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Abstract: This study attempted to evaluate the performance of the GCOM-C ETindex estimation algorithm at a lodgepole 
pine tree open forest in eastern Idaho, United States using a dataset provided by the Idaho EPSCoR program. As a 
limitation of the study, the energy balance closure problem in flux measurement, which is a typical problem in flux 
measurements by eddy covariance systems, prevented a robust, quantitative evaluation of the ET estimation accuracy. 
Under this limitation, the results indicated that the estimation algorithm overestimated ET in the conditions of the study 
area, especially during summer time. One possible reason for the overestimation was that the algorithm overestimated 
surface wetness over most of the year, except in winter. The results of this evaluation provide valuable information for 
future improvement of the estimation algorithm. Further investigation of the weather and flux conditions, including the 
use of additional data such as scintillometer-measured flux data, might reduce uncertainty in the measured flux data. 

Keywords: Evapotranspiration; GCOM-C; ETindex; Eddy covariance; Forest energy balance 
 

1 Introduction 
Evapotranspiration (ET) is one of the most important param-
eters in environmental water management. In recent decades, 
several attempts have been made to estimate ET with its spa-
tial and temporal distribution using satellite remote sensing. 
The Global Change Observation Mission-Climate (GCOM-
C) ETindex estimation algorithm, developed by Tasumi et al. 
(2016a), is a satellite-based ET estimation model that esti-
mates ET using an automated procedure. The algorithm is 
applicable to any satellite image having thermal observation, 
although it was originally developed for application with Ja-
pan’s GCOM-C satellite launched in December 2017. The 
observation data by GCOM-C is expected to be in public 
from 2019. Because it is a newly developed algorithm, lim-
ited information about its estimation accuracy has been 
available (e.g. Tasumi et al, 2016b), and further assessments 
to evaluate the algorithm performance are needed. 
  Comparing the ET estimation results with latent heat flux 
measurements using eddy covariance systems has been the 
most popular method of evaluating satellite-based ET esti-
mation algorithms (e.g. Mu et al., 2007). Some of the flux 
measurement data, measured globally by several researchers, 
have become available to the public, for example, through 
flux networks such as AmeriFlux and AsiaFlux. While the 
rich data availability is a strong advantage of eddy covari-
ance measurements, several cautions must be stated regard-
ing the use of flux data for the purpose of evaluating satellite-
based ET estimations. The energy balance closure problem 

is a well-known problem that implies that flux measurements 
by eddy covariance systems have some uncertainty or fail to 
capture a portion of the energy flux. Theoretically, net radi-
ation (Rn) expressed by radiation balance (Eq. 1) and by heat 
balance (Eq. 2) should be equal if advection is ignored. 
 
 �� � �� � �	�
 � �� � �	��� � ���� (1) 
 
where Rn is net radiation, � is surface albedo, Rs is solar ra-
diation, � is thermal emissivity of the surface, and Rlin and 
Rlout are incoming and outgoing longwave radiations, respec-
tively. 
 
 �� � � � �� � � (2) 
 
where H is sensible heat flux, LE is latent heat flux, and G is 
soil heat flux. 

However, energy flux measured by eddy covariance sys-
tems (i.e. integration of H and LE, which is also called “avail-
able energy”) tends to be less than what is expected by radi-
ation and soil heat measurements. Wilson et al. (2002) found 
that the average imbalance of available energy was approxi-
mately 20% by investigating 22 eddy covariance measure-
ments taken in the United States and in Europe. The magni-
tude of the imbalance changes according to the measurement 
site. Significant levels of imbalance (e.g. 40% or more) oc-
curs in some sites, while no imbalance is confirmed in some 
other sites. 

In this research, performance of the GCOM-C ETindex es-
timation algorithm is examined using a flux dataset meas-
ured at a lodgepole pine tree open forest in Idaho, United 
States after the energy balance closure problem of the meas-
urement flux data is examined. This research is the first at-
tempt to evaluate the accuracy of the algorithm in a forest 
area. Thus, the results of this study will provide new and val-
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uable information regarding the performance of the algo-
rithm in a forest area. 

 
2 GCOM-C ETindex algorithm 
The GCOM-C ETindex algorithm (Tasumi et al., 2016a) esti-
mates the ETindex, which is a relative index of actual evapo-
transpiration, by the following equation. 
 

������� � ���� ��
� !"	 � ���#$%	

��� !"	 � ���&'%	 (3)

 
where Ts(act) is the instantaneous actual surface temperature 
from satellite thermal observation (oC) at the satellite over-
pass time, and Ts(wet) and Ts(dry) are the hypothetical wet 
and dry surface temperatures (oC), which are the computed 
instantaneous surface temperatures at the satellite overpass 
moment if the surface is expected to have zero sensible heat 
flux and zero latent heat flux, respectively. The value of 
Ts(act) can be as small as Ts(wet), and as large as Ts(dry). 
 

In Eq. 3, the constant Cadj is an empirical adjustment factor 
employed in the algorithm determined to be 1.23. Ts(wet) 
and Ts(dry) are estimated by empirical equations in the algo-
rithm, assuming that the surface temperatures of these ex-
treme conditions are largely affected by solar radiation, with 
some impact by wind. The calculation equation for Ts(wet) 
is as follows: 

 
 (4)

 
where DoY is day of year, flat is a function of latitude calcu-
lated in Eq. 5, and C1 to C3 are calibration constants deter-
mined as 0.06, -30.34, and 37, respectively, for the northern 
hemisphere. 

 
()�* � �+,++-� . �/�0 � +,1223 . 4�/�4 � -,3562   (5) 
 
where Lat is latitude in degrees (north is positive) and the 
value of flat should be limited to 0 � flat � 10. 

 
  Ts(dry) is calculated by the following equation: 
 

��� !"	 � ���&'%	 � �+,++-1� � +,+1+�	��      (6) 
 
where u is wind speed measured at a height of 2 m above the 
surface (m s-1). 

 
Note that the series of equations is applicable only for 

clear-sky conditions, when actual surface temperature is 
measured by the satellite with no disturbance from cloud. 
ETindex for cloudy or no satellite-overpass days must be esti-
mated by a different method, such as by interpolation using 
the nearest available image information. For an automated 
application with the GCOM-C and MODIS satellite obser-
vations, Tasumi et al. (2016b) suggest to pick the minimum 
ETindex value for 16 consecutive days and use the value as the 
representative ETindex for the 16-day period, assuming that 
there is at least one cloud-free day in 16 days, and that cloud 

contamination increases ETindex value. 
ETindex is defined as the ratio between actual evapotranspi-

ration (ETact) and reference evapotranspiration (ETo). Thus, 
ETact is computed by the following equation: 
 
 ���7* � ������� . ��8 (7) 
 
where ETo is daily reference evapotranspiration defined by 
the Food and Agricultural Organization of the United Na-
tions (Allen et al., 1998), and is calculated by daily solar ra-
diation, air temperature, vapor pressure, and wind speed. 
 
3 Materials and methods 
 
3.1 Study area and the flux measurement data�
This research uses flux data collected by a research group in 
Idaho, United States and distributed online via the EPSCoR 
(Established Program to Stimulate Competitive Research) 
project of the National Science Foundation. A detailed de-
scription of the site and the data can be found in Allen (2011). 
The key information for the study area and the data are sum-
marized below: 

The study area is Island Park, which is located near the 
eastern border of Idaho State (Figure 1). The coordinates of 
the flux measurement location are approximately 44.5°N, 
111.4°W, and the elevation is approximately 1950 m. The 
flux measurements were primarily taken at the top of two 
observation towers installed in a relatively flat and uniform 
50-year-old lodgepole pine forest with a mean maximum tree 
height of approximately 14-15 m (Figure 2). Understory veg-
etation was a mixture of grasses and herbs with relatively 
good density. The heights of the north tower and south tower 
were 24 m and 22 m, respectively, and the two towers were 
approximately 1.7 km apart.  

 

  
Figure 1: Location of study site. 

 

 
Figure 2: Photo of the study site. 

Island Park Energy Balance Flux Site
44.5�N, 111.4�W
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  While the EPSCoR project takes multiple sets of measure-
ments at the two tower locations and some other neighboring 
locations, the specific datasets summarized in Table 1 were 
used in this study. Eddy covariance measurements (i.e., sen-
sible and latent heat fluxes) were taken at a 20-Hz interval 
and reported as a 30-min average. Other parameters were 
also reported as a 30-min average (or integration). In this 
study, the data analysis period was selected to be from March 
2011 to September 2012, because this was the only period 
when significant missing data did not occur. 
 
Table 1: Parameters, sensors, and the locations of the meas-

urements taken in this study 
 

 
 
3.2 Method of data analysis�
 
3.2.1 Quality control of the measurement data 
General weather and radiation data did not show any obvious 
problems. However, in sensible and latent heat flux measure-
ments, the original 30-min average data suffered some miss-
ing data and a high level of noise. Missing and noisy data 
were filled in by linear interpolation using adjacent values, 
where the flux data less than -400 W m-2 or more than 500 
W m-2 in the 30-min averages were considered noisy. There 
were two sets of sensible and latent heat flux data. One was 
measured on the south tower, and the other was measured on 
the north tower. The dataset from the south tower was much 
more reliable in terms of data availability. Thus, we essen-
tially used sensible and latent heat flux data from the south 
tower. The north tower data were used as supplementary data 
when the data from south tower were not available or con-
tained noise. 
  Next, a daily dataset was prepared using the 30-min aver-
age dataset. In the daily dataset, the minimum and the maxi-
mum of both sensible and latent heat flux were limited to be 
equal to zero and the net radiation, respectively. Furthermore, 
the monthly average value was used for dates that had more 
than 3-hr missing data. 
 
3.2.2 Energy balance closure assessment 
The primary purpose of this study is to compare our ET esti-
mation with the measured latent heat flux to investigate the 
performance of the GCOM-C ETindex estimation algorithm at 
this forest site. Therefore, understanding the quality (or un-
certainty) in the measurement data before the comparison is 

important. From Eq. 2, “H + LE” must be theoretically bal-
anced to “Rn – G”. However, “H + LE” measured by the eddy 
covariance system is typically smaller than measured “Rn – 
G”, where Rn is measured by radiation measurements and G 
is measured by soil heat flux plates (e.g. Wilson et al., 2002). 
This energy imbalance is an indication of failure in capturing 
a portion of the energy flux by the eddy-covariance system, 
and the problem is called “energy balance closure problem.” 
The cause of the problem is debatable, and the methods of 
corrections vary widely by research, including no-correction 
(Matsumoto, 2016). In this study, the intensity of energy bal-
ance closure problem of the EOSCoR dataset was evaluated 
by comparing “H + LE” measured by eddy covariance and 
“Rn – G” measured by radiation and soil flux measurements. 
All data used for this energy-closure assessment, except soil 
heat flux, (i.e. 4-way radiation, sensible and latent heat flux) 
have been measured above the canopy (Table 1). 
 
3.2.3 ET estimation and the accuracy assessment 
ET is estimated using the GCOM-C ETindex estimation algo-
rithm by solving Eq. 3 to 7. Although the algorithm was de-
veloped to apply to satellite measurements of surface tem-
perature, this study uses ground-measured surface tempera-
ture as a substitution of the satellite measurements, in order 
to evaluate the performance of the algorithm itself. Therefore, 
Ts(act) in Eq. 3 is actual surface temperature computed by 
measured longwave radiation from the surface. Upon surface 
temperature computation, surface emissivity was assumed to 
be 0.98, which was the average emissivity value of the Pi-
non-Juniper group reported by Arp and Phinney (1979). To 
make the application condition similar to the satellite-based 
application, the computations were performed only for the 
data collected under the 10:30 am in the local solar time, and 
clear-sky condition, and the minimum ETindex value for 16 
consecutive days was used as the representative ETindex for 
the 16-day period, as suggested by Tasumi et al. (2016b). 
Here, 10:30 am is a typical image acquisition time by earth-
observation satellites, such as Landsat, MODIS, and GCOM-
C. In the calculation, clear-sky conditions were determined 
to be when the ratio between measured actual and computed 
clear-sky solar radiation was more than 0.95. Estimated daily 
ET is computed by multiplying daily ETo and the corre-
sponding 16-day representative ETindex, as described in Eq. 7. 
In future operational applications using not ground-meas-
ured but satellite-derived surface temperature, estimation ac-
curacy of satellite-derived surface temperature products will 
also be involved. 
  There was a minor inconsistency in applying the GCOM-
C ETindex algorithm to tall forest areas. The algorithm was 
designed to be used with near-surface weather parameters 
(e.g. wind speed as measured at 2 m above the surface of the 
earth), assuming that the primary application targets are 
bare-soil surface and surfaces with short vegetation. Detailed 
methods of weather data application to tall forests has not 
been well determined and examined. In this research, we 
used measured weather parameters without correction for 
measurement heights by accepting uncertainty in application. 
The estimated ET was then compared with the measured ET 
to evaluate the performance of the estimation algorithm. 

Parameters Sensors Location Height or depth

Temperature, Humidity Vaisalla RH/T South Tower 4 m above ground

Precipitation
Tipping bucket raingauge with
antifreeze South Tower 22.5 m above ground

4-way radiation Kipp & Zonen CNR1 South Tower 20 m above ground

Wind speed, Sensible and Latent
Heat 1

Campbell CSAT3 with LiCor 7500
Hygrometer South Tower 20 m above ground

Sensible and Latent Heat 2
RMYoung 3D-sonic anemometer
with LiCor 7500 Hygrometer North Tower 25 m above ground

Soil heat flux (6 locations) Rebs Soil Heat Flux Plate
Near South
Tower 6 cm depth

Soil water content (6 locations)
Campbell Scientific CS616 TDT
soil water content sensor

Near South
Tower 0-12 cm depth
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4 Results and discussion 
 
4.1 Description of general weather and soil water condi-

tions in the study area�
Understanding general weather conditions in the study area 
is important to better understand the results of flux analysis. 
Figure 3 shows the general weather and soil water conditions 
in the study area during the period of analysis from March 
2011 to September 2012. The study area has a calm summer 
and a cold winter (Figure 3-A), and the annual average tem-
perature from March 2011 to February 2012 was 1.9°C. An-
nual precipitation (from March 2011 to February 2012) was 
1250 mm. The dry season is from mid-July to September 
(Figure 3-B). Soil moisture corresponded well to the precip-
itation, except in winter (when soil is freezing) and in the 
periods after soil water reached field capacity (about 26%). 
  Figure 4 shows the comparison between air temperature 
and surface temperature, where the surface temperature was 
measured as a part of four-way radiometer measurement as-
suming the surface emissivity as 0.98. Both temperatures 
were very close each other, and a strong linear relationship 
was confirmed between the two temperatures. 
 
 

 
Figure 3: General weather and soil moisture conditions of 

the study site – A: air temperature and humidity, 
B: precipitation and soil water content. 

 
 

 
Figure 4: Comparison between daily surface and air tem-

peratures during the period of analysis. 
 

4.2 Results of energy balance measurements and the en-
ergy balance closure assessment�

Figure 5 shows surface radiation and heat balance data for 
the period of the analysis. In Figure 5-A, the peak of Rlout 
appears one or two months later than the peak of Rs, probably 
reflecting the time-lag caused by the thermal inertia of the 
earth. Rlout deviates from Rlin during the dry season (mid-July 
to September), which might be due to the hotter surface (rel-
atively high Rlout) and less cloud (relatively low Rlin) during 
the dry season. G was much smaller than H and LE in the 
forest (Figure 5-B) due to the shadows and the understory 
vegetation cover of the land. The annual average for G (from 
March 2011 to February 2012) was 0.07 W m-2 day-1, which 
is close to zero. The near-zero value of annual averaged G 
adds some confidence to the G measurement, because G is 
expected to be nearly zero in annual balance (e.g. Allen et al., 
1998). The Bowen ratio, which is a ratio of sensible heat and 
latent heat defined as H/LE, is shown in Figure 5-C. The 
Bowen ratio becomes unstable and not useful during winter 
or under very dry conditions, when the denominator becomes 
very small. During summer time, the Bowen ratio increases 
in the dry season, from mid-July to September, for both 2011 
and 2012. This trend successfully represented the drying 
condition of the soil in the forest, as seen in Figure 3-B. 
   
 

 
Figure 5: Surface energy measurements – A: radiation bal-

ance components, B: heat balance components; 
C: Bowen ratio. 

 
  Available energy calculated by radiation and soil heat 
measurements (Rn – G) and by eddy covariance flax meas-
urements (H + LE) were compared on a daily basis to assess 
the energy balance closure (Figure 6-A). As a limitation of 
the measurements, latent heat of fusion, which is typically 
expected in snow covered conditions, is lacking in the obser-
vation data. To avoid the potential impact of snow, and to 
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more strictly evaluate the energy balance closure, the assess-
ment was also made with the data from June to September 
only (Figure 6-B). 
  As a result, in both cases, the slope of the linear regression 
lines was 0.81–0.83 and the intercept was very small, indi-
cating that only about 81-83% of the available energy was 
captured by the eddy covariance system, and nearly 20% of 
the energy was missing, which agreed with the average value 
of missing energy reported by Wilson et al. (2002). 
 
 

 
Figure 6: Comparison of available energy measured by ra-

diometer and soil heat flux plates (Rn – G) and by 
eddy covariance system (H + LE), A: all periods, 
including winter, B: June to September only. 

 
4.3 Results of ET estimation and the accuracy assessment�
Figure 7 shows comparison of estimated monthly ET with 
two sets of measured ET; one is measured ET without any 
correction for energy balance closure (meas1), and the other 
accounts for all missing energy as latent heat (meas2). 
ET(meas2) is thus expressed as; ET(meas2) = (Rn – G – H)/L, 
where “Rn – G” is available energy measured by radiometer 
and soil heat flux plates, H is measured by eddy covariance 
system without any correction for energy balance closure, 
and L is latent heat of vaporization. 
 Actual ET is expected to be somewhere between “meas1” 
(no correction for energy balance closure) and “meas2” 
(maximum correction to make the energy balanced). Esti-
mated ET was close to the “meas2” during October to May. 
However, estimated values were significantly overestimated 
for the months of June, July, and August (and in September, 
2012). The results shown in Figure 7 are also summarized as 
Table 2. In the table, values for January and February are for 
2012, values for March to September are an average of both 
years, and values for October to December are for 2011. If 
the maximum correction of measurement value (meas2) is 
assumed as actual ET, annual estimation error is 30%, and 

most of the error occurs during June to September. During 
October to May, the cumulative difference between “meas2” 
and the estimated value is 18 mm and is equivalent to 5% of 
the measured ET. In the case that the non-corrected values 
(meas1) are assumed as actual ET, annual estimation error is 
96%, which is very large. Under this assumption, the signif-
icant overestimations occurred in most months except some 
winter months. 

Making a quantitative conclusion of the estimation accu-
racy was difficult due to the energy balance closure problem 
in the actual ET measurement. However, the results of this 
comparison at least indicated that (1) the GCOM-C ETindex 
algorithm overestimated ET in the evaluated forest site, and 
(2) overestimation primarily occurred not in winter but in 
summer. 
 

  
Figure 7: Estimated actual ET compared with measured ET 

without any correction (ET(meas1)), and by ac-
counting for all missing energy as latent heat 
(ET(meas2). 

 
Table 2: Monthly ET (mm) and the difference between esti-

mation and measurements 

  
 
  The overestimation of ET indicates that the ETindex estima-
tion equation (Eq. 3) did not function in this site, especially 
in summer. To investigate the problem, computed Ts(wet) 
and Ts(dry) were plotted with measured actual surface tem-
peratures (Ts(act)) for measurements taken at around 10:30 
am on clear-sky days (Figure 8). The figure showed that 
Ts(act) was similar or even lower than Ts(wet) for most peri-
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ods, except winter. Ts(wet) is a hypothetical wet surface tem-
perature, and the estimation algorithm assumed that the for-
est was under very wet conditions during most of the study 
period, except winter. Thus, the algorithm estimated ET to 
be near the maximum potential level for most of the year. 
However, in actual conditions, ET was much smaller than 
the maximum potential level, which appears as the good 
amount of H in Figure 5-B (e.g. easily find 50 to 100 W m-2 
of H in most of the period except winter).  

In addition to the uncertainty of measured ET caused by 
the energy closure problem, there is a question regarding the 
measured energy flux. Aerodynamically, H should be zero 
when the difference between surface and air temperatures is 
zero. In the study site, air temperature was always similar to 
surface temperature (Figure 4), implying that the H was 
small in the study area. However, observed H was not small 
(Figure 5-B), which is inconsistent. This phenomenon might 
be explained by the large roughness of the forest or strong 
winds, or by the impact of shadows to the surface tempera-
ture. Further investigation of the weather and flux conditions 
of the study site using independent sensible heat flux data, 
such as scintillometer-measurement data, might help reduce 
the uncertainty in measured flux data. 
 
 

 
Figure 8: Computed Ts(wet), Ts(dry), and observed Ts(act) 

for data collected at around 10:30 am on clear-
sky days. 

 
5 Conclusion�
This study attempted to evaluate the performance of the 
GCOM-C ETindex estimation algorithm at a lodgepole pine 
tree open forest in eastern Idaho, United States using a da-
taset provided by the Idaho EPSCoR program. The dataset 
includes radiation and flux measurements in addition to gen-
eral weather data, where flux was measured by the eddy co-
variance system. The flux measurement data were examined 
for quality before the ET estimation by GCOM-C ETindex es-
timation algorithm was evaluated for accuracy. The evalua-
tion of energy balance closure indicated that the flux meas-
urement had nearly 20% uncertainty or failure in capturing 
available energy. The energy balance closure problem pre-
vented a robust, quantitative evaluation of the ET estimation 
accuracy, which is a limitation of this study. 
   Estimated ET was compared with two sets of measured 
ET data; one is measured ET with no correction for the en

ergy balance closure, and the other is measured ET corrected 
for the energy balance closure by accounting for all missing 
energy as latent heat. Both cases suggested that the ETindex 
estimation algorithm overestimated ET in the study area, es-
pecially during summer time. In the study area, measured 
surface temperature was close to the computed wet surface 
temperature for most of the study period except winter, 
which resulted in high ET estimation. This information is 
valuable when considering future refinement of the algo-
rithm. Further investigation of the weather and flux condi-
tions, including the use of additional data such as scintillom-
eter-measured flux data, might help reduce the uncertainty in 
measured flux data. 
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