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ABSTRACT

Aunique and intensive flux observationmatrix was established duringMay to September of 2012 in an oasis–desert

area located in the middle reaches of the Heihe River basin, China. The flux observation matrix included 22 eddy

covariance systemsbelonging to thefirst thematic experiment of theHeiheWatershedAlliedTelemetryExperimental

Research (HiWATER) project. The energy balance closure ratio (EBR)was assessed and possiblemechanismswere

investigated using remote sensing data. The results showed that 1) the EBR was in the range of 0.78–1.04 at all sites

with an averageEBRof 0.92, and 2) the calculated dailyEBRexhibited better performance than the 30-min averages.

3) The heat storage cannot be ignored during the crop growing season. An improvement of approximately 6% in the

total closure was found after considering the heat storage terms (canopy and photosynthesis storage) in the energy

budget at themaize surface, and the canopy and photosynthesis showed approximately equal contributions of 3% for

each storage term. The results also showed that 4) the land heterogeneous surface had a significant effect on theEBR.

The EBR decreased with land surface heterogeneity increasing (taking the standard deviation of the surface tem-

perature in the eddy covariance system source area as an index). The EBR also decreased when irrigation occurred

and increased after irrigation was completed. The advection or secondary circulation broke the closed system of the

energy balance given the phenomenon of EBR increasing when the advection or secondary circulation occurred.

1. Introduction

The eddy covariance system (EC) is widely used to

measure surface energy fluxes around the world, and it

has become a standard tool in the study of land surface–

atmosphere boundary layer interactions (Aubinet et al.

2012). The ECmethod is also used as the main technique in

the global Flux Network (FLUXNET) of micrometeoro-

logical measurement sites that monitors terrestrial carbon,

water, and energy cycles (Aubinet et al. 2000). These mea-

surements are taken as ground truth values to validate land

surface model results or remote sensing estimations (Xu

et al. 2011; Bai et al. 2015). However, the ECmeasurements
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are subject to several limitations, especially problems related

to the energy imbalance. Nevertheless, the energy balance

equation is commonlyused in land surfaceor remote sensing

models. Therefore, the energy imbalance has a significant

influence on calibration and validation of models, and this

imbalance has implications for how these estimates should

be compared with model simulations (Twine et al. 2000; Jia

et al. 2012).

The energy balance closure is the concept that the sum

of sensible and latent heat fluxes from EC is not equal to

or less than the available energy under various surfaces,

and several reasons for the energy imbalance have been

summarized by previous researchers (Wilson et al. 2002;

Foken 2008; Cava et al. 2008; Foken et al. 2011). Gen-

erally, the underlying cause of the imbalance was attrib-

uted to measurement errors, not fully considering the

storage term, mismatch between the scales of the energy

balance components, and large-eddy transport or sec-

ondary circulations that were not captured by EC. Foken

(2008) concluded that mesoscale circulations resulting

from landscape heterogeneity are likely responsible for

the energy imbalance at the tower measurement level.

Stoy et al. (2013) investigated the relationship between

energy balance closures and landscape heterogeneity

across 173 ecosystems in the FLUXNET, and found that

landscape-level heterogeneity cannot be ignored in the

incomplete energy balance closure ratio (EBR). How-

ever, the exact factors leading to the imbalance are still

under debate. Generally, an imbalance of approximately

10%–30% has been traditionally reported (Wilson et al.

2002; Foken 2008; Franssen et al. 2010; Kawai and Kanda

2010; Liu et al. 2013). An average EBR of 0.84 (ranging

from 0.34 to 1.69)was reported in an evaluation of 22 sites

(50 site years) in the FLUXNET (Wilson et al. 2002). The

EBR was studied at a FLUXNET boreal forest site in

Finland, and an average EBR of 0.72 was found (Sánchez
et al. 2010). However, the EBR was improved to 0.94

after filtering the data according to small friction velocity,

stability and neutral conditions, and unfavorable wind di-

rection. The Energy Balance Experiment (EBEX-2000)

was designed to specifically study the causes of the energy

imbalance, and an energy deficit of 10% was still observed

after considering all the possible influences (Oncley et al.

2007). The Chinese Terrestrial Ecosystem Flux Research

Network (ChinaFLUX) is a long-term network of flux

observation sites. An average imbalance of approximately

27% was reported using ChinaFLUX data (Li et al. 2005).

The surface energy balance closures in typical surfaces over

theHeiheRiver basin (HRB) of China ranged from 0.79 to

0.89 (Liu et al. 2011); these data came from theWatershed

Allied Telemetry Experimental Research (WATER)

project. The Multiscale Observation Experiment on

Evapotranspiration of Heihe Watershed Allied Telemetry

Experimental Research (HiWATER-MUSOEXE) was

conducted in the middle reaches of the HRB in May

through September of 2012 and involved a flux observation

matrix (Li et al. 2013;Xuet al. 2013).Oneprimaryobjective

of the HiWATER-MUSOEXE was to investigate the un-

derlying reason for the energy imbalance.

The objectives of this study are 1) to assess the EBR

using the intensive flux observation matrix (22 EC sets)

under advective conditions and 2) to identify the possi-

ble causes of the energy imbalance.

2. Experiment and methods

a. Flux observationmatrix inHiWATER-MUSOEXE

During HiWATER-MUSOEXE, a unique and in-

tensive flux observation matrix was established. The ma-

trix was composed of two nested experimental areas, a

large experimental area (oasis–desert area) with a scope

of 30km3 30km, and a kernel experimental area (within

oasis) with a scope of 5.5km 3 5.5km (Fig. 1). The large

experimental area was located in an oasis–desert area

with primary underlying surfaces of cropland, sandy des-

ert, desert steppe, Gobi Desert, wetland, and residential

areas. One superstation (3885102000N, 10082202000E) and

four ordinary stations were located in the large experi-

mental area, and the 17 sites in the kernel experimental

area were divided according to the distribution of land

cover/use, windbreak, residential area, soil moisture, and

irrigation status. Overall, 22 EC sets observations (site 15

is a superstation equipped with two levels of ECs) were

used in this study. The sonic anemometers of the ECs

were aimed toward the north and were installed at a

height of approximately 3–7m, except for an EC with a

height of 34m in the upper layer of the superstation. Five

EC combinations were used in the matrices, namely,

CSAT3 and Li7500 (sites 2, 5, 8, 10, 11, 12, and 14 and

the Batman Gobi site, Shenshawo desert site, and

Huazhaizi desert steppe site), CSAT3 andLi7500A (sites 4,

6, 7, 13, and 15), CSAT3 and EC150 (site 17), Gill and

Li7500 (site 16), and Gill and Li7500A (sites 1, 3, and 9

and the Zhangye wetland site). The installation loca-

tions of the ECs included several surfaces, that is,

maize cropland, vegetable cropland, orchard, resi-

dential area, Gobi Desert, sandy desert, desert steppe,

and wetland, which are the typical surfaces in western

China. One automatic weather station (AWS) was also

installed at each site and was equipped with sensors

that can record wind speed and direction, air temper-

ature and humidity, soil temperature and moisture

profile, four-component radiation, air pressure, pre-

cipitation, soil heat flux, and infrared temperature. To

monitor the canopy heat storage, two layers of air

temperature and humidity sensors were added to sites 7
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and 12 on 19 July, site 15 on 15 July, and site 17 on 6 Au-

gust 2012. The biomass was also observed at each site

(Wang et al. 2012). During the experiment, four large-

aperture scintillometer (LAS) groups were installed in the

3 3 3 and 2 3 1 MODIS pixels within the kernel experi-

mental area to measure the area averaged sensible heat

flux; the transpiration of shelterbelts with different heights

and diameters at breast height was measured using a

thermal dissipation probe near sites 6, 8, and 17 (Fig. 1).

Details can be found in Liu et al. (2016).

b. Data processing

The Edire (http://www.geos.ed.ac.uk/abs/research/

micromet/EdiRe/) and Eddypro (http://www.licor.com/

env/products/eddy_covariance/software.html) software

packages were used to process the EC data, which were

developed by the University of Edinburgh and LI-COR

Biosciences (Lincoln, Nebraska), respectively. Data

processing procedures included spike detection, lag

correction of H2O/CO2 relative to the vertical wind

component, coordinate rotation (2D rotation), sonic

virtual temperature correction, frequency response

correction and density fluctuation. In addition, the EC

systems with a Gill-WindMaster (Lymington, United

Kingdom) sonic anemometer were used the angle of

attack error correction. The EC data were averaged

over 30-min periods. Data quality assessment was per-

formed for turbulent flux in each 30-min run with the

indices 0, 1, and 2 representing high- (class 1), medium-

(class 2), and low-quality (class 3) data (Mauder and

Foken 2004), respectively. Classes 1 and 2 were selected

for analysis. In addition, the 30-min flux data were

further screened, including 1) rejection of data associ-

ated with sensor malfunction, 2) rejection of data within

1 h of precipitation, 3) rejection of incomplete 30-min

raw data, and 4) rejection of data because of a friction

velocity u* of less than 0.1m s21 (0.12m s21 for the up-

per EC at site 15) at night. When calculating the accu-

mulative evapotranspiration, the nonlinear regression

method was used to interpolate the missing data

(Berbigier et al. 2001).

The AWS data were checked for diurnal variation,

and data that were clearly beyond the range of physical

possibility were rejected. Finally, the data were aver-

aged to 30-min periods.

In addition to the ground measurement data, the re-

mote sensing data were processed as follows. Nine Ad-

vanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER; http://asterweb.jpl.nasa.gov/)

images were acquired from May to September 2012,

namely, 15 June, 24 June, 10 July, 2 August, 11 August,

18 August, 27 August, 3 September, and 14 September.

These images covered almost the entire growth period

of maize. The resolution of thermal infrared bands was

90m and was atmospherically corrected. The over-

passing times for these images were approximately

1212–1219 Beijing standard time (BST; the local solar

noon is 1318). The land surface temperature (LST) was

retrieved from the thermal infrared bands using the

split-window algorithm (Zhou et al. 2015). The land-

cover data were generated based on high-spatial-

resolution Huan Jing-1 (HJ-1) charge-coupled-device

images via supervised classification (Ma et al. 2015).

One airborne Thermal Airborne Spectrographic

FIG. 1. Spatial locations of the 21 study sites over two nested experimental areas during the HiWATER-MUSOEXE

research period.
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Imager (TASI) image was used. The TASI image was

acquired by the TASI-600 push-broom hyperspectral

thermal sensor system during 1045–1510 BST on 7 July

2012. The resolution of the TASI image was 3m.

c. Methods

1) ENERGY BALANCE CLOSURE

The equation used to calculate the EBR is defined as

follows:

EBR5
�(H1LE)

�(R
n
2G

0
2 S)

, (1)

where H and LE are the sensible and latent heat flux,

respectively; Rn is the net radiation;G0 is the surface soil

heat flux; and S is the storage term. The method used to

evaluate the closure of the ECwas the cumulative sum of

Rn2G 02 S andH1 LE over specified time periods, for

example, over a crop growing season or an entire year.

Energy balance closure can also be evaluated using

the ordinary least squares (OLSs) method, which was

established the relationships between the 30-min flux

(H 1 LE) and the available energy (Rn 2 G0). The

linear regression coefficients (slope and intercept) could

be derived from the OLSs, and the ideal closure has an

intercept of 0 and a slope of 1.

2) STORAGE TERMS

The ‘‘PlateCal’’ approach was used to calculate the

surface soil heat flux G0 (Liebethal et al. 2005):

G
0
5G

obs
1

ðzr
0

›r
s
c
s
T(z)

›t
dz , (2)

where Gobs is the soil heat plate measurement, t is time,

zr is the depth of the soil plate, z is the depth below the

soil surface, and T is the soil temperature. The volu-

metric heat capacity (rscs) was calculated from the soil

water content, soil porosity, and the heat capacity of dry

soil and liquid water (Yang and Wang 2008).

For the canopy, the storage Sc was calculated as fol-

lows (Meyers and Hollinger 2004):

S
c
5

Du(m
w
c
w
1m

b
c
b
)

Dt
, (3)

where Du is the change of air temperature within the

canopy; Dt is the time interval; mw and mb are the

measured mass of water and biomass, respectively; and

cw and cb are the specific heat capacities for plant water

and biomass, respectively (Jacobs et al. 2008).

The photosynthesis storage was calculated from the

following procedures. The net ecosystem exchange of

carbon dioxide (CO2) (NEE) can be represented as

follows (Jacobs et al. 2003):

NEE5A
n
1R

s
, (4)

where An is the assimilation flux (converting to photo-

synthesis flux Sp by a factor) and Rs is soil and plant

respiration. TheNEEwas obtained fromEC, andRswas

calculated using the simple model of Fang and

Moncrieff (2001). The factor of energy flux measured

from EC converting to the photosynthesis rate Sp was

adopted by Meyers and Hollinger (2004).

3) REMOTE SENSING MODEL

In this study, the surface energy balance system

(SEBS) developed by Su (2002) was used to estimate

the turbulent heat flux. In the SEBS model, computa-

tions of the sensible and latent heat fluxes are con-

strained by considering the dry-limit and wet-limit

conditions. Under the dry limitation, the latent heat

flux (LE) is set to zero due to the limitation of soil

moisture and the sensible heat flux Hdry is at the max-

imum value. Under the wet limitation, evaporation

occurs for the potential rate of LEwet, and theminimum

sensible heat flux Hwet can be calculated by the re-

versed Penman–Monteith equation assuming that the

surface resistance is zero. Under given surface tem-

peratures and meteorological conditions at the refer-

ence height, the sensible heat fluxH is computed on the

basis of the Monin–Obukhov similarity theory:

H5 ku*rCp
(u

0
2 u

a
)

�
ln

�
z2 d

z
0m

�

2c
h

�
z2 d

L

�
1c

h

�z
0h

L

��21

, (5)

where z is the height above the surface; u is the wind

speed; u* is the friction velocity; r is the density of air;

Cp is the specific heat for air at constant pressure; k

is the von Kármán constant; d is the zero plane dis-

placement height; z0m and z0h are the roughness

heights for momentum and heat transfer, respectively;

u0 is the potential temperature at the surface; ua is the

potential air temperature at height z; cm and ch is the

stability correction function for momentum and sen-

sible heat transfer, respectively; and L is the

Obukhov length.

The relative evaporative fraction (EFr) and evapora-

tive fraction (EF) can then be expressed as

EF
r
5

H
dry

2H

H
dry

2H
wet

and EF5
EF

r
3LE

wet

R
n
2G

0

. (6)
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The LE (or the evapotranspiration ET) is estimated

based on closing the surface energy balance as follows:

LE5EF3 (R
n
2G

0
)5

EF
r
3LE

wet

R
n
2G

0

3 (R
n
2G

0
)

5EF
r
3LE

wet
. (7)

Further details regarding the SEBS model can be

found in Su (2002) and the details of the parameteriza-

tion schemes of z0m, z0h, and G0 were reported in Ma

et al. (2015). To obtain the daily ET, the constant solar

radiation ratio method was used to be upscale to daily

time scales (Xu et al. 2015).

4) FOOTPRINT MODEL

The method proposed by Kormann and Meixner

(2001), which is an Eulerian analytic flux footprint

model, was used to obtain the flux footprint of the EC

observations. The flux contribution of the chosen total

source area was set to 95% for every 30-min flux datum.

3. Results and discussion

a. Assessment of energy balance closure

We used two methods to assess the energy balance

closure: the overall calculations according to Eq. (1)

(EBR) and the ordinary linear regression (EBR_OLR)

coefficients. For comparison, bothmethods were used to

calculate the energy balance closure (Table 1). InTable 1,

the soil heat storage was considered; however, the other

storage items (i.e., canopy storage and photosynthesis

storage) were not considered because of data limitations.

All sites had a relatively highEBR. TheEBRvalues were

within the range of 0.78–1.04, and the results of the OLR

calculations were within the range of 0.71–1.00. The ratio

of the total turbulent heat flux to the total available en-

ergy for all sites was 0.92. The EBR in this study was

similar to or slightly higher than the results of previous

studies, for example, the EBR was 0.77 in the Kursk

(Russia) experiment in 1988 (KUREX-88) for a cropland

surface (Tsvang et al. 1991); 0.9–1.0 in the 1989 intensive

field campaign of the First ISLSCP Field Experiment

(FIFE-89) for grassland surface (Kanemasu et al. 1992);

0.62 in KUREX-91 for cropland surface (Panin et al.

1998); 0.86 in the 1998 Lindenberg Inhomogeneous

Terrain–Fluxes between Atmosphere and Surface

(LITFASS-98) for a bare soil surface (Beyrich et al.

2002); 0.7–0.8 in LITFASS-2003 for a cropland surface

(Mauder et al. 2006); 0.9 in EBEX for a cotton crop

surface (Oncley et al. 2007); 0.34–1.69 (averaged 0.84) in

FLUXNET for several surfaces (Wilson et al. 2002);

0.58–1 in ChinaFLUX for several surfaces (Li et al.

2005); 0.78–0.91 over the Hai River basin under forest

and cropland surfaces (Liu et al. 2013); and 0.79–0.87 in

the Heihe River basin for cropland, forest, and grass-

land surfaces (Liu et al. 2011).

TABLE 1. Energy balance closure at each site (June–September 2012). GB is the BajitanGobi station; SSW is the Shenshawo sandy desert

station; HZZ is the Huazhaizi desert steppe station; WL is the Zhangye wetland station.

Site EBR EBR_OLR Slope Intercept R2 n Land cover

1 1.01 0.96 0.88 33.85 0.90 2072 Vegetable

2 0.90 0.88 0.84 14.95 0.94 2328 Maize

3 0.94 0.91 0.88 15.52 0.92 2472 Maize

4 0.84 0.80 0.71 27.67 0.80 2113 Residential area

5 0.82 0.78 0.73 26.26 0.92 2077 Maize

6 1.02 0.97 0.90 29.52 0.90 2166 Maize

7 0.93 0.89 0.82 28.13 0.89 2272 Maize

8 0.88 0.83 0.78 22.27 0.85 2103 Maize

9 0.81 0.79 0.75 18.11 0.91 2000 Maize

10 0.94 0.90 0.85 26.30 0.93 1971 Maize

11 0.92 0.88 0.83 23.50 0.92 2276 Maize

12 0.90 0.86 0.80 30.49 0.91 2250 Maize

13 0.99 0.95 0.90 24.88 0.87 2129 Maize

14 1.04 1.00 0.95 25.7 0.92 2164 Maize

15 lower level 0.89 0.84 0.78 29.65 0.90 2326 Maize

15 upper level 1.03 0.94 0.86 40.83 0.86 1382 Maize

16 0.93 0.81 0.70 50.71 0.70 1522 Maize

17 0.78 0.76 0.73 16.48 0.87 2001 Orchard

GB 0.90 0.82 0.72 30.72 0.82 1253 Gobi Desert

SSW 0.81 0.71 0.59 37.45 0.78 1493 Sandy desert

HZZ 1.01 0.99 0.97 6.59 0.93 1330 Desert steppe

WL 1.03 1.00 1.05 25.29 0.92 1932 Wetland

Avg 0.92 0.88 0.82 25.20 0.88 1983 —
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1) THE DIURNAL COURSE OF EBR

Data from the typical site (lower level of the super-

station) were selected to compute the diurnal course of

the EBR. Figure 2 shows the diurnal variation of the

EBR, the mean value ofRn2G02 S, andH1 LE from

16 July to 15 September 2012. The EBR was not

meaningful during the morning and evening transition

periods when the mean value of Rn 2 G0 2 S was close

to zero. The EBRs during the night (0000–0800 and

1900–2330) exhibited rather large or small values and

are not shown in Fig. 2. The EBR pattern presented a

general increase from morning to afternoon. This pat-

tern was observed at all sites (not shown) and was also

found in the FLUXNET sites in both warm and cold

seasons (Wilson et al. 2002). As shown in Fig. 2, theEBR

increased rapidly after 1530 and was greater than 1 by

1630, an increasing trend that continued throughout the

day. The impact of wave phase difference differences in

each energy balance component may be one reason for

this contribution to the EBR (Gao et al. 2010). Fur-

thermore, 19 sites were located in the oasis, and three

datasets were collected in the surrounding desert. A

special phenomenon known as the ‘‘oasis effect’’ was

observed in the oasis. The sensible heat flux was small

and even negative in the midafternoon when the sensi-

ble heat was transferred downward (stable stratifica-

tion). The latent heat flux was quite large and sometimes

exceeded the net radiation during the day (Fig. 9). This

feature was distinctly observed on clear days in summer

(Wang 1999; Liu et al. 2011) and was also reflected in

diurnal behavior of the EBR.

2) THE INTEGRAL EBR UNDER VEGETATION

SURFACES IN THE OASIS

In the kernel experimental area, there were 16 sites

over vegetation surfaces. To investigate the average and

integral EBR of the vegetation surfaces in the oasis,

each component of the energy budget (Rn, G0, H, and

LE) for 16 EC sites was synchronously averaged, and the

available energy against turbulent fluxes (H 1 LE) was

plotted in Fig. 3. The ratio of the turbulent energy flux to

available energy was 87%, with a strong coefficient of

determination (0.95). This provided an overall concept

of the energy budget in the oasis. Because the canopy

and photosynthesis storage measurements were not

conducted for the whole experimental period, they were

FIG. 2. Mean diurnal values of Rn 2G0 2 S (black circles),H1
LE (gray squares), and EBR (black open triangles; right y axis) at

the lower level of site 15 (EBR: 0830–1830, 16 Jul–15 Sep 2012).

FIG. 3. Relationships (including equations and R2) between the turbulent flux H 1 LE and available energy

(x axis) in the kernel experimental area (16 EC sites averaged): (a) 30-min averages and (b) daily averages (June–

September 2012).
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not considered in Fig. 3a. If the canopy and photosyn-

thesis storages were considered, it is expected the energy

balance closure would be enhanced by 6% (Fig. 4). The

daily average energy budget component was also in-

vestigated (Fig. 3b). The storage term and the influence

of phase mismatch between each energy budget com-

ponent can be ignored in the daily EBR investigation.

As expected, the regression slope was 0.94 with a co-

efficient of determination of 0.93. The analysis also in-

dicated that the storage term cannot be ignored in the

30-min energy budget analysis and confirmed that the

storage calculation was reliable.

b. Reasons for the energy imbalance

Measurement errors are alwaysmentioned as a reason

for the energy imbalance of EC (e.g., Foken 2008; Cava

et al. 2008), that is, underestimation of the turbulent

fluxes and overestimation of net radiation. All ECs and

net radiometers were compared in the Gobi Desert

before the HiWATER-MUSOEXE campaign, and

their high accuracy was confirmed in this study. The

root-mean-square errors (RMSEs) for the EC (H and

LE) and net radiation (Rn) were 10 and 4Wm22 and

13Wm22 (systematic error), respectively (Xu et al.

2013); the uncertainties (random error) of H and LE

were approximately 18% and 16%, respectively (Wang

et al. 2015). Furthermore, the observed data were

carefully processed and rigorously screened. Because

the soil heat plates were buried under the surface soil of

the irrigated field, the measurements may be impacted

when irrigation was applied. However, the magnitude of

the soil heat flux was relatively small, especially in the

long-term measurements. Therefore, instrument errors

were not the main reason for the energy imbalance.

The storage terms are another potential reason for the

energy imbalance. To obtain a better insight into the

importance of the various storage terms, the soil heat

storage, canopy storage, and photosynthesis storage

were calculated separately. The soil heat storage is

considered in Table 1, and the canopy and photosyn-

thesis storage values are the focus of the following

analysis. The convective terms before and after correc-

tion for canopy and photosynthetic energy are com-

pared in Fig. 4, and site 15 (maize) and site 17 (orchard)

were selected for analysis. The linear regression forced

through the origin produced the equations: y 5 0.83x

(lower level of site 15) and y 5 0.76x (site 17) with high

coefficients of determination. When the canopy and

photosynthetic energy was corrected, the linear re-

gression slopes increased by approximately 6% and 3%

at sites 15 (lower level) and 17, respectively. The per-

centages for the canopy and photosynthetic energy were

similar and nearly equal to each other. After considering

all the storage terms, the EBR at site 15 (lower level)

increased from 0.87 to 0.92 during 16 July–15 September

2012, and the EBR value increased from 0.77 to 0.80 at

site 17 during 22 August–17 September. The orchard

area was relatively sparse when compared with the

maize cropland. Thus, the canopy storage terms at site

17 were smaller than those at site 15.

Another important reason for energy imbalance was

the different measurement scales of the energy balance

components. During the HiWATER-MUSOEXE pe-

riod, several aspects were considered in the selection of

FIG. 4. Scattergram of the 30-min averages of the available energy vs the convective terms before and

after correction for canopy and photosynthetic energy. The red and blue lines are the regression lines for

before and after correction, respectively. (left) Site 15: 16 Jul–15 Sep 2012 and (right) site 17: 22 Aug–17

Sep 2012).
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the site locations. First, each site was chosen to be rep-

resentative as much as possible (e.g., flat, homogeneous,

or one type of crop). The installation heights of the EC

and radiometers at each site were designed according to

the size of each plot and the footprint/field of view of

each instrument. TheEC footprint was less than the area

of its located site, and the instrument was installed at the

center (Fig. 5). The primary concern was to ensure that

the measurements represented the ‘‘true’’ conditions at

each site. Therefore, the mismatch of measurement

scales was one cause of the energy imbalance but it was

not the main cause.

The experiment was performed in an oasis–desert

area (30 km 3 30km) and in irrigated cropland

(5.5 km 3 5.5 km). The water and heat conditions and

complex land surfaces affect the energy budget distri-

bution. The following sections focus on analyzing the

factors that influence the EBR in this unique study area.

1) THE EFFECTS OF SURFACE HETEROGENEITY

To quantify the spatial heterogeneity of the water and

heat conditions in the study area, the TASI image was

used. Validation showed that the accuracy of the esti-

mated LSTwas better than 1.5K (Wang et al. 2011). The

source area (95% flux contribution) of 17 ECs was

overlapped with the high-resolution remote sensing

image in the 5.5 km 3 5.5 km area (Fig. 5) using the

method proposed by Kormann andMeixner (2001). The

source areas of most ECs faced northwest. However, the

scope of the EC source area was different distributing

with different underlying surfaces and various water and

heat conditions.

The seasonal variation of the averaged energy budget

components (Rn, G0, H, and LE at the 16 sites with

vegetation surfaces) were plotted in Fig. 6 along with the

estimation of the daily averaged LE based on the revised

SEBSmodel using nine ASTER images. As can be seen,

Rn and LE were positive throughout the vegetation

growing season, and they had the same magnitude. The

values ofH andG0 were relatively small with positive or

negative values; H underwent small changes from June

to August and increased significantly beginning in early

September, with LE decreasing at the same time be-

cause of plant wilting and the occurrence of frost. The

standard deviation (SD) of Rn was small, which

indicated a small difference among sites. However, LE

exhibited large SD, which indicated that the latent heat

flux differed between sites even for the same underlying

surfaces. The SEBS estimations were consistent with the

ground measurements (regression slope: 3%; R2 5 0.66;

RMSE 5 21Wm22), and the estimations had relatively

small SD. These results indicated that the SEBS model

produced good estimations; on the other hand, the

SEBS model could not produce accurate estimations at

every site given such heterogeneous conditions. The

crop growth and irrigation amount/time (soil moisture)

were different in each plot; therefore, the heterogeneity

of the water and heat conditions resulted in the LE ex-

hibiting relative large discrete values. This also resulted

in the different value and variation of EBR at each site.

The experimental area (5.5 km 3 5.5 km) in the irri-

gated cropland included 16 sites. When irrigation oc-

curred at a site, the in situ soil water content greatly

increased (inducing a difference in the soil water content

and increasing surface heterogeneity) and afterward

gradually spread (increasing homogeneity). Five typical

sites with maize surfaces were selected, and the varia-

tions of the daily EBR and irrigation dates are shown in

Fig. 7. As observed, the EBR varied daily, and it de-

creased during irrigation and increased after irrigation

as the surface became relatively uniform.

The above analysis shows that the EBR was influ-

enced by surface heterogeneity, and LST can provide a

good indication of the degree of heterogeneity (Hoedjes

et al. 2007; Liu et al. 2011). Figure 8 shows the variation

of EBR at the time of the ASTER overpass versus LST

in the EC source area at each site. The variation of EBR

at the time of the ASTER overpass showed a declining

trend as the variance of LST increasing. These results

agree with the study of Stoy et al. (2013) who in-

vestigated 173 ecosystems in the FLUXNET database

FIG. 5. The source area of EC (95% flux contribution) in each

plot of the surface temperature retrieved from the TASI image on 7

Jul 2012 (passing time: 1215; resolution: 3m).
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and found that the EBR was influenced by landscape-

level heterogeneity.

Therefore, we can conclude that both the variance in

EBR between each plot and the energy imbalance at

each site were influenced by the surface heterogeneity.

The surface heterogeneity impacted the energy balance

closure and may have partially resulted in advection or

secondary circulations, which often emerged as orga-

nized larger eddies (Foken et al. 2010; Stoy et al. 2013).

This energy might not be captured by one single EC

system resulting in the energy imbalance.

2) PRELIMINARY ANALYSIS OF THE ADVECTION

EFFECTS

The experimental area was located in a typical

oasis–desert ecosystem. As described above, the oa-

sis effect was observed at the superstation. This effect

was observed at all the cropland sites, and we

considered it an indication of a strong influence of

heat advection. The result was similar to the findings

of De Bruin et al. (2005). Their study was conducted

in well-irrigated fields covered with alfalfa, and they

reported that the correlation coefficient of air tem-

perature and specific humidity (RTq) was a good in-

dicator of the advection conditions. Typical cloudy

and sunny days were selected (3 July and 3 August,

respectively) and are shown in Fig. 9. As depicted, LE

could significantly exceed the available energy in the

afternoon if there was medium wind, especially on

cloudy days. Meanwhile, H was negative, LE was

positive, and the indicator RTq approached21. In the

forenoon under non-advection conditions during the

day, both H and LE were positive and RTq was close

to 1. The EBR was approximately 0.8 in the forenoon

and gradually increased in the afternoon under ad-

vection conditions.

FIG. 6. The seasonal variation of the daily averaged energy budget components for vegeta-

tion surfaces. The blue rectangles in the LE panel are the estimation from the revised SEBS

model of the ASTER image, and the error bars are the standard deviations.
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We also investigated the energy budget of a typical

site (lower level of site 15) during the whole growing

season by dividing the dataset based on three conditions:

the whole dataset in the daytime (0700–1800 BST), data

under no-advection conditions (H . 10Wm22 and

0700–1800), and data under advection conditions

(H , 210Wm22 and 0700–1800). Because the obser-

vation scale of the EC system is relatively small, the

averaging period should be prolonged to measure the

contributions of large eddies (Finnigan et al. 2003). In

each condition, the averaging period was set to 30min,

1 h, and 2h; meanwhile, the LAS observations of site 15

located in the pathlength (LAS4) were also plotted

(Fig. 10). All three sets of conditions showed good co-

efficients of determination, and the EBR increased with

increasing averaging period under the no-advection

conditions. Under the advection conditions, the EBR

was maintained at the maximum value, and it did not

change with increasing averaging period. These results

indicate that the energy budget should be balanced in a

closed system under ideal conditions; however, advec-

tion destroys this balance by introducing extra energy

(Eder et al. 2015). Other sites also showed the same

phenomena (not shown), for example, site 14 with an

EBR larger than 1 (Table 1) and the regression slope

reached 1.10 under advection conditions. In addition, a

prolonged averaging period can increase the EBR under

no-advection conditions; however, uncertainty was in-

creased because the long averaging time results in

FIG. 7. The seasonal variation of the daily EBR at typical sites.

Fig. 8. The variation of EBRwith the variance of the land surface

temperature. Nine ASTER images retrieved the LST at each site,

with a satellite passing time of 1215.
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nonstationarity. If we used the sensible heat flux

measured by LAS instead of EC measurements, there

were similar trends under the three conditions. How-

ever, the EBR was better than when using EC mea-

surements. The LAS observations might be able to

close the surface energy balance better than the EC

method (Foken et al. 2010; Liu et al. 2011). An indi-

cator of the correlation coefficient between vertical

wind velocity and air temperature (rwT) proposed by

von Randow et al. (2006) can be used to represent the

importance of low-frequency motions in the surface

layer, because low-frequency processes tend to cause

rwT to decrease. In Fig. 11, the EBRwas plotted against

rwT under no-advection conditions. The results show

that the closure improved as rwT increased, indicating

that low-frequency motions played an important role

in the energy imbalance.

The cause of the energy imbalance in EC mea-

surements is a complex issue. However, the effects

of land surface heterogeneity and advection were

identified as main factors of the imbalance in our

experiment. The EBR decreased with heterogeneity

increasing, and EBR increased when advection

occurred.

4. Summary and conclusions

Energy imbalance is still an important issue for flux

observations, and no studies have reported full energy

balance closure. This study presents an analysis of

the energy balance closure during the HiWATER-

MUSOEXE study period, which included an intensive

flux observation matrix in an oasis–desert area. An av-

erage EBR of 0.92 was obtained using the entire 30-min

dataset from 22 EC sets. This provided an overall im-

pression of EBR in the oasis–desert area of western

China, which has been the subject of intensive study.

Generally, soil heat storage must be considered, and

the heat storage terms (canopy and photosynthesis

storage) in the energy budget improved the total closure

of the maize surface by approximately 6%, demon-

strating the importance of considering the heat storage

of the vegetation surface. The reasons for the energy

imbalance were investigated via a combination of re-

mote sensing data and ground measurements, and we

found that the land surface heterogeneity level had a

significant influence on the EBR. The EBR decreased

with land surface heterogeneity increasing (e.g., during

irrigation) in almost all EC sets in the flux matrix. This

was related to the larger eddies because the EBR in-

creased with longer averaging periods (e.g., from 30min

to 2 h), which can capture more eddies. Strong advection

or secondary circulation usually occurred during the

afternoon in the experimental area, which broke the

closed system of the energy balance and caused an in-

creasing EBR trend during the day.

Although the issue of the lack of energy balance clo-

sure is still under debate, many researchers have

deemed it a scale problem; that is, EC measurements

at a single station cannot capture the energy flux from

larger eddies and secondary circulations (Foken 2008;

Foken et al. 2010, 2011). A similar result was found in

FIG. 9. Energy budget components on advective days. The brown area is the approximate

period of advection (lower level of site 15).
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FIG. 10. The sum ofH and LE vs the available energy averaged every 30min, 1 h, and 2 h, as well as the LAS observations during the day.

The three columns represent (left) the whole dataset, (center) under no-advection conditions (H. 10Wm22), and (right) under advection

conditions (H , 210Wm22) at the lower level of site 15 during 0700–1800 BST.
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the present study; surface heterogeneity may result in

large eddies or organized coherent structures. The

quantitative explanations behind the relationships be-

tween EBR and both surface heterogeneity and advec-

tion should be investigated mechanistically in future

studies.
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