II, and III)

Site Midday Midnight

I 38 to 54 (3) −10 to −1 (20)

II 65 to 87 (5) 1 to 7 (13)

III 57 to 80 (6) −11 to −4 (16)

Average 20 (5) 7 (16)

Average row shows the mean ε spatial variability of the three sites. The number in
21:00–3:00 h, respectively. Data are derived from Experiment 1.
Sensor influence
The Rn values from the Q7.1 and CNR1 net radiometers
were different and varied by time. The residual fluxes of
the EBC (i.e., ε) were similar between the two radiome-
ters during the day but higher (less negative) from the
Q7.1 at night in all three sites (Figure 2). In the daytime,
especially from 9:00 to 15:00 h, only 6 W m−2 (~1% of
Rn) difference among the three sites was found. How-
ever, larger differences appeared at night, reaching up to
21 W m−2 (~40% of Rn) at sites I and III, whereas at site
II, the difference was 11 W m−2 (~20% of Rn).
The OLS linear regression showed similar results, with

10% OLS slope difference for the Q7.1 measurements
(0.91) and the CNR1 (0.81) across the three sites (Fig-
ure 3). The Q7.1 provided an OLS slope of 0.84 to 0.97,
while the CNR1 had slopes of 0.73 to 0.88.

Vegetation influence
With an increase in clipping intensity, Rn decreased dur-
ing most of the daytime throughout the growing season
(Figure 4). At midday, the average Rn values were 413,
395, and 388 W m−2 for the M0, M10, and M2 treatments
over the growing season, respectively. The Rn in M2 was
nearly 6% lower than in M0 treatments both at midday
and by daily total. Over the growing season, the total Rn

were 1409, 1331, and 1328 MJ m−2 for M0, M10, and M2,
respectively, i.e., in the heavily mowed treatment (M2)
decreased by another 6% (or about 81 MJ m−2) as com-
pared to the reference.

Source area influence
The size of observed Rn source, changed by deploying
Q7.1 at different heights, did not show a significant
influence in M2 and M10, but did in M0 treatments
(Figures 5 and 6). With M0 treatment, the Rn difference
was 9 W m−2 during the day (9:00–15:00 h, P <0.0001)
and 4 W m−2 at night (21:00–3:00 h) between the two
heights. In M2 and M10 treatments, however, the Rn dif-
ferences were generally <2 W m−2 throughout the day.

Discussion
Inter-comparison
The primary focus of this study was to seek potential
sources of missing Rn energy within the EBC at multiple
from the spatial variability in Rn at the three grassland

Day§ Night§ Day and night

33 to 48 (3) −7 to 2 (20) 13 to 25 (12)

48 to 68 (5) 1 to 7 (14) 25 to 38 (9)

47 to 67 (6) −6 to 1 (15) 20 to 34 (11)

19 (5) 7 (16) 13 (11)

brackets is the percentage of ε/Rn;
§Day and night refer to 9:00–15:00 and
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Figure 2 Energy balance closure residuals (ε) derived from Q7.1
and CNR1 measurements in Rn. Site I (a), II (b), and III (c). Data are
derived from Experiment 1; 30 min averages data from 12, 16, and
17 days at sites I, II, and III, respectively, were compiled into a one-day
scale, the same as in Figure 1.
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Figure 1 Uncertainties in energy balance closure residuals (ε)
due to spatial variability in Rn. The upper and lower bounds of
the gray band derived from the maximum and minimum Rn of the
eight treatments, respectively. Site I (a), II (b), and III (c). Data are
derived from Experiment 1.
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sites where vegetation structure had been manipulated.
In the last 15 years, much has been done to increase the
accuracy of the radiation measurements (Foken 2008;
Kohsiek et al. 2007; Wilson et al. 2002). The regression
slope of the comparisons remained constant over the
sampling period for the three treatments, suggesting that
the Q7.1 is a stable sensor (Table 3). Further evidence
showing small differences (Figures 5 and 6) at the M2

among Q7.1 radiometers (0.5 W m−2 during 9:00–15:00 h
and 1 W m−2 between 21:00–3:00 h) are likely due to the
more homogeneous vegetation. Clearly, the error related
with the different Q7.1 could be reduced with good
maintenance. However, in the early evening, the Q7.1 can
produce occasional spikes (Figures 5 and 6).

Spatial variability of Rn and the EBC
The spatial variability of the Rn measured from multiple
Q7.1 sensors was 19 W m−2 (5% of Rn) during the day
and 7 W m−2 (16%) at night, with a daily average of 13
W m−2 (11%) or a 4% OLS slope. This variability might
be due to the differences in vegetation structure, soil
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characteristics, and microclimates among the eight plots
at each site. However, the spatial variability in available
energy is still smaller to account for the lack of closure.
The turbulent flux is systematically lower by 110 W m−2

at peak time than the available energy (Figures 1 and 2).
The uncertainty in Rn could contribute to a systematic
error of about 20 W m−2 (21 ± 3 W m−2 at midday
across the three sites), or 5% of Rn which is in consistent
with the report by Twine et al. (2000) of 6% of midday
and mid-season Rn at a grass site in Oklahoma. The
uncertainty in soil heat flux could contribute another 50
W m−2 (53 ± 11 W m−2) of error to the available energy
(Shao et al. 2008). Altogether, the inclusion of the uncer-
tainty in available energy accounted for about 65% of
the 110 W m−2 (111 ± 10 W m−2) shortfall in the lack
of closure. Clearly, the unclosed energy balance at these
three grassland sites remains real and there remain unex-
plored mechanisms. Yet, it is unlikely that improper meas-
urement of Rn during the daytime is responsible for the
energy imbalance because both CNR1 and Q7.1 were in
relative accordance during the course of the study (see
also Turnipseed et al. 2002).
We designed a large scale plot (50 × 50 m2) with 8

Q7.1 s and 16 soil heat flux plates to quantify the spatial
variability in Rn and G approximately to match with the
source area with H and LE. The mean Rn and G stood
reasonably well for the large-scale realities. There still
existed 47 ± 16, 50 ± 13, and 70 ± 15 W m−2 of the energy
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balance at midday that could not be explained at sites I,
II, and III, respectively. Even with all of the spatial
uncertainties included, an imbalance of ~20 W m−2 still
existed, perhaps due to other instrumental, operational,
and flow based errors (Finnigan 2008). Examples of these
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each growing season, respectively. Data are derived from Experiment 3.
errors are H, LE, or both of the turbulent fluxes at either
low- and/or high-frequency and mean vertical or hori-
zontal advection of scalar quantities. Moore et al. (1986)
and Massman (2000) reported that the low and/or high
frequency spectral losses were another reason from turbu-
lence measurements caused the imbalance of energy bal-
ances. In the literature, flux loss was typically 5% to 10%
for sensible and latent heat fluxes (Moore 1986). In our
three sites, the average midday H + LE was nearly 300 to
400 W m−2, so the spectral loss perhaps reached 15 to 40
W m−2, which is also important in EBC. Gash and Dol-
man (2003) and van der Molen et al. (2004) argued that
turbulence energy from sonic anemometer (co)sine errors
was a potential source, while Aubinet et al. (2000) and
Foken et al. (2001) pointed out that the time lag among
different energy flux measurements need to be considered.
Twine et al. (2000) also calculated that the uncertainties
from Rn and G could only account for half of their imbal-
ance 130 W m−2 in grassland at midday.

Sensor differences
The domes on the Q7.1 sensor might have a low thermal
transmissivity resulting in underestimated incident thermal
sky radiation (Twine et al. 2000). Additionally, the CNR1
measured a wider spectrum of wavelengths than Q7.1,
DOY
198 199 200 201 202

t Same height

ly data integrated into a diurnal scale). Diff height means Rn
d 1.5 m, respectively. Same height means both of the two Q7.1 s
reas and areas with shoots clipped at 0.10 and 0.02 m at the end of
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which could also introduce additional bias, particularly in
the nighttime. There is no doubt that this discrepancy
would lead to a large variation in ε at night. In this study,
the Rn of the CNR1 were significantly lower (10 to 20
W m−2) at night than those of the Q7.1, with the
OLS slope varying approximately 4% (Figure 2). Kohsiek
et al. (2007) compared these two types of radiometer and
found a similar difference at night (15 W m−2). In our
study, the regression slope remained constant during the
study period at all three sites (1.04 ± 0.02), using the value
of Q7.1 as the independent variable. This suggests that the
calibrations of the two instrument types remained con-
stant (Turnipseed et al. 2002), with regression slopes of
1.00 ± 0.01 in the daytime (9:00–15:00 h) and 1.31 ± 0.07
at night (21:00–3:00 h). Nighttime measurements of Rn,
however, showed substantial discrepancies between the
two sensors – close to 1.25 reported by Turnipseed et al.
(2002) in a forest where the authors suspected as an error
in the ‘long-wavelength measurement of one or both
radiometers’. Other authors (Halldin and Lindroth 1992;
Hodges and Smith 1997; Oncley et al. 2007) also noticed
the discrepancies between different instruments. The
magnitudes of nocturnal turbulent heat fluxes are typically
underestimated with the EC method, as turbulence is
generally low. The underestimation (less negative) of noc-
turnal Rn value from Q7.1 would further increase EBC.
Thus, this difference must be taken into account when
comparing and calculating EBC among or within sites.
The different EBC could also occur at different time

scales. On a half-hourly scale, for example at site I, it
showed the same daytime EBC between CNR1 and Q7.1,
while the ε value determined by the Q7.1 was closer to zero
at night. Therefore, we conclude that Q7.1 measurements
provided much ‘better closure’ (Figure 2a) because of the
underestimation of the magnitude of Rn with the Q7.1 dur-
ing night-time. However, on a daily scale, it seemed that
CNR1 provided better measurements. On a typical day
(July 11), the daily imbalance yielded 1.44 MJ m−2d−1 using
Q7.1 but only 0.63 MJ m−2d−1 using CNR1.
Due to the difference between the Q7.1 and CNR1, a

method in comparing the EBCs within and among sites
at a specific period from 9:00 to 15:00 h during the day-
time would be useful to provide definite results both in
residual and OLS regression methods. This is because
during this period, the sensors (net radiometer, sensible
and latent heat measurements) usually worked in their
best conditions (e.g., high friction velocity). Different kinds
of gap-filling strategies (Falge et al. 2001) in H and LE usu-
ally impede further EBC analysis. Furthermore, in the
early morning and evening when net radiation is changing
most rapidly, the magnitude of storage heat in the soil, air,
and biomass can approach that of Rn (Moore and Fisch
1986). In addition, toward midday, the storage heat is less
important (McCaughey 1982). Using this method, the ef-
fect of differences between instruments would be partially
avoided.

Potential causes of Rn measurements for non-closure
In addition to the spatial variability resulting from vegeta-
tion, radiometer type and source area could also be respon-
sible for inaccurate Rn measurements. In the unclipped
plot, Rn might be higher due to a lower albedo in compari-
son to the clipped one (Li et al. 2006). The Student’s t-test,
with a 0.05 level of significance, was used in previous stud-
ies to examine the differences between samples from the
different clipping treatments (Shao et al. 2012). The max-
imum contrast in vegetation was found between sample
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treatments M0 and M2 with the latter having less leaf area
index and green biomass (Table 2). This explained the 6%
difference in Rn that was recorded in Experiment 2
(Figure 4), and also the peak difference of ~10 to 20 W m−2

between M0 and M2 in Experiment 3 (Figure 6) in our
grassland sites. Similarly, a higher Rn in grazed compared
to ungrazed management in desert steppe was also obser-
ved (Shao et al. 2013). Further, the reduced Rn energy input
from the atmosphere by clipping or grazing land-use types
has important implications for global warming studies and
ecosystem modeling.
The source area experiment indicated that Q7.1 de-

ployment needs to be high enough to record reliable Rn,
especially under heterogeneous surface. The typical de-
ployment height of 1.5 to 2.0 m seemed to be inadequate
to integrate across vegetation heterogeneity (Stannard
et al. 1994). An error would appear with low installation
height of radiometers because the sensor could not re-
ceive the representative long- and short-wave reflections
from the surface. However, Lloyd et al. (1997) pointed
out that as the height of the net radiometer increases,
the measurement would be degraded by long-wave
losses in the air layer between the surface and the meas-
urement height.
From Figure 3, comparing sites II and III with I, when

the LE was larger the energy closure was better. We
speculate that the mismatch between the energy fluxes
(Shao et al. 2008) and the underestimated LE (Dugas
et al. 1991) at our arid sites may be responsible for this
imbalance. Since sensible heat fluxes between both sys-
tems compared better than latent heat fluxes (Schlesinger
et al. 1996), we agree with the view that the instrument
could cause bigger error when LE was lower (Stannard
et al. 1994); this point needs to be studied further. The
closure issue becomes even more important upon consid-
eration of the long-term water balance. Twine et al. (2000)
summed over a period of 15 days from 4 EC systems and
drew a conclusion that evapotranspiration would be sig-
nificantly overestimated by calculating LE as the residual
of the energy budget; this is also supported by others
(Dugas et al. 1991; Kampf et al. 2005; Nie et al. 1992).
Thus, in our study, it is a risk to use the EC residual
method to estimate LE since there were more uncertain-
ties from Rn, G, S, and other heat sinks, especially when
LE is smaller or under a certain spatial scale. This coin-
cided with previous studies (Twine et al. 2000; Wilson
et al. 2002) indicating that each flux should be analyzed
separately.

Conclusions
Net radiation contributions to the EBC were examined
through three experiments in grassland where EC towers
had been installed since 2005. A large scale plot (50 ×
50 m2) with 8 Q7.1 s and 16 soil heat flux plates was
firstly designed to quantify the spatial variability in Rn

and G approximately to match with the source area with
H and LE. The spatial variabilities of vegetation, source
area, and sensor type in grassland played critical roles in
the EBC of our study sites. Despite the fact that net radi-
ation (estimated too high) and soil heat (estimated too
low) could not be excluded, the spatial variability quan-
tity in net radiation is less than that in soil heat flux, and
the sum of these two energy fluxes (i.e., available energy)
accounted for 65% of the missing energy. The other por-
tion of missing energy remains at large, nearly 40 W m−2

at the daytime peak time. More effort under different
conditions (e.g., winter, spring, and fall when different
phenological vegetation exist, different weather condi-
tions, and long temporal scales) must be made in a simi-
lar way to reach a comprehensive understanding of EBC.
For example, from this study, we noticed also that the
EBC was better under conditions of higher soil moisture,
higher LE, higher vegetation cover, lower H, and lower
latitude. However, further work needs to be performed to
systematically explore the mechanisms or empirical
relationships.
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