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[1] Agreement among instruments is very important for the Multi-Scale Observation
Experiment on Evapotranspiration over heterogeneous land surfaces of The Heihe Watershed
Allied Telemetry Experimental Research (HiWATER-MUSOEXE), particularly in regard to
radiation and turbulent flux measurements. Before HiWATER-MUSOEXE was conducted,
20 eddy covariance (EC) system sets, 18 radiometer sets, and seven large aperture
scintillometers (LASs) sets were intercompared over the Gobi desert between 14 and 24 May
2012. For radiometers, the four-component radiation measurements exhibited good agreement
—the average root-mean-square error (RMSE) and mean relative error (MRE) for the net
radiation were 10.38Wm�2 and 1.24%, respectively. With regard to the EC systems, the best
consistency for sensible heat fluxes was found among CSAT3 sonic anemometers and
Li7500A/Li7500/EC150 combinations (average RMSE, 12.30Wm�2 and MRE, �1.36%),
followed by Gill sonic anemometers and Li7500A/Li7500 combinations when a proper angle of
attack correction method was applied (average RMSE, 16.75W m�2 and MRE,�5.52%). The
sensible heat flux measured using different LASs agreed well with high correlation coefficients
—the average RMSE and MRE values were 10.26Wm�2 and 5.48% for boundary layer
scintillometer (BLS) 900, 16.32Wm�2 and 10.47% for BLS450, and 14.38Wm�2

and �3.72% for ZZLAS, respectively. The EC and LAS measurements were compared and
agreed well over homogeneous underlying surfaces, which also indicated that the EC and LAS
measurements would be comparable in the follow-up experiment. The intercomparison results
can be used to determine instrument placement and are very helpful for subsequent data analysis.
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1. Introduction

[2] The Heihe Watershed Allied Telemetry Experimental
Research (HiWATER) program was designed as a compre-
hensive ecohydrological experiment within the framework of
the Heihe Plan, based on the diverse needs of interdisciplinary
studies of the research plan and the existing observation infra-
structures in the Heihe River Basin [Li et al., 2013]. The first
thematic experiment launched in HiWATER was the Multi-
Scale Observation Experiment on Evapotranspiration over
heterogeneous land surfaces 2012 (HiWATER-MUSOEXE),

which involved a flux observation matrix in the middle reach
of the Heihe River Basin between May and September in
2012. HiWATER-MUSOEXE was composed of two nested
matrices: one large experimental area (30 km×30km) and
one kernel experimental area (5.5 km×5.5 km). The large
experimental area contained one superstation (within the
oasis, cropland) and four ordinary stations (around the oasis),
with underlying desert, desert steppe, Gobi, and wetland
surfaces. The 5.5 km× 5.5 km kernel experimental area was
located in the oasis. Moreover, 17 elementary sampling plots
were divided according to the distribution of, for example,
crop structure, windbreak, resident area, soil moisture, and
irrigation status. There were also four large aperture scintil-
lometer (LAS) groups (eight sets with two sets in each
group) installed in 3 × 3 and 2 × 1 Moderate Resolution
Imaging Spectroradiometer (MODIS) pixels within the ker-
nel experimental area. Overall, 22 eddy covariance (EC)
system sets, eight LAS sets, and 21 automatic weather
station sets were involved in the experiment. HiWATER-
MUSOEXE was focused on studying the spatial-temporal
variations of evapotranspiration (ET), the effects of advection
in the oasis-desert ecosystem (30 km×30km), the heterogene-
ity of ET in the irrigated oasis (5.5 km × 5.5 km), and the ET
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acquisition at the pixel scale. A detailed description of
HiWATER-MUSOEXE can be found in Liu, S.M., et al.
(manuscript in preparation, 2013).
[3] To acquire reliable data, it is important to know how one

instrument measurement differs from another (i.e., the mea-
surement uncertainty) before an experiment is conducted,
particularly regarding instruments that directly measure
energy balance components and turbulent fluxes. Indeed,
instrument intercomparisons are typically performed prior to
or during large experiments. The First International Satellite
Land Surface Climatology Project Field Experiment (FIFE)
employed seven different designs of net radiometer from
five different manufacturers (Precision Spectral Pyranometer
(PSP) and Precision Infrared Radiometer (PIR), Eppley; Q3,
Q4, and Q5, Radiation and Energy Balance Systems (REBS);
Didcot; Swissteco; and Thornthwaite).Field et al. [1992] exam-
ined these radiometers at three sites via side by side compari-
sons for durations of one to three days and found that the net
radiation regression slopes (deviation from the 1:1 regression
line, the same as below) were as large as 5% to 7% in daytime
for instruments from the same manufacturers and 10% to 15%
between different manufacturers. After careful calibration, the
root-mean-square error (RMSE) ranged from 15 to 35Wm�2

during the day. During FIFE, a radiometer intercomparison
was also performed by Nie et al. [1992] using a mobile set
of instruments at selected sites, finding a 10% mean relative
error (MRE) in the daily averaged net radiation. Through

several years of development, considerable effort has been fo-
cused on increasing radiation measurement accuracy [Ohmura
et al., 1998]. The radiometers in the Energy Balance
Experiment (EBEX-2000) were intercompared by Kohsiek
et al. [2007], who investigated shortwave radiometers
(PSP, Eppley; CM11, CM14, and CM21, Kipp & Zonen;
CNR1 and CM3, Kipp & Zonen), longwave radiometers
(PIR, Eppley; CNR1 and CG3, Kipp & Zonen), and net radi-
ometers (CNR1, Kipp & Zonen; Q7, REBS; Däke, Schulze)
in a flat, irrigated cotton field. By plotting the daily course of
differences between the measurement and reference (the
involved instrument measurement minus the reference) for
the four components, the difference of incoming/outgoing
shortwave radiation was estimated at max (5Wm�2, 1% of
the reference value)/(5Wm�2, 6%), respectively. For the
incoming/outgoing longwave radiation, the difference was esti-
mated to be 10Wm�2 (daytime) and 5Wm�2 (nighttime). The
difference between the net radiation and the reference was up to
50Wm�2 or more during irrigation periods. Moreover, the dif-
ference of net radiation was estimated at max (25Wm�2, 5%)
during the day and 10Wm�2 at night if the correlated errors
were not considered.
[4] Nie et al. [1992] investigated the surface energy flux

measurement system intercomparison used during FIFE,
showing that the average MRE of the latent heat flux was
20% for the 14 Bowen ratio (BR) system sets, four EC
system sets, and the rover system (one BR was used as the
reference). Currently, the EC system is the main instrument
for directly measuring turbulent fluxes and is primarily com-
posed of a fast response three-dimensional sonic anemometer
and a fast response scalar sensor.Mauder et al. [2007] found
that the impact of different instrumentation combinations in
an EC system (e.g., USA-1 and KH20/LI-7500, CSAT3
and KH20, Solent-HS and KH20, and ATI-K and KH20)
on the resulting heat flux estimates was very large. The
regression slopes of sensible heat flux were between 0%

Figure 1. The layout of instruments in the intercom-
parison field.

Table 1. The Information for the Radiometers Useda

No. Type Serial Number Duration

Line 1
1 NR01 1242 16 May 15:50 to 23 May 19:50
2 CNR1 040890 16 May 15:50 to 23 May 19:50
3 CNR1 040772 16 May 15:50 to 23 May 19:50
4 CNR1 011489 16 May 15:50 to 23 May 19:50
5 CNR1 011490 16 May 15:50 to 23 May 19:50
6 CNR1 090255 16 May 15:50 to 23 May 19:50
7 CNR1 071488 16 May 15:50 to 23 May 19:50
8 CNR1 030623 16 May 15:50 to 23 May 19:50
9 CNR1 071494 16 May 15:50 to 23 May 19:50

Line 2
1 PSP and

PIR
36995F3,36996F3
36165F3,36166F3

16 May 15:50 to 23 May 19:50

Line 3
1 Q7 10111 16 May 15:50 to 23 May 19:50
2 CNR4 100414 16 May 15:50 to 23 May 19:50
3 CNR4 110635 16 May 15:50 to 23 May 19:50
4 CNR4 110636 16 May 15:50 to 23 May 19:50
5 CNR4 110637 16 May 15:50 to 23 May 19:50
6 CNR4 110638 16 May 15:50 to 23 May 19:50
7 CNR4 100424 16 May 15:50 to 23 May 19:50
8 CNR4 110481 16 May 15:50 to 23 May 19:50

aThe first line of nos.1–9 was fromwest to east; the third line of nos.1–8 was
from west to east.
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and 22%, with an average of 7%, and between 1% and 45%
for latent heat flux, with an average of 17%. The RMSE of
the sensible heat flux ranged from 6.1 to 12.8Wm�2, with
an average of 8.65Wm�2; the range was 35.7 to
115.0Wm�2 for the latent heat flux, with an average of
59.02Wm�2 [see Mauder et al., 2007, Tables 9 and 10].
For some sensor combinations, the maximum regression
slope was as high as 50%. However, after proper calibration
and maintenance, a regression slope of less than 5% for sen-
sible and latent heat flux measurements could be achieved for
some sensor combinations.Mauder et al. [2007] also demon-
strated that data postprocessing methods were very important
for the final fluxes, and the different methodologies could re-
sult in deviations of up to 10% and 15% for 30min average
sensible and latent heat fluxes, respectively.
[5] There are only a few worldwide large aperture scintil-

lometer (LAS) comparison experiments. Kleissl et al. [2008]
discussed the discrepancies in the sensible heat flux measured
using LASs, reporting regression slopes between 6% and
21% for LASs produced by Kipp & Zonen. Kleissl et al.
[2009] also compared the boundary layer scintillometer
(BLS) series LASs from Scintec, reporting regression slopes
of less than 3%.
[6] The EC technique is generally considered the most

accurate method for measuring fluxes and is used to assess
the accuracy of sensible heat fluxes measured using LASs,
by investigating the discrepancy between flux values, partic-
ularly on flat and homogeneous terrain. Zeweldi et al. [2010]
compared the sensible heat flux measurements between one
LAS and two EC in dry conditions and found that the mea-
surements were very similar (the LAS measurements were
overestimated by 6% and 2% compare with the two EC mea-
surements). Liu et al. [2011] investigated the causes of the
discrepancy between the LAS and ECmeasurements in an al-
pine meadow in the Heihe River Basin and reported that the
LAS measurements were overestimated by 6% compared to
the EC measurements when the EC energy balance closure
was greater than 0.75 and the LAS and EC measurement
values greater than 50Wm�2. The heterogeneity of the un-
derlying surfaces, the different source areas of LAS and EC
measurements and the energy imbalance of the EC system,
were the primary reasons for the discrepancy.
[7] The above intercomparisons revealed that discrepancies

exist with measurements from the same and different sensor
types. Therefore, it is necessary to analyze and characterize

the discrepancies between the instrument systems prior to
conducting HiWATER-MUSOEXE.
[8] An instrument’s intercomparison experiment (20 EC

sets, 18 radiometer sets, and 7 LAS sets) was performed
at the Gobi site near Zhangye city, Gansu Province, China,
on flat and homogeneous terrain. The instruments used in
the intercomparison field were the primary instruments used
to measure global surface energy fluxes. Some instruments,
e.g., CSAT3 and Li7500A, CSAT3 and EC150, and BLS900,
have only recently begun commercial manufacturing, making
the intercomparison more encouraging. The purpose was to
assess the consistency of the instruments (i.e., radiometers,
ECs, and LASs) used in the flux observation matrix during
HiWATER-MUSOEXE to enable the comparison of flux
measurements from different instruments at different sites and
estimate the probable site discrepancy considering these com-
parisons. A description of the intercomparison is introduced in
section 2; the data processing method is discussed in section 3.
Section 4 presents the results, including the (i) meteorological
conditions and a comparison of (ii) radiation sensors, (iii) eddy
covariance sensors, (iv) large aperture scintillometers, and (v)
the sensible heat fluxes derived from the EC and LASmeasure-
ments. A discussion and conclusions are provided in section 5.

2. Experimental Description

[9] The field selected for the intercomparison campaign
was located in the Baji Gobi desert, west of Zhangye city
(100°18′15.17″E; 38°54′53.87″N). The Baji Gobi desert is
nearly flat, open land covered by coarse grain sand and
small pebbles with withered sparse scrub vegetation. The
intercomparison experiment was performed from 14 to 24
May in 2012. An area of 300m×600m was selected as the
field site—four LAS groups were located along the north
and south sides (green dots in Figure 1), 20 EC sets were
located in the center (blue rectangles area in Figure 1), and
18 radiometer sets were located in the east-central region
(red five-pointed star in Figure 1). A 10m meteorological
tower was constructed in the northeast region of the field site,
including two heights for wind speed (010C-1, 5m and 10m)
and air temperature and humidity (HMP45AC, 5m and 10m)
measurements. Moreover, wind direction (020C-1, 10m), the
rain gage (TE525MM), and air pressure (PTB110) were mea-
sured at one height. Soil temperature profile (AV-10T, 0, 2, 4,
10, 20, 40, 60, 100 cm), soil moisture profile (ECH2O-5, 2, 4,

Figure 2. Pictures of the radiometers used in the intercomparison field.
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10, 20, 40, 60, 100 cm), and soil heat flux (HFT3, 6 cm, three
replicates) measurements were also performed. The Gobi site
is located in the northeast side of the intercomparison field site
(pink triangle in Figure 1).
[10] HiWATER-MUSOEXE contained 21 radiometer sets,

22 EC sets, and 8 LAS sets; 3 radiometer sets, 2 EC sets, and
a LAS set were not included in the comparison due to their
late arrival. The late-arriving radiometers, ECs, and LASs
were compared with the corresponding instruments installed
in the superstation.

2.1. Radiometers

[11] A total of 18 radiometer sets were involved in the
comparison experiment, including 17 four-component radi-
ometer sets and one net radiometer: eight CNR1 sets and
seven CNR4 sets from Kipp & Zonen, one PSP and PIR
manufactured by the Eppley, one NR01 set produced by the
Hukseflux, and one Q7 set manufactured by Radiation and
Energy Balance Systems (REBS). Most of the radiometers
were new, and all of the radiometers were precalibrated by
the manufacturers. The sampling frequency was 0.5Hz; the
output data were stored at 10min intervals. The radiometers
were installed in three lines. The first line included CNR1 and

NR01 (nos.1–9 from west to east). The second line included
PSP and PIR. Lastly, the third line included CNR4 and Q7
(nos.1–8 from west to east) (Table 1 and Figure 2), orien-
tated in a southern direction and installed at heights of
1.44m (the first and third lines) and 1.5m (the second line).
Moreover, a separate protected area was constructed. Hay
and small pebbles were removed from this area. The area
was subsequently covered with the same type of soil to
ensure the homogeneity of the underlying surface.

2.2. Eddy Covariance Systems

[12] Twenty eddy covariance system sets were included in
the intercomparison: CSAT3 and Li7500 (10 sets, Campbell
and Licor), CSAT3 and Li7500A (six sets, Campbell and
Licor), WindMaster (Gill) and Li7500 (one set, Gill and
Licor), WindMaster (Gill) and Li7500 A (two sets, Gill
and Licor), and CSAT3 and EC150 (one set, Campbell).
During the intercomparison, the EC installation was divided
into four groups with five sets in each group. The first three
groups contained CSAT3 and Li7500 /Li7500A systems. The
last group was a combination of Gill and Li7500/ Li7500A,
CSAT3 and EC150, and CSAT3 and Li7500A. The EC for
each groupwas arranged at approximately 0.7m intervals; each

Table 2. The Information for the Eddy Covariance Systems Useda

No. Type Serial Number Data Logger Duration

1 CSAT3 and Li7500 0859-2/75H-0118 CR5000 14 May 18:00 to 24 May 13:00
2 CSAT3 and Li7500 0854-2/75H-0781 CR5000 14 May 18:00 to 24 May 13:00
3 CSAT3 and Li7500A 2309/75H-2099 CR1000 14 May 17:30 to 24 May 13:00
4 CSAT3 and Li7500 7871/75H-544 CR3000 14 May 17:00 to 24 May 13:30
5 CSAT3 and Li7500A 2311/75H-2224 CR1000 18 May 19:30 to 24 May 13:00
6 CSAT3 and Li7500A 6907/75H-2210 CR3000 17 May 18:00 to 24 May 13:00
7 CSAT3 and Li7500 1525/75H-0347 CR3000 16 May 11:00 to 24 May 13:00
8 CSAT3 and Li7500 2169/75H-1769 CR3000 14 May 17:30 to 24 May 13:00
9 CSAT3 and Li7500 0817-2/75H-0559 CR3000 16 May 11:00 to 24 May 13:00
10 CSAT3 and Li7500 0818-2/75H-0575 CR3000 16 May 11:00 to 24 May 13:00
11 CSAT3 and Li7500 1101-2/75H-0901 CR5000 14 May 18:30 to 24 May 13:30
12 CSAT3 and Li7500 1585/75H-1465 CR5000 14 May 18:30 to 24 May 13:00
13 CSAT3 and Li7500A 2257/75H-2132 CR3000 14 May 19:00 to 24 May 13:00
14 CSAT3 and Li7500 0929/75H-0698 CR5000 14 May 18:00 to 24 May 13:00
15 CSAT3 and Li7500A 1982/75H-1931 CR3000 Only CSAT3 21 May 15:30 to 23 May 09:30

CSAT3+Li7500A 23 May 10:30 to 24 May 13:00
16 Gill-WindMaster and Li7500A 105101/75H-2199 CR1000 17 May 20:00 to 24 May 13:30
17 CSAT3 and EC150 1093/1028 CR3000 14 May 19:30 to 24 May 13:00
18 CSAT3 and Li7500A 2254/75H-1954 CR3000 14 May 18:30 to 24 May 13:00
19 Gill-WindMaster and Li7500A 1205/75H-2104 CR1000 16 May 18:00 to 24 May 13:00
20 Gill-WindMaster and Li7500 0823/75H-1201 CR1000 16 May 18:30 to 24 May 13:00

aThe instruments were named 20 serial numbers with the order from west to east.

Figure 3. Pictures of the ECs used in the intercomparison field.
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group covered an interval of approximately 2m. Therefore, all
ECs were placed within 20m. Moreover, the EC height was
1.7m, and the sonic anemometer sensors faced north. The in-
struments were named with 20 serial numbers, ordered from
west to east. The EC sample frequency was 10Hz. The EC
data were stored with an average time of 30min and 10Hz
in the compact flash card. All EC infrared CO2/H2O gas ana-
lyzers used for the comparison were calibrated indoors prior
to the field test. Pictures of the instruments and detailed infor-
mation are shown in Table 2 and Figure 3.

2.3. Large Aperture Scintillometers

[13] Seven large aperture scintillometer (LAS) sets were in-
volved in the intercomparison and divided into four groups:
three BLS900 sets and two BLS450 sets manufactured by
Scintec and two scintillometer sets constructed by our group
(ZZLAS) [Shi et al., 2010]. The two BLS450 sets were erected
together (the transmitter and receiver were reversed, LAS3),
and all but one BLS900 set was erected together with a
ZZLAS (Table 3 and Figure 4). The BLS900 (BNU1) and
ZZLAS1, BLS900 (CAU) and ZZLAS2, BLS450 (AR) and
BLS450 (NQ), and BLS900 (BNU2) combinations were
installed from west to east at the field site. Each LAS group
was arranged at 80m intervals, a path length of 606m, and
an installation height of 2.02m. The transmitter frequency
was 5Hz and 1Hz for the BLS series and ZZLAS, respec-
tively, and the output data were stored at 1min intervals.

3. Data Processing

[14] The Edire software developed at the University of
Edinburgh was used to process the EC data (http://www.
geos.ed.ac.uk/abs/research/micromet/EdiRe/). The raw 10Hz
data were processed, including spike detection, lag correction
of H2O/CO2 relative to the vertical wind component, sonic vir-
tual temperature correction, coordinate rotation (2-D rotation),
corrections for density fluctuation (Webb-Pearman-Leuning
correction), and frequency response correction. The angle
of attack (AOA) error correction was applied to the EC sys-
tems with Gill-WindMaster sonic anemometer using the
Eddypro software developed by the Li-Cor (http://www.licor.
com/env/products/eddy_covariance/software.html), which pro-
vided the latest AOA correction method proposed by Nakai
and Shimoyama [2012]. The EC data were finally averaged
over 30min periods. Moreover, the observation data quality
was divided into three classes according to the quality assess-
ment method of stationarity (Δst) and integral turbulent charac-
teristics test (ITC) proposed by Foken and Wichura [1996]:
class 1 (level 0: Δst< 30 and ITC< 30), class 2 (level 1: Δst
100 and ITC< 100), and class 3 (level 2: Δst> 100 and
ITC> 100), representing high-, medium-, and low-quality data,
respectively. Class 1 was selected for the analysis. In addition to

the above processing steps, the half-hourly flux data were
screened in a five-step procedure: (i) data from periods of sensor
malfunction were rejected (e.g., when there was a faulty diag-
nostic signal, and the automatic gain control value was greater
than 65); (ii) data within 1 h of precipitation were rejected;
(iii) incomplete 30min data were rejected when the missing
data constituted more than 3% of the 30min raw record; (iv)
data were rejected at night when the friction velocity (u*) was
less than 0.1m s�1 [Blanken et al., 1998]; and (v) the orientation
of the sonic anemometer was northward (consistent with the
prevailing wind direction). To avoid the effects of brackets or
other nearby EC sensors, only wind directions of 315°–0° and
0°–45° were considered.
[15] The structure parameter of the refractive index of air

Cn
2 was directly output by the BLS900/450. For

the ZZLAS, Cn
2 was calculated using the equation

Cn
2 ¼ 10 UCN2�12þ1:15σUCN2

2ð Þ , where UCN2 is the logarithm
of Cn

2 and σUCN2 is the variance of UCN2. The data were care-
fully screened to ensure good LAS data quality using the fol-
lowing procedure: (i) data for Cn

2 beyond the saturation
criterion were rejected, which was determined according to
Ochs and Wilson [1993], and the upper limit of Cn

2 saturation
was 1.01 × 10�12m�2/3; (ii) data obtained during periods of
precipitation were rejected; (iii) data were rejected when the
average X intensity was less than 1000 for the BLS series
(for one BL450 (NQ) purchased in 2006, the data were deleted
when the minimum value of the demodulated signal was less
than 50), and data were rejected when the demodulated signal
was greater than �30mV for ZZLAS; (iv) data were rejected
at night during periods of weak turbulence (when u* was less
than 0.1m s�1); and (v) data were rejected if collected when
the sensor was malfunctioning.

Table 3. The Information for the Large Aperture Scintillometers Used

No. Type Start Time End Time

LAS1 BLS900, Scintec (BNU1); LAS, ZZLAS1 18-05-2012 12:36 16-05-2012 19:55 24-05-2012 11:00 24-05-2012 10:30
LAS2 BLS900, Scintec (CAU); LAS, ZZLAS2 15-05-2012 19:30 16-05-2012 19:48 24-05-2012 11:00 24-05-2012 10:30
LAS3 BLS450, Scintec (AR) 17-05-2012 00:00 24-05-2012 10:30

BLS450, Scintec (NQ) 17-05-2012 00:00 24-05-2012 10:30
LAS4 BLS900, Scintec (BNU2) 18-05-2012 11:29 24-05-2012 10:28

Figure 4. Pictures of the LASs used in the intercom-
parison field.
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[16] Cn
2 is related to the temperature structure parameter

CT
2 (K2m�2/3), the humidity structure parameter Cq

2 (kg2m�6

m�2/3), and a covariant term CTq (Kkgm�3m�2/3). The optical
scintillometer is more sensitive to variations in temperature than
humidity. As a simplification, CT

2 can be calculated together
with the air temperature, air pressure, and Bowen ratio
[Wesely, 1976]. According to the Monin-Obukhov similarity
theory, the sensible heat flux can be obtained through an iter-
ative method, together with meteorological elements (e.g.,
wind speed, air temperature, and air pressure) and additional
parameters (e.g., zero-plane displacement height, the aerody-
namic roughness length, and Bowen ratio). The LAS data

were averaged over 30min intervals. The reader is referred
to Liu et al. [2011, 2013] for details.
[17] The output radiometer data were produced using the

*.dat format and saved in an Excel spreadsheet as incoming/
outgoing shortwave radiation, incoming/outgoing longwave
radiation, and net radiation. The diurnal radiation variation
was assessed to ensure the radiometer measurement quality.
Moreover, data clearly beyond the range of what is physically
possible were rejected.
[18] In this study, the root-mean-square error (RMSE),

mean relative error (MRE), and correlation coefficient (R)
were used to measure the average discrepancy between each

Figure 5. Scatterplots of the differences in 10min incoming/outgoing shortwave radiation as a function
of the 10min reference measurements (16 to 22 May 2012): (a) incoming shortwave radiation for
CNR4, (b) outgoing shortwave radiation for CNR4, (c) incoming shortwave radiation for CNR1, (d)
outgoing shortwave radiation for CNR1, (e) incoming shortwave radiation for NR01, and (f) outgoing
shortwave radiation for NR01.
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instrument and the reference. RMSE, MRE, and R were cal-
culated according to Jia et al. [2012], as follows:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
Pi � Oið Þ2=n

vuut
(1)

MRE ¼ 100

n
∑
n

i¼1

Pi � Oið Þ
O

(2)

R ¼ ∑
n

i¼1
Pi � P
� �

Oi � O
� �= ∑

n

i¼1
Pi � P
� �2 ∑n

i¼1
ðOi � OÞ2

� �1=2
(3)

where Pi is the measured value of each instrument, Oi is
the measured value of the reference, P is the mean mea-
sured value of each instrument, O is the mean value of the
reference, and n is the number of samples. The RMSE
is used to measure the discrepancy between the compari-
son instrument measurements and the reference measure-
ment, MRE is used to measure the relative degree of
their discrepancy, and R is used to measure the measure-
ment consistency.
[19] To compare with previous studies, the regression

slope (deviation from the 1:1 regression line) was added in

Figure 6. Scatterplots of the differences in 10min incoming/outgoing longwave radiation as a function of
the 10min reference measurements (16 to 22 May 2012): (a) incoming longwave radiation for CNR4, (b)
outgoing longwave radiation for CNR4, (c) incoming longwave radiation for CNR1, (d) outgoing
longwave radiation for CNR1, (e) incoming longwave radiation for NR01, and (f) outgoing longwave
radiation for NR01.
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the ensuing analysis, representing the relative discrepancy be-
tween each instrument value and the reference measurement.

4. Results

4.1. Meteorological Conditions

[20] The weather during the intercomparison period was
characterized by cloudy skies. It was rainy on the morning
of 21May. This rainy period was preceded by a gray sky with
drizzle from the afternoon of 19 May to the evening of 20
May. The air temperature typically ranged from 5°C at night
to 30°C during the day; the average temperature was 17.1°C.
The air humidity was less than 10% during the day and
approximately 40% at night. However, the air humidity
reached 70% on the rainy day (21 May); the average air hu-
midity was 27% during the comparison period. The wind
speed was generally less than 6m s�1; the maximum wind
speed was 13m s�1 during the study period. The prevailing
wind direction was north and northwest during the day (the
proportion was greater than 35%). Moreover, the air pressure
was approximately 840 hPa. The soil moisture was very low
(the volumetric water content was less than 10%). However,
the soil temperature was high, greater than 50°C during day.

4.2. Radiation Sensors

[21] Five types of radiometers were used for the intercom-
parison: PSP and PIR (Eppley, U.S.), CNR4 and CNR1 (Kipp

& Zonen, Netherlands), NR01 (Hukseflux, Netherlands), and
Q7 (REBS, U.S.). The PSP and PIR radiometer was the
WMO first-class radiometer. Therefore, this radiometer
was used for the reference. However, some problems
occurred with the PSP and PIR shortwave radiation after
22 May. Therefore, the period from 16 May to 22 May
was selected for the analysis. The peak incoming shortwave
radiation (Rsd) was greater than 1000Wm�2; the peak out-
going shortwave radiation (Rsu) was less than 200Wm�2.
The incoming longwave radiation (Rld) varied daily
between 250 and 400Wm�2, while outgoing longwave
radiation (Rlu) was between 340 and 630Wm�2. Moreover,
the net radiation was between �100 and 600Wm�2.
[22] For the radiometer intercomparison, the differences

(the involved radiometers minus the reference, 10min) were
plotted as a function of the reference measurements during
the study period. Figures 5, 6, and 7 showed the incoming/
outgoing shortwave radiation, incoming/outgoing longwave
radiation, and net radiation, respectively. The statistics for
the different radiometers were listed in Table 4. Moreover,
the RMSE, MRE, and the correlation coefficient (R) were
selected to assess the radiometer performances. The regres-
sion slopes were also analyzed.
4.2.1. Incoming/Outgoing Shortwave Radiation
[23] Figure 5 depicts the differences as a function of the ref-

erence for incoming/outgoing shortwave radiation (Rsd/Rsu)
from 16 to 22 May. Table 4 shows the radiometer statistics.

Figure 7. Scatterplots of the differences in 10min net radiation as a function of the 10min reference mea-
surements (16 to 22May 2012): (a) net radiation for CNR4, (b) net radiation for CNR1, and (c) net radiation
for NR01 and Q7.
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[24] The differences between the Rsd measurements
were within ±25Wm�2 of the reference (except for the
CNR4-ID100414 and CNR1-ID090255). The differences
varied as a function of the reference according to a para-
bolic shape for the CNR4-type instruments; the maximum
was approximately 25Wm�2 when the reference radiation
was approximately 500Wm�2. The differences for the
CNR1/NR01-type instruments were between �25 and
37Wm�2; the differences generally increased with increas-
ing reference radiation. The CNR4-ID100414 had a relatively
large amplitude that was approximately 80Wm�2 greater
than the reference. Moreover, the CNR1-ID090255
exhibited relatively large difference of approximately
60Wm�2. Table 4 shows that the average regression slope
was 1%, typically less than 5%, and the average RMSE
was 7.98Wm�2, ranging between 3.6 and 24.58Wm�2.
The average MRE was 0.97%, ranging from �1.75% to
7.08%. Moreover, R was very high (greater than 0.99), indi-
cating that the incoming shortwave radiometer measure-
ments were very consistent.
[25] Figure 5 (b,d,f) shows that all radiometers had good

consistency with each other except for the CNR1-
ID030623; the differences between the Rsu measurements
were between �10 and 10Wm�2. The differences were be-
tween 0 and 10Wm�2 when the reference measurement was
less than 50Wm�2, decreasing to�10Wm�2 when the ref-
erence increased to 250Wm�2. The statistics in Table 4 in-
dicate that the regression slopes were primarily less than 4%
(one CNR1-ID030623 was slightly greater than 8%), with
an average of 2%. Moreover, the average RMSE was
3.95Wm�2, ranging from 2.30 to 7.61Wm�2, and the aver-
age MRE was 2.07%, ranging from �4.02% to 4.09%. The
outgoing shortwave radiometers were also very consistent
with each other; R was greater than 0.99.
4.2.2. Incoming/Outgoing Longwave Radiation
[26] Figure 6 shows the differences for incoming/outgo-

ing longwave radiation (Rld/Rlu). The differences in Rld
were between �25 and 50Wm�2. Moreover, the difference
had not clear variation as the reference increased. The differ-
ences for the CNR4-type were concentrated between�5 and
25Wm�2; the differences varied consistently with each
other for all the CNR4-type radiometers. The differences for
most CNR1-type agreed within ±25Wm�2. However, the
differences were more discrete, especially for the CNR1-
ID071488. The NR01 radiometer exhibited a maximum
overestimation (relative to the reference) of approximately
45Wm�2. The average regression slopes for incoming
longwave radiation was 1%, typically less than 3%, and
the average RMSE was 6.43Wm�2, ranging from 3.92 to
12.79Wm�2. The MRE ranged from �1.55% to 3.21%,
with an average of 0.62%. Moreover, R was greater than
0.98, except for two radiometers (0.96 for the CNR1-
ID071488 and NR01-ID1242) (Table 4).
[27] The Rlu differences were approximately between

�20 and 10Wm�2; the differences decreased as the refer-
ence measurements increased, especially for the CNR4-type
instruments. Differences between �15 and 5Wm�2 were
found between the CNR4 and the reference; the differences
for all CNR4-type radiometers exhibited the same varia-
tions. The differences between most CNR1/NR01-type radi-
ometers and the reference were between�10 and 10Wm�2.
However, a relatively large difference (up to 24Wm�2) wasT
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Figure 8. Normalized power spectra of (a–c) the wind velocity components (u, v, w), (d) carbon dioxide
(CO2) density, (e) water vapor (q), and (f) virtual temperature (Tv) (the data with unstable stability (approx-
imately �0.2) on 18 May 2012 were selected) (EC3: CSAT3 and Li7500A, EC4: CSAT3 and Li7500,
EC17: CSAT3 and EC150, EC19: Gill and Li7500A, and EC20: Gill and Li7500).

Figure 9. Normalized cospectra of (a) vertical velocity and virtual temperature (WTv) and (b) water vapor
(Wq) (the data with unstable stability (approximately �0.2) on 18 May 2012 were selected) (EC3: CSAT3
and Li7500A, EC4: CSAT3 and Li7500, EC17: CSAT3 and EC150, EC19: Gill and Li7500A, and EC20:
Gill and Li7500).
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found for the CNR1-ID030623 radiometer. As shown in
Table 4, the outgoing longwave radiation regression slopes
were less than 1%, with an average of 0.4%. Moreover, the
average RMSE was 3.16Wm�2, ranging between 2.35 and
4.77Wm�2; the average MRE was �0.34%, ranging from
�0.53% to�0.15%. Good consistency was observed for out-
going longwave radiation; R was greater than 0.99.
[28] During the instrument comparison, the underlying

surface in the radiation sensor field of view was recovered
with the same soil. However, there was also a small differ-
ence in the underlying surface in the three radiometer lines
(Figure 2) that may have caused the differences in outgoing
longwave/shortwave radiation.
4.2.3. Net Radiation
[29] The net radiation (Rn) differences are shown in Figure 7;

the corresponding statistics are presented in Table 4. Generally,
Figure 7 shows that the Rn differences ranged from �50 to
50Wm�2 (except for the CNR4-ID100414); no pronounced
increase was detected with the reference for CNR1- and
CNR4-type radiometers. Most of the CNR4- and CNR1-type
instruments exhibited the differences of �25 to 25Wm�2.
However, the CNR1-type radiometer differences were more
discrete. The CNR4-ID100414 radiometer exhibited differ-
ences of up to 80Wm�2 compared with the reference. The
NR01/Q7-type differences were also very large and more dis-
crete. The average net radiation difference was estimated of
25Wm�2 (4% of the maximum value) except for CNR4-
ID100414, NR01, and Q7 radiometers. Table 4 shows that the
net radiation regression slopes were less than 2%, with an aver-
age of 0.2%. Moreover, the average RMSE was 10.38Wm�2,
ranging from 3.73 to 26.72Wm�2; the average MRE was
1.24%, ranging from �12.69% to 24.88%. All net radiometers
exhibited very good consistency; R was greater than 0.99.
[30] Better consistency was observed with most CNR4-

type sensors compared to the CNR1, NR01, and Q7 (except
the CNR4-ID100414). The intercomparison results were
better than those of the FIFE comparison [Field et al.,
1992; Nie et al., 1992] and were consistent with the
EBEX-2000 comparison [Kohsiek et al., 2007]. Overall,
most radiometers were consistent with the reference and
showed reliable accuracy. Therefore, these radiometers can
be used in HiWATER-MUSOEXE.

4.3. Eddy Covariance Sensors

[31] Five EC system sensor combinations (20 sets) were
compared (CSAT3 and Li7500, CSAT3 and Li7500A,
WindMaster (Gill) and Li7500, WindMaster (Gill) and
Li7500A, and CSAT3 and EC150); these classifications
were used in the latent heat flux intercomparison. The sen-
sible heat flux was calculated from the sonic anemometer
measurements. Two classes were defined in the sensible
heat flux intercomparison, i.e., CSAT3 and WindMaster
(Gill) sonic anemometers. Because the EC3 system was a
new combination (CSAT3 and Li7500A) and contained
the longest data series, with a proper and stable working
status, this EC set was chosen as the reference.
[32] After carefully screening the data (described in section 3),

the percentage of valid data was approximately 27% (taking
EC3 as an example). The data were mainly rejected by the

Figure 10. The intercomparison of sensible heat fluxes measured by the EC systems (using the EC3 mea-
surements as the reference, 14 to 24 May 2012): (a) CSAT3 and Li7500A/Li7500/EC150,and (b) Gill and
Li7500A/Li7500.

Table 5. Statistics of Sensible Heat Fluxes Measured by the EC
Systems for 14 to 24 May 2012 (Using the EC3 Measurements as
the Reference)

No. Type RMSE (Wm�2) MRE (%) R

H1 CSAT3 and Li7500 11.13 1.65 0.9939
H2 CSAT3 and Li7500 10.96 0.50 0.9937
H4 CSAT3 and Li7500 6.22 �0.05 0.9979
H5 CSAT3 and Li7500A 7.62 �3.83 0.9968
H6 CSAT3 and Li7500A 12.69 �2.57 0.9897
H7 CSAT3 and Li7500 13.57 �4.47 0.9902
H8 CSAT3 and Li7500 14.28 �5.83 0.9914
H9 CSAT3 and Li7500 11.80 �0.83 0.9920
H10 CSAT3 and Li7500 10.94 �2.29 0.9932
H11 CSAT3 and Li7500 9.55 �1.46 0.9932
H12 CSAT3 and Li7500 11.97 �3.05 0.9923
H13 CSAT3 and Li7500A 12.22 �2.46 0.9921
H14 CSAT3 and Li7500 13.40 �1.21 0.9902
H15 CSAT3 and Li7500A 22.66 10.67 0.9829
H17 CSAT3 and EC150 12.55 �2.49 0.9909
H18 CSAT3 and Li7500A 15.16 �4.03 0.9878
Average 12.30 �1.36 0.9918
H16 Gill and Li7500A 13.87 �3.36 0.9877
H19 Gill and Li7500A 17.43 �8.11 0.9854
H20 Gill and Li7500 18.96 �5.10 0.9823
Average 16.75 �5.52 0.9851
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wind sector selection (approximately 67%). The rejected
percentages of bad data quality and the u* filter were 5%
and 1%, respectively.
4.3.1. Power Spectra and Cospectra
[33] The power spectra and cospectra of each EC class

were calculated using the fast Fourier transform and
Hamming filter methods. EC3 (CSAT3 and Li7500A),
EC4 (CSAT3 and Li7500), EC17 (CSAT3 and EC150),
EC19 (Gill and Li7500A), and EC20 (Gill and Li7500)
were chosen from different EC types. The power spectra,
showing the frequency contribution of the wind velocity
components (u, v, w), virtual temperature (Tv), water vapor
(q) and carbon dioxide (CO2) density, and the cospectra
(WTv, Wq) are shown in Figures 8 and 9, respectively,

where the x axis is the natural frequency (n, Hz) and the y
axis is the normalized power spectra (Sx(n)/σx2) or cospectra
(Cwx(n)/Cov(w, x)) multiplied by n. A typical day (18 May
2012) was selected for this analysis. As expected, the spec-
tra fell together in the inertial subrange and followed the
�2/3 slope quite well. The cospectra WTv collapsed in the
inertial subrange; both cospectra (WTv, Wq) followed a
slope close to �4/3. The upward trending values of power
spectra at high-frequency end may indicate the presence of
noise. However, this noise did not affect the covariance.
The frequencies of the spectral peaks can be related to
a length scale of the dominant energy-containing eddies
by the local average wind speed. The w spectral peak
frequency was 0.06 Hz (Figure 8), yielding a dominant

Figure 11. The intercomparison of latent heat fluxes measured by the EC systems (using the EC3 mea-
surements as the reference, 14 to 24 May 2012): (a) CSAT3 and Li7500A, (b) CSAT3 and Li7500, (c)
Gill and Li7500A, (d) Gill and Li7500, and (e) CSAT3 and EC150.
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eddy length scale of approximately 37m (the wind speed
was 2.22m s�1).
4.3.2. Intercomparison of Sensible Heat Fluxes
[34] Figure 10 shows the comparison of sensible heat

fluxes measured by the 20 EC sets; the corresponding statis-
tics are provided in Table 5. A very good correlation was
found in the measured sensible heat fluxes from the different
EC types (Figure 10).

[35] Table 5 shows that a high correlation between the EC
systems was found, which was significant at the 0.01 level.
Moreover, R was approximately 0.99 for all classes, indi-
cating that the sensible heat fluxes measured by different
ECs were in agreement with each other. For the CSAT3
sonic anemometer, the average RMSE, MRE, and R were
12.30Wm�2, �1.36%, and 0.9918, respectively. The
regression slopes were less than 2% for the CSAT3 sonic
anemometers (Figure 10). The RMSE and MRE values
for Gill sonic anemometer were relatively large, with an aver-
age of 16.75Wm�2 and�5.52%, respectively. The regression
slope was approximately 7%, and the average R was 0.9851.
The average regression slopes, RMSE, and MRE of the sensi-
ble heat flux measured by all ECs were 3.21%, 13.00Wm�2,
and �2.02%, respectively, with a high correlation coefficient
compared with the reference of 0.99.
[36] As reported above, good consistency was observed for

all ECs, especially for the CSAT3 sonic anemometers.
4.3.3. Intercomparison of Latent Heat Fluxes
[37] Most latent heat fluxes were less than 40Wm�2 dur-

ing the comparison campaign due to the low soil moisture
in the Gobi underlying surface (see section 4.1). As shown
in Figure 11, a relatively large discrepancy among the EC
systems was observed in the latent heat fluxes compared to
the sensible heat fluxes. However, the data were approxi-
mately distributed near the 1:1 line. Due to calibration prob-
lems, the EC12 measured H2O density was very low; these
data points are not shown in Figure 11 (this sensor was
recalibrated before the formal observation).
[38] The latent heat flux statistics for the ECs are summa-

rized in Table 6, showing good correlation in the latent heat
fluxes measured by each EC (significant at the 0.01 level).
The average RMSE, MRE, and R of the latent heat fluxes

Table 6. Statistics of Latent Heat Fluxes Measured by the EC
Systems for 14 to 24 May 2012 (Using the EC3 Measurements as
the Reference)

No. Type RMSE (Wm�2) MRE (%) R

LE5 CSAT3 and Li7500A 4.36 12.71 0.9491
LE6 CSAT3 and Li7500A 4.21 15.44 0.9513
LE13 CSAT3 and Li7500A 6.38 27.19 0.9242
LE15 CSAT3 and Li7500A 3.61 �11.62 0.9533
LE18 CSAT3 and Li7500A 6.06 15.10 0.8810
Average 4.92 11.76 0.9318
LE1 CSAT3 and Li7500 4.28 �13.81 0.8899
LE2 CSAT3 and Li7500 2.20 4.82 0.9741
LE4 CSAT3 and Li7500 1.44 0.99 0.9838
LE7 CSAT3 and Li7500 3.46 �0.95 0.9170
LE8 CSAT3 and Li7500 3.98 �8.89 0.8906
LE9 CSAT3 and Li7500 3.55 �1.54 0.8989
LE10 CSAT3 and Li7500 3.99 8.02 0.9182
LE11 CSAT3 and Li7500 5.01 �7.59 0.8100
LE14 CSAT3 and Li7500 4.22 9.33 0.9169
Average 3.57 �1.07 0.9110
LE16 Gill and Li7500A 7.25 �17.05 0.8436
LE19 Gill and Li7500A 5.02 �11.95 0.7838
Average 6.13 �14.50 0.8137
LE20 Gill and Li7500 5.29 �3.62 0.7973
LE17 CSAT3 and EC150 6.07 �14.58 0.7520

Figure 12. The intercomparison of sensible heat fluxes measured by the LASs (using the BLS900_CAU
measurements as the reference, 14 to 24 May 2012): (a) BLS900, (b) BLS450, and (c) ZZLAS.

XU ET AL.: INTERCOMPARISON OF FLUX INSTRUMENTS

13,152



for CSAT3 and Li7500A was 4.92Wm�2, 11.76%, and
0.9318, respectively. The average RMSE, MRE, and R
for CSAT3 and Li7500 were 3.57Wm�2, �1.07%, and
0.9110, respectively. For Gill and Li7500A/Li7500, the
average RMSE, MRE, and R were 6.13/5.29Wm�2,
�14.50%/�3.62%, and 0.8137/0.7973, respectively. More-
over, the RMSE, MRE, and R for CSAT3 and EC150 were
6.07Wm�2, �14.58%, and 0.7520, respectively. The mea-
sured latent heat fluxes were larger in the CSAT3 and
Li7500A measurements than the reference. Furthermore,
CSAT3 and Li7500 observed lower measurements; the re-
gression slopes were less than 16% and 2%, respectively.
The latent heat fluxes measured by the Gill-type sonic ane-
mometers were less than the reference; the regression slope
was less than 7%. The CSAT3 and EC150 measurements
were substantially less than the reference, with a regression
slope of approximately 20% (Figure 11). The average re-
gression slope, RMSE, and MRE of the latent heat fluxes
measured by all ECs were 10.94%, 4.47Wm�2, and 0.11%,
respectively; the correlation coefficient was 0.8908. The la-
tent heat fluxes were very small and had relatively large fluc-
tuations and possibly large uncertainties in the drying Gobi
desert. Therefore, we primarily focused on analyzing the sen-
sible heat flux in this study. To fully understand the surface
energy fluxes, the latent heat fluxes were also introduced.
[39] Based on the above analysis, most the eddy covari-

ance systems exhibited good agreement and accuracy for
sensible and latent heat flux measurements. Moreover, the re-
sults of our intercomparison were better than the EBEX-2000
comparison [Mauder et al., 2007]. These eddy covariance
systems can be used in HiWATER-MUSOEXE.

4.4. Large Aperture Scintillometers

[40] Seven LAS sets were involved, including three BLS900
sets, two BLS450 sets produced by Scintec (Germany), and
two scintillometers sets built by our group. BLS900 in line 2
was selected as the reference (BLS900_CAU); the other scin-
tillometers were compared with the reference (Figure 12). The
valid BLS900_CAU (the reference) data was approximately
67%. The rejected data were mainly caused by the u* filter
(32%) and by instrument malfunction and precipitation
(1%). Figure 12 shows that most points were distributed
around the 1:1 line, demonstrating very good agreement
between instruments.
[41] Table 7 shows that all LASs exhibited good consis-

tency with high correlation coefficients (R values greater than
0.98). Among the BLS900 measurements, the regression
slope was less than 4% (Figure 12); the average RMSE
and MRE were 10.26Wm�2 and 5.48%, respectively. For
the BLS450 series, the BLS450_NQ agreed well with the
reference, i.e., the regression slope, RMSE, MRE, and R
were 5%, 11.16Wm�2, 5.60%, and 0.9960, respectively.

In contrast, relatively large differences were observed for
BLS450_AR, with an RMSE and MRE of 21.48Wm�2

and 15.33%, respectively (the regression slope was 15%).
The ZZLAS performance was good. The regression slope
was less than 4%. Moreover, the average RMSE, MRE, and
R were 14.38Wm�2, �3.72%, and 0.9890, respectively.
[42] Overall, the seven scintillometer sets exhibited good

agreement with each other and were consistent with the re-
sults reported by Kleissl et al. [2008, 2009] except for the
BLS450_AR scintillometer. Therefore, the examined scintil-
lometers can be used in HiWATER-MUSOEXE.

4.5. Comparison of Sensible Heat Fluxes Derived From
ECs and LASs

[43] In this section, the mean sensible heat fluxes measured
by all ECs and LASs were compared; the EC and LAS stan-
dard deviation were also computed. Near neutral stratifica-
tion, the sensible heat fluxes may have some uncertainties,
especially for the LAS measurements. Therefore, the regres-
sion line was shown for sensible heat fluxes measured by
ECs and LASs (HEC and HLAS) larger than 50Wm�2, and
the values less than 50Wm�2 were only plotted. The results
are shown in Figure 13. The EC and LASmeasurements were
consistent with each other; the data points were distributed
around the 1:1 line. The LAS measurements were slightly
larger than the EC measurements. Moreover, the regression
slope was less than 8%, and the coefficient of determination
R2 was 0.8925. The results indicate that both the EC and

Table 7. Statistics of Sensible Heat Fluxes Measured by LASs for 16 to 24 May 2012 (Using the BLS900_CAU Measurements as
the Reference)

BLS900 BLS450 ZZLAS

BNU1 BNU2 Average AR NQ Average ZZLAS1 ZZLAS2 Average

RMSE(Wm�2) 8.52 12.00 10.26 21.48 11.16 16.32 14.79 13.97 14.38
MRE (%) 6.71 4.25 5.48 15.33 5.60 10.47 �3.62 �3.81 �3.72
R 0.9978 0.9917 0.9948 0.9955 0.9960 0.9958 0.9881 0.9899 0.9890

Figure 13. Comparison of sensible heat fluxes between
the LAS mean and the EC mean (a wind sector of 315–0 and
0–45). The error bar was calculated as the standard deviation.
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Figure 14
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LAS system measurements were reliable and are comparable
during HiWATER-MUSOEXE.

5. Discussion and Conclusions

[44] The radiometer intercomparison results showed that
the five radiometer types (PSP and PIR, CNR1, CNR4,
NR01, and Q7) used in HiWATER-MUSOEXE agree well
with each other. The four-component radiation discrepancy
was separately investigated, showing that the average
RMSE values of incoming/outgoing shortwave radiation
and the incoming/outgoing longwave radiation were 7.98/
3.95Wm�2 and 6.43/3.16Wm�2, respectively; the average
MRE values were 0.97%/2.07% and 0.62%/�0.34%,
respectively. The underlying surface differences in the three
radiometer lines caused the differences in outgoing shortwave/
longwave radiation between the radiometers. The accuracy
of the net radiation measurements is very important to
researchers. The difference was estimated of 25Wm�2 (4%
of the maximum value); the average RMSE and MRE were
10.38Wm�2 and 1.24%, respectively. Another important
issue is the temporal stability of the radiation sensors. In future
field campaigns, radiometers should be regularly checked
and periodic comparisons should be conducted for long-
term measurements.
[45] The radiometers with relative large discrepancies (e.g.,

CNR4-ID 100414, NR01, and Q7) were calibrated using a lin-
ear regression method in a follow-up study; these radiometers
were installed in the periphery of the kernel experimental area
(5.5 km×5.5 km), particularly outside the 3 × 3 MODIS pixel

area during HiWATER-MUSOEXE. The three radiometers
not involved in the intercomparison campaign were compared
to the radiometer installed on the superstation (PSP and PIR)
before implemented for formal observations.
[46] Good correlations in the measured sensible and latent

heat fluxes were observed for different ECs (CSAT3/Gill
and Li7500/Li7500A/EC150); the average R values were
0.99 and 0.89, respectively. Good consistency was found for
sensible heat fluxes observed for the EC with CSAT3 sonic
anemometers (the average RMSE and MRE were
12.30Wm�2 and �1.36%, respectively); the EC with a Gill
sonic anemometer also exhibited good consistency (the aver-
age RMSE andMREwere 16.75Wm�2 and�5.52%, respec-
tively). Moreover, the average RMSE and MRE for all EC
measurements were 13.00Wm�2 and �2.02%, respectively.
The latent heat fluxes were very small and had relatively large
fluctuations and possibly large uncertainties in the drying Gobi
desert. Therefore, we primarily focused on analyzing sensible
heat fluxes in this study. The average RMSE and MRE for
latent heat flux were 4.47Wm�2 and 0.11% for all of the
EC measurements. The variance of the measured turbulent
quantities, i.e., vertical wind speed, sonic temperature, and
water vapor density, are compared in Figure 14. Compared
with the reference EC, the discrepancy in the sonic tempera-
ture variance (t′t′) measured by the Gill and CSAT3 sonic
anemometers was similar (the regression slope was less than
2%). The vertical wind speed variance (w′w′) measured by
the Gill sonic anemometer was less than the CSAT3 measure-
ments (Figure 14b). Moreover, the discrepancy in sensible
heat fluxes between the Gill and CSAT3 sonic anemometer
measurements may be related to the vertical wind speed dis-
crepancy (Figure 14). Although the correlation in the H2O
variance (q′q′) was very good (R was larger than 0.99), the
discrepancy was relatively large; the regression slopes for
Li7500A, Li7500, and EC150 were approximately 32%,
14%, and 9%, respectively. Furthermore, the water vapor den-
sity was low, and the measurements from different ECs were
not in good agreement. All these reasons can cause the large
discrepancy in the latent heat fluxes. However, the discrepancy
between EC systems is actually a mix of discrepancies in the
systematic differences and random components due to the fact
they do not see the same eddies, which means the sensors
closer to each other could see more often the same eddies.
Figure 15 shows the RMSE variation in sensible heat fluxes
as a function of the distance from the reference EC, demon-
strating that the RMSE increased as the distance increased
from the reference. Moreover, this finding also indicated that
the close ECs observed the same eddies more often and have
small differences. However, the ECs were all located within
20m during the intercomparison experiment, and the correla-
tion relationships for all ECs compared with the reference
were greater than 0.98 (Table 5); the maximum RMSE was
approximately 20Wm�2 (Figure 15). Therefore, the eddies
observed by the 20 EC systems were nearly identical, and

Figure 14. The difference of scalar variance measured by different eddy covariance systems for 14 to 24 May 2012: (a)
vertical wind speed variance (w′w′) measured by the CSAT3 sonic anemometers, (b) w′w′ measured by the Gill sonic
anemometers, (c) sonic temperature variance (t′t′) measured by the CSAT3 sonic anemometers, (d) t′t′ measured by the
Gill sonic anemometers, (e) H2O variance (q′q′) measured by the Li7500A infrared gas analyzer, (f) q′q′ measured by the
Li7500 infrared gas analyzer, and (g) q′q′ measured by the EC150 infrared gas analyzer.

Figure 15. The RMSE variation in sensible heat fluxes as a
function of the distance from the reference EC.
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the discrepancy primarily came from systematic differences
between each EC and the reference in this study.
[47] The measurement accuracy of the CO2/H2O infrared

gas analyzer also depends on the calibration procedure. To
ensure the consistency of the EC systems in the formal obser-
vations, the abnormal CO2/H2O infrared gas analyzer sensor
was recalibrated for zero drift (e.g., EC12). Moreover, the EC
systems with Gill sonic anemometers (EC16, EC19, and
EC20) were placed along the periphery of the kernel experi-
mental area (5.5 km× 5.5 km), particularly outside the 3 × 3
MODIS pixel area during HiWATER-MUSOEXE. The two
EC sets not involved in the intercomparison campaign were
compared to the EC installed in the superstation (no.5 in
the intercomparison campaign) prior to installation.
[48] There was good agreement among the seven scintillom-

eter set, with high correlation coefficients (all R values for the
LASs were larger than 0.98). The best performance was found
for the BLS900 measurements (the average RMSE and MRE
were 10.26Wm�2 and 5.48%, respectively). The present study
also obtained good consistency for ZZLAS measurements (the
average RMSE and MRE were 14.38Wm�2 and �3.72%,
respectively). For the BLS450 measurements, the BLS_NQ
measurements were consistent with the reference (the RMSE
and MRE were 11.16Wm�2 and 5.60%, respectively),
whereas the BLS450_AR measurements showed a relatively
large discrepancy (the RMSE and MRE were 21.48Wm�2

and 15.33%, respectively). To assure the consistency of the
scintillometers, BLS450_AR was recalibrated before installa-
tion. The scintillometer (LAS, Kipp & Zonen) not involved in
the comparison campaign was compared to the BLS900
(BNU2) measurement prior to installation. To ensure data
continuity, the eight scintillometer sets were divided into four
groups during HiWATER-MUSOEXE. Each group contained
two scintillometer sets with the transmitter and receiver
reversed. Moreover, the three BLS900 sets were installed
within the 3 × 3 MODIS pixel area.
[49] The comparison of average sensible heat fluxes mea-

sured by all ECs and LASs indicated that the EC and LAS
measurements agreed well for homogeneous surfaces (the
regression slope was less than 8% and R2 was 0.8932); the
results were consistent with those reported by Zeweldi
et al. [2010] and Liu et al. [2011]. The discrepancy may
be primarily caused by the heterogeneity of the underlying
surfaces, the larger source area of LAS, and possibly more
contribution of larger turbulent structures to the sensible
heat flux (the energy balance closure was approximately
0.93 at the Gobi site) [Liu et al., 2011]. The results indicated
that the EC and LAS measurements were comparable
during HiWATER-MUSOEXE.
[50] High correlation coefficients between different

instrument intercomparisons (radiometers, ECs, and LASs)
suggest that these instruments performed well. However, care-
ful data processing and a detailed analysis should be considered
to ensure good performance. Most CNR4-type radiometers
exhibited good agreement with PSP and PIR radiometer; the
CNR1-type also performed fairly well. Relative large discrete
were found in NR01- and Q7-type radiometers for net radia-
tion. The PSP and PIR-, CNR4-, and CNR1-type radiometers
are recommended for fundamental radiation flux research if
correctly operated. If proper AOA correction was applied on
the Gill anemometer, the EC systems with both the CSAT3
anemometer and Gill anemometer performed well for sensible

heat flux measurements; the CSAT3 measurements
exhibited better agreement. The EC with relatively new
combinations of CSAT3 and Li7500A/EC150 operated
well. Moreover, a careful intercomparison in relatively
wet conditions should be conducted in the future. The sen-
sible heat fluxes measured by the LAS of BLS series were
reliable, especially for BLS900.
[51] Although most radiometers, ECs, and LASs were con-

sistent with each other, there were some deviations. Therefore,
an instrument intercomparison study should be conducted as
an integral part of experimental design and post data process-
ing and analyzing to provide valuable baseline information
for the observed data comparison at different sites. Due to
the surface characteristic and environmental variability, the
instrument uncertainty found in the intercomparison campaign
cannot completely characterize the HiWATER-MUSOEXE
experimental period. Therefore, a continuous uncertainty
evaluation for flux observations is necessary in the further
analysis to characterize the measurement uncertainty accu-
rately over time and changing environmental conditions
[Alfieri et al., 2011].
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