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The quantification of land surface evapotranspiration (ET) at daily or longer time scales is of great significance in
modeling the global hydrological cycle, studying climate change, and managing water resources. However,
current remote sensing-based ET models can generally only provide snapshots of ET at the time of a satellite over-
pass and do not satisfy the expectations of hydrologists, irrigation engineers, or water resource managers
concerned with practical applications. Four commonly used ET upscaling schemes, namely, the constant refer-
ence evaporative fraction (EF;) method, the constant evaporative fraction (EF) method, the constant extraterres-
trial solar radiation ratio (R,) method, and the constant observed global solar radiation ratio (Rg) method, were
evaluated in this study using ground-based eddy covariance (EC) measurements and the Moderate Resolution
Imaging Spectroradiometer (MODIS) derived estimates from a two-source energy balance model. Analysis was
made of both closed and un-closed surface fluxes and of different assumed satellite overpass times from mid-
morning to mid-afternoon. Data for the analysis were collected at the Yucheng comprehensive experimental
station in Northern China, spanning the period from late April 2009 to late October 2011. The results show
that all four upscaling factors from noon to mid-afternoon had a better agreement with their corresponding
daily averages. Overall, the EF; (R;) method had the best (second best) performance of the four upscaling
methods. The EF method was found to significantly underestimate the daily latent heat flux (LE) and performed
the worst of the four upscaling methods. With the correction of the energy imbalance of EC measurements, the Rg
method's performance was improved and outperformed the EF, method in the morning. The presence of clouds
either increased or decreased the BIAS but generally increased the root mean square error (RMSE) for all four
upscaling methods. When the upscaling methods were applied to convert the instantaneous MODIS remote sens-
ing estimates of ET to daily values, the accuracy of the extrapolated daily ET was controlled by the accuracy of
both the remote sensing ET estimates and the upscaling methods themselves. With the insignificantly biased
estimates of the instantaneous LE from the N95 model at 101 MODIS overpass times in this study, using the EF
method underestimated the daily ET by 11%, while all the remaining three factors overestimated the daily ET
by a range of 5%-18%. This study was conducted to provide a scientific basis for developing an operational and
more accurate ET-upscaling method with easy access to data in future studies.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction worldwide over the past few decades to monitor the long-term surface

water, heat, and momentum transfer across different plant functional

The estimation of surface evapotranspiration (ET, water in mm
equivalent to latent heat flux) is of critical significance in global hydro-
logical cycle modeling, climate change investigations, water resources
planning and management, and the numerical modeling of weather
forecasts. A number of ground-based networks have been established
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types (Baldocchi et al., 2001). However, these measurements are
essentially point-scale data due to their limited spatial representative-
ness, and they cannot be spatially extrapolated over the large, hetero-
geneous surface of the Earth. Remote sensing technology provides the
possibility of mapping the surface ET at different spatial scales, and
various ET models based on remote sensing data have been developed
with different degrees of complexity (see the latest overviews by
Kalma, McVicar, and McCabe (2008) and Li et al. (2009)). Nevertheless,
these ET models can generally only provide snapshots of ET at the time
of a satellite overpass and do not satisfy the expectations of
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hydrologists, irrigation engineers, or water resource managers
concerned with practical applications. It is therefore imperative to de-
velop effective methods to temporally upscale the instantaneous ET to
daily or longer integrated values of interest. The key to the development
of various ET upscaling methods is to relate the targeted longer time-scale
ET to a factor that can be nearly constant during the daytime or through-
out a diurnal cycle.

One of the most commonly used approaches in converting instan-
taneous ET to daily values is the well-known constant evaporative
fraction (EF) method (Shuttleworth, Gurney, Hsu, & Ormsby, 1989), in
which EF is defined as the ratio of latent heat flux (LE, used interchange-
ably with ET in this paper) to surface available energy (surface net radi-
ation minus soil heat flux). This method explicitly assumes the relative
conservation of EF during the daytime, and its effectiveness in upscaling
remote sensing estimates of instantaneous ET has been demonstrated
by a variety of studies (Brutsaert & Sugita, 1992; Nichols & Cuenca,
1993; Crago, 1996; Lhomme & Elguero, 1999; Gentine, Entekhabi,
Chehbouni, Boulet, & Duchemin, 2007). Once the daytime integrated
surface available energy and the instantaneous EF at the satellite
overpass time are derived, the daytime ET can be estimated by defini-
tion using the EF conservation method. Note that because the EF is
controlled by both environmental factors and surface wetness condi-
tions, several studies have reported that the EF curve exhibits a con-
cave shape under wet conditions during the daytime on clear-sky or
constant-cloud days (Lhomme & Elguero, 1999; Hoedjes, Chehbouni,
Jacob, Ezzahar, & Boulet, 2008) and that its conservation can be jeopar-
dized by intermittent clouds and horizontal advection. Furthermore,
Gentine et al. (2007) concluded, based on simulations with a two-
source soil-vegetation-atmosphere transfer model forced by the long-
term SUDMED project data, that the degree to which the daytime EF is
self-conservative depends upon the evaporation regime (water- or
energy-limited) and the fractional vegetation cover. Their study also
showed that the soil component of the EF can be safely assumed to be
constant, in contrast to the canopy component. In their subsequent
study (Gentine, Entekhabi, & Polcher, 2011), it was found that the day-
time conservation of the EF curve occurs primarily under conditions of
high relative humidity and solar radiation on clear-sky days. At lower
levels of incoming solar radiation, the EF assumes parabolic and convex
patterns during the day. Despite the doubts raised regarding its validity,
the EF conservation method has been widely applied in the temporal
upscaling of remotely sensed instantaneous ET (Gémez et al., 2005;
Sobrino, Gémez, Jiménez-Muiioz, & Olioso, 2007; Galleguillos, Jacob,
Prévot, Lagacherie, & Liang, 2011).

Another ET upscaling method was introduced by Trezza (2002)
to incorporate the effect of horizontal advection and variable environ-
mental factors on the EF in a diurnal cycle. This method is the so-
called constant reference evaporative fraction (EF,, the ratio of actual
to reference grass/alfalfa ET) method. The EF; method assumes that
the ratio of the actual instantaneous LE to the daily LE can be represent-
ed by the ratio of the corresponding reference instantaneous LE to the
daily LE, where the reference LE is the evapotranspiration from a refer-
ence surface (e.g., grass/alfalfa) that is not short of water and has specif-
ic characteristics (Allen, Pereira, Raes, Raes, & Smith, 1998; Allen et al.,
2006). The conception of EF; is similar to the definition of the crop
coefficient (K.) that is widely used in agricultural water resources
management (Allen et al., 1998). By analogy with the EF conserva-
tion method, the daily ET is obtained by multiplying the EF, by the
daily reference ET. Previous studies have stated that maintaining
the conservation of EF; in a diurnal cycle could provide better estimates
of the daily ET under the advective conditions that usually occur in the
afternoon (Trezza, 2002; Allen, Tasumi, & Trezza, 2007).

Other representative alternatives to the constant EF and EF, methods
for upscaling the instantaneous ET include those that attempt to relate
the ratio of instantaneous to daily ET to variations of the diurnal global
solar radiation, the extraterrestrial solar radiation, and the surface net
radiation because these sources of radiation are the primary energy

drivers of surface water and energy transfer on the land surface. For
example, Jackson, Hatfield, Reginato, Idso, and Pinter (1983) proposed
a sinusoidal variation of global solar radiation to extrapolate the instan-
taneous LE. Brutsaert and Sugita (1992) examined the constant flux
ratios of surface available energy (EF conservation) and global solar
radiation, respectively, in deriving the daytime total LE and showed
that both ratios could provide good results in reproducing the daytime
ET estimates but with an underestimation of 5-10%. Ryu et al.
(2012) recently adopted the ratio of instantaneous to daily extrater-
restrial solar radiation to upscale the remotely sensed ET to daily and
eight-day averaged values. By testing their results against eddy covari-
ance measurements from 34 instrumented towers in North America
and Europe, they found that this ratio was a robust scaling factor
in comparison with the EF conservation method.

It appears that all the upscaling methods cited above can be effective-
ly used to convert the instantaneous (or half-hourly and hourly) ET to a
daytime/daily value, as reported in different studies by the numerous au-
thors. Unlike the constant reference evaporative fraction method, the EF
conservation method and the constant flux ratio (e.g., the extraterrestrial
solar radiation ratio) methods cannot capture the effects of horizontal
advection and atmospheric environmental factors (e.g., wind speed,
vapor pressure deficit) on the variations of the diurnal flux (available en-
ergy or the extraterrestrial solar radiation) in the daily LE estimation.
However, in the reference evaporative fraction method, the reference
ET estimated from the Penman-Monteith equation (Monteith, 1965) re-
quires as input the air temperature, the relative humidity, the solar radi-
ation, and the wind speed, which may introduce a degree of uncertainty
into the estimated daily total LE. Moreover, the possible lack of these de-
tailed meteorological hourly data may hinder the broad application of
the reference evaporative fraction method.

The performance of these aforementioned ET upscaling methods has
been evaluated by some authors in previous studies (Brutsaert & Sugita,
1992; Colaizzi, Evett, Howell, & Tolk, 2006; Chavez, Neale, Prueger, &
Kustas, 2008; Delogu et al.,, 2012; Ryu et al,, 2012). Consistent conclu-
sions have rarely been drawn, primarily because these comparisons
differ in the use of modeled or observed fluxes as the upscaling factor,
in the upscaling of instantaneous ET to daytime or daily integrated
values, and in the application of the upscaling methods under very lim-
ited clear sky or all sky conditions. Van Niel et al. (2012) used modeled
global solar radiation, modeled extraterrestrial solar radiation, observed
global solar radiation, and observed surface available energy as the
upscaling factors to test their ability in converting the instantaneous
ET to daily values on selected days over a ~10-year period. Their find-
ings suggest that using observed global solar radiation as the upscaling
factor performs best in deriving daily ET. However, the constant refer-
ence evaporative fraction method that can account for the variations
of the meteorological variables in a diurnal cycle is not involved in
their upscaling methods and therefore needs to be further tested
together with these upscaling factors.

The objective of this study is to comprehensively evaluate the
performance of four commonly used ET-upscaling methods in con-
verting remotely sensed instantaneous ET to daily (24-h) averaged
values. This objective involves the use of long-term ground-based
measurements obtained from an eddy covariance (EC) system on
clear-sky days and partly cloudy days. These measurements were col-
lected at the Yucheng comprehensive experimental station in Northern
China spanning the period from late April 2009 to late October
2011. An intercomparison of the four upscaling methods at different
time intervals from mid-morning (9:00 local time) to mid-afternoon
(15:00 local time) is made using ground-based measurements and sat-
ellite estimates to clearly recognize the intrinsic and extrinsic uncer-
tainties and errors in the extrapolation to daily and longer time-scale
estimates of ET. The contribution of this paper primarily lies in analyz-
ing the different upscaling methods on both closed and un-closed
surface fluxes and over different assumed satellite overpass times
from mid-morning to mid-afternoon. Moreover, the data included in
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the analysis cover a broad range of both soil wetness/vegetation cover
and environmental forcing from late April 2009 to late October 2011.
This study is conducted to provide a scientific basis for the develop-
ment of an operational and more accurate ET-upscaling method with
easy data access in our future work. In Section 2, a brief description
of the formulations of the four ET upscaling methods is provided, and
a well-known two-source model of instantaneous ET estimation from
remote sensing data is outlined. An experimental design is also de-
scribed in this section. In Section 3, the validation site, the ground-
based EC measurements for analysis, the relevant Moderate Resolution
Imaging Spectroradiometer (MODIS) remote sensing data for instanta-
neous ET estimation, the procedures to select the clear sky days
and partly cloudy days, and the energy imbalance correction method
are presented. In Section 4, the four ET upscaling methods for con-
verting instantaneous EC-measured LE and satellite estimates to daily
values are intercompared. A summary and conclusion are provided in
Section 5.

2. Model descriptions
2.1. ET upscaling method

As stated above, the scheme used to upscale the instantaneous
remote sensing estimates of ET generally requires that the daily (24-h)
averaged LE (or ET) be related to a factor that can be nearly constant
over a diurnal cycle,

LE_E,_ 0 0
[E, ET, Q4

where () can be (for example) the surface available energy, the extrater-
restrial solar radiation, the global solar radiation, or the reference ET. The
subscripts “i” and “d” represent the instantaneous and daily averaged
values, respectively.

2.1.1. Constant evaporative fraction method

If Q in Eq. (1) equals the surface available energy, the upscaling
scheme is called the constant evaporative fraction method (Shuttleworth
et al., 1989; Brutsaert & Sugita, 1992).

2.1.2. Constant extraterrestrial solar radiation ratio method

If Q in Eq. (1) equals the extraterrestrial solar radiation (R;), the
upscaling scheme is called the constant extraterrestrial solar radiation
ratio (R, = LEi/R,;) method (Ryu et al,, 2012).

The extraterrestrial solar radiation at daily and hourly or shorter
periods on a given day can be estimated from the solar constant, the
geographic latitude, the solar declination, the day of year, and the time
of day (Allen et al., 1998),

Roa = @Gscdr(mS sin(@) sin(d) + cos(¢) cos(d) sin(wy)) (2)
720 . . . .
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where G is the solar constant, 0.082 MJ/(m? - min); d, is the inverse
relative Earth-Sun distance; s is the sunset hour angle, rad; ¢ is the
latitude, rad; 6 is the solar declination, rad; w, is the solar time angle
at the beginning of the hourly (or shorter) period, rad; and , is the
solar time angle at the end of the hourly (or shorter) period, rad.

2.1.3. Constant global solar radiation ratio method

If Q in Eq. (1) equals the global solar radiation (Rs), the upscaling
scheme is called the constant global solar radiation ratio (Rg = LE;/Rs;)
method.

2.1.4. Constant reference evaporative fraction method

If Q in Eq. (1) equals the reference crop ET (ET;), the upscaling
scheme is called the constant reference evaporative fraction (EF, =
LEi/ET;;) method (Trezza, 2002; Allen et al., 2007).

The reference ET is estimated from the Penman-Monteith equation
for a hypothetical grass with an assumed height of 0.12 m having a sur-
face resistance of 50 s/m during daytime and 200 s/m during nighttime
and an albedo of 0.23, as suggested by ASCE-EWRI (2005),

C
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where A is the slope of the saturated vapor pressure vs. air temperature
curve, kPa/°C; R, is the surface net radiation, W/m?; G is the soil heat
flux, W/m?; vy is the psychrometric constant, kPa/°C; C, equals 900 at
a daily time scale and 37 at an hourly scale; es-e, is the vapor pressure
deficit of the air, kPa; T, is the air temperature, °C; C4 equals 0.24 during
daytime and 0.96 during nighttime; and u, is the wind speed at a 2 m
height, m/s. The calculation of each of the variables in Eq. (4) here
closely follows the procedure specified by ASCE-EWRI (2005). The
daily (24-h) ET; is estimated by averaging the half-hourly value as
derived by Eq. (4) in a diurnal cycle.

The performance of Eq. (1) in upscaling ET depends on how closely
the instantaneous flux ratio at a given clear sky time represents that at
the daily scale. Intermittent clouds during daytime decrease the ob-
served global solar radiation and, thus, the surface available energy
that is used for energy partitioning into latent heat flux. The effect of
clouds on the observed global solar radiation has been clearly incorpo-
rated in the constant EF, R,, and EF, methods but is not identified in
the constant R, method. The amount and duration of cloud cover during
daytime will pose a challenge to the validity of Eq. (1) and consequently
affect the accuracy of the upscaling methods.

2.2. Two-source energy balance model

The remote sensing model used in this study for instantaneous ET
estimation is the two-source energy balance (N95) model originally
developed by Norman, Kustas, and Humes (1995). This model can par-
tition the energy fluxes and surface temperature into soil and vegetation
components and is relatively less sensitive to atmospheric and vegeta-
tion inputs (e.g., air temperature, wind speed, relative humidity, global
solar radiation, leaf area index, vegetation height, and surface tempera-
ture) than the commonly used one-source bulk transfer models. This
two-source model has been shown to be robust in the estimation of
soil and canopy evapotranspiration for a wide range of landscape and
hydrometeorological conditions (Kustas & Norman, 1997; Choi et al.,
2009; Tang et al.,, 2011; Cammalleri et al., 2012). The remarkable supe-
riority of the N95 model is that it can incorporate the satellite view
geometry and avoid the empirical correction of the excess resistance
without requiring more inputs than conventional one-source energy
balance models. Kustas and Norman (2000) subsequently modified
the N95 model to estimate the surface net radiation through a more
physically based algorithm.

The soil and vegetation temperature and energy components in the
N95 model are estimated by making solutions to a series of equations
that govern the energy and heat transfer between land surface and at-
mosphere for both soil and vegetation. The inputs to the N95 model
primarily consist of remote sensing data (directional surface tempera-
ture, view zenith angle, fractional vegetation cover or leaf area index),
ground-based vegetation data (vegetation height, clumping factor),
and near-surface atmospheric variables (global solar radiation, air tem-
perature, actual vapor pressure, and wind speed). The remote sensing
data used in this study came from the MODIS products. Because the
MODIS temperature was likely underestimated/overestimated due to
inaccurate atmospheric correction and pixel shift/geolocation error, it
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was compared with the temperature estimated from the simultaneous
ground-based longwave radiation measurement and correction was
made to provide the most accurate inputs for driving the N95 model.
The vegetation height and atmospheric variables were from the
ground-based measurements at the Yucheng station. The clumping fac-
tor, which can be estimated as a function of view zenith angle and the
ratio of vegetation height versus width of clumps, was assumed to be
1 due to the lack of necessary information. Details on the parameteriza-
tion of the variables and the solution of the N95 model can be found in
Norman et al. (1995) and Tang et al. (2011).

2.3. Experimental design

In this study, we first assessed the performances of the four
upscaling methods as shown in Section 2.1 in upscaling instanta-
neous LE to daily (24-h) ET solely based on ground-based half-
hourly measurements with and without the energy imbalance cor-
rection, which can separate the errors induced by the methods
from those by the inputs. This assessment was made at different
hourly time intervals (the assumed different satellite overpass
times) from mid-morning (9:00 local time) to mid-afternoon
(15:00 local time) for the clear sky and partly cloudy days.

After the assessment solely based on the ground-based measure-
ments, the four upscaling methods were assessed by upscaling the
instantaneous LE derived from the two-source N95 model, which can
quantify the accuracy of the upscaled daily LE by introducing the error
incurred by the instantaneous LE estimation. In this assessment, the in-
stantaneous LE was estimated by applying the N95 model to MODIS
data at the Yucheng station.

During the above assessments, daily global solar radiation and daily
surface available energy as required by the constant Rg method and the
constant EF method, respectively, were derived by averaging the half-
hourly measurements over a 24-h period while daily extraterrestrial
solar radiation required by the constant R, method was modeled. For
the constant EF; method, the daily ET; was obtained by averaging the
half-hourly estimates of ET; over a 24-h period with all the inputs
coming from the ground-based measurements.

We used the 24-h integrated global solar radiation and surface
available energy measurements in the upscaling of remote sensing
instantaneous LE rather than estimating them from models mainly
because 1) most of their estimation methods have difficulty in estimat-
ing the daily shortwave atmospheric transmissivity, especially on partly
cloudy days and 2) the methods to estimate daily global solar radiation,
daily surface available energy, daily extraterrestrial solar radiation, and
daily ET; are different in both input and accuracy. Overestimation or
underestimation of these daily averaged variables will inevitably deteri-
orate the comparisons of the daily ET even if the upscaling methods are
accurate. Therefore, it may be better to minimize the effect of these
daily averaged variables on the upscaled daily ET to more clearly quan-
tify how well each of the upscaling methods performs in upscaling the
remote sensing instantaneous LE.

3. Test site and satellite data
3.1. Test site

The test site at which ground-based atmospheric variables are col-
lected for the analysis is located at the Yucheng comprehensive experi-
mental station (hereafter, called the Yucheng station), at latitude and
longitude 36.8291° N and 116.5703° E, respectively, in Northern
China. The Yucheng station was established as part of the Chinese ter-
restrial ecosystem flux research network (ChinaFlux) to measure the
long-term exchange of water, energy, and carbon dioxide between the
land ecosystem and the atmosphere (http://www.chinaflux.org/). The
soil is sandy loam, and the land cover near the Yucheng station primar-
ily consists of crop (winter wheat and summer corn rotation), bare soil,

trees, and water, as shown in the classification map from the TM data in
Fig. 1a. The site has a subhumid monsoon climate with a mean annual
temperature and precipitation of 13.1 °Cand 582 mm, respectively. Ap-
proximately 60-70% of the rainfall occurs in the summer corn growing
season and the remaining 30-40% occurs in the winter wheat season.
An eddy covariance (EC) system consisting of an open-path CO,/H,0
gas analyzer (model LI-7500, Licor Inc., Lincoln, Nebraska, USA) and
a 3-D sonic anemometer/thermometer (model CSAT3, Campbell
Scientific Inc., Logan, Utah, USA) was installed at the Yucheng station
to regularly measure 30-min averaged turbulent sensible heat flux
(H) and latent heat flux. The measurement height above the ground
surface was increased to ~4.3 m in late July or early August and de-
creased to ~2.9 m in mid- to late October each year. A series of common
corrections for the effect of the sonic virtual temperature, the time-lag,
the performance of the planar fit coordinate rotation, the density fluctu-
ation, and the frequency response was made to obtain reliable EC-
measured sensible heat flux and latent heat flux using the online flux
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Fig. 1. (a) Land cover classification from TM data acquired on 30th August, 2009 near the
Yucheng station as indicated by the filled red triangle in the center, (b) temporal distribu-
tion of the 55 MODIS/Terra and 46 MODIS/Aqua clear sky overpass times from April 2009
to October 2011 selected for the instantaneous ET estimation from the remote sensing
model (blue: 2009, pink: 2010, dark green: 2011).
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computation and post-field data programs (Webb et al., 1980; Burba
& Anderson, 2010). Downwelling and upwelling shortwave and
longwave radiations were measured using a CNR-1 device (Kipp &
Zonen, Delft, Netherlands), and the soil heat flux was measured
using a single HFP-01 soil heat flux plate (HukseFlux, Delft, Nether-
lands) at a soil depth of 2 cm. Heat storage above the plate was not
considered. All the meteorological variables and EC measurements
were made in an experimental area with dimensions of approxi-
mately 250 m by 90 m at the Yucheng station. The experimental
area has the same crop type as the surrounding farmland and is rel-
atively uniform (Fig. 1a).

Half-hourly averaged atmospheric variables (global solar radiation,
surface net radiation, soil heat flux, air temperature, wind speed, rela-
tive humidity, and atmospheric pressure) and ground-based crop
height (interpolated from the periodical measurements that were col-
lected every ~10 to ~20 days) from late April 2009 to late October
2011 were collected to drive the N95 model and the daily (24-h) aver-
aged latent heat flux measured by EC with and without energy imbal-
ance correction to validate the value extrapolated from the four
upscaling methods. These data were carefully checked to ensure quality
and completeness by 1) removing data spikes and abnormalities (H and
LE less than — 100 W/m? or greater than 700 W/m?, approximating the
lower and upper limits of surface net radiation) in the measured sensi-
ble heat flux and latent heat flux and then 2) excluding days when data
gaps, e.g., caused by rainfall events or instrument malfunction or main-
tenance, were observed in the 30-min averaged atmospheric variables
or EC-measured sensible and latent heat fluxes. After these quality con-
trol steps, the daily measured surface fluxes (surface net radiation, soil
heat flux, sensible heat flux, and latent heat flux) for the evaluation of
the four upscaling methods were derived by averaging the 48 half-
hourly measurements in a diurnal cycle.

3.2. MODIS data

The satellite data used in this study for instantaneous ET estimation
from the N95 model were obtained from the MODIS/Terra and MODIS/
Aqua platforms. The Terra and Aqua satellites view the entire surface of
the Earth every one to two days. The onboard MODIS instrument has 36
discrete spectral bands between 0.405 pm and 14.385 um and acquires
data at three spatial resolutions: 250 m, 500 m, and 1000 m. The
MODIS products can be freely downloaded from the Land Processes
Distributed Active Archive Center (LP DAAC, https://Ipdaac.usgs.gov/
get_data).

The MODIS data used in this study are the Land Surface Temperature
(LST) and Emissivity 5-min L2 Swath 1 km data set product (MOD11_
L2 for the Terra satellite and MYD11_L2 for the Aqua satellite) produced
using the generalized split-window LST algorithm (Wan & Dozier, 1996;
Li et al., 2013a), the geolocation dataset product (MODO3 and MYDO03)
ata 1 km spatial resolution, and the Leaf Area Index (LAI) and Fractional
Photosynthetically Active Radiation (FPAR) product (MOD15 and
MYD15). The daytime surface temperature and view time in the
MOD11_L2 and MYD11_L2 products, the solar zenith and satellite
view zenith angles in the MODO03 and MYDO3 products, and the LAl in
the MOD15 and MYD15 products were extracted as part of the input
for the remotely sensed N95 model for instantaneous ET estimation.

Because the satellite view geometry has a significant effect on the
accuracy of the retrieved land surface temperature (Hall, Huemmrich,
Goetz, Sellers, & Nickerson, 1992; Li, Stoll, Zhang, Jia, & Su, 2001; Li
et al,, 2004; Li et al,, 2013a; Tang et al., 2013), the MODIS data in this
study were restricted to those having a view zenith angle less than 45°
to minimize the angular effect. Moreover, because LAl measurements
from MOD15 and MYD15 products estimate only the green leaf area of
the vegetation, the application of the N95 model was carried out during
the wheat and corn growing periods, excluding the harvest stage when
senescent and dead leaves dominate. Constrained by the cloud condi-
tions at the satellite overpass time, the view zenith angle, and the

gaps in the ground-based measurements at the Yucheng station,
the MODIS data at 55 Terra overpass times and 46 Aqua overpass
times (see Fig. 1b) were finally acquired for use in the N95 model
for the period from late April 2009 to late October 2011. The maxi-
mum and average gaps in the two available successive images were
114 days and ~17 days at the Terra overpass times, respectively, and
were 131 days and ~20 days at the Aqua overpass times, respectively.

3.3. Selection of the clear sky and partly cloudy days

Clear sky and partly cloudy days were screened out from the quality
and completeness controlled days (N = 404) to test the differences
in the performance of the upscaling methods. To find an optimal
correspondence for the satellite overpass, the performance of the
upscaling methods at different time intervals from mid-morning to
mid-afternoon was intercompared. Note that the only constraint to
the application of the various ET upscaling methods is that they are
usually applied on days that are clear during the satellite overpass
time. It was therefore necessary to further screen out the partly
cloudy days that had clear skies at the different time intervals. The
procedures for screening out the clear sky and partly cloudy days
were conducted within the above contextualized framework and
were presented below:

(i) If both the observed half-hourly global solar radiation and the
corresponding shortwave atmospheric transmissivity (T, the
ratio of the observed global solar radiation to the extraterres-
trial solar radiation) on a given day increased monotonically
from sunrise (global solar radiation >5 W/m?) to midday
and decreased monotonically from midday to sunset (global
solar radiation >5 W/m?), this day was classified as a clear
sky day. The selected clear sky days were further visually
checked to exclude those that had constant cloud cover during
daytime. After these two steps, 31 totally clear sky days (all
characterized by a smooth quasi-sinusoidal shape of the ob-
served global solar radiation during daytime) were finally se-
lected to analyze the upscaling methods at each of the time
intervals.

(ii) If the observed half-hourly global solar radiation on a given
day did not increase monotonically from sunrise to midday
or decrease monotonically from midday to sunset, this given
day was classified as a partly cloudy day. Because T varies
with solar zenith angle and total column water content, the
slant-path T at a given time interval (e.g., 9:00-10:00 am)
on a given partly cloudy day and on two adjacent clear sky
days was first converted to a value at the vertical path
(To = 7% 0 is the solar zenith angle) for the selection of
the partly cloudy days that were clear sky at the given time in-
terval. If To at the given time interval for the partly cloudy day
was larger than the minimum of the T at the same time inter-
val on the two adjacent clear sky days, the partly cloudy day
would be chosen for further analysis; otherwise, it would be
abandoned. Finally, the number of partly cloudy days having
clear skies at the 9:00-10:00, 10:00-11:00, 11:00-12:00,
12:00-13:00, 13:00-14:00, and 14:00-15:00 intervals was
48, 45, 28, 38, 41, and 39, respectively.

It is important to note that some clear sky days and/or partly cloudy
days may be missing from the automatic procedures presented above. If
we were uncertain about whether a given day was clear sky or partly
cloudy (e.g., a day characterized by a non-smooth quasi-sinusoidal
shape of the observed global solar radiation during daytime) through
the procedures, that day would be abandoned to make the comparison
of the upscaling methods under clear sky and partly cloudy conditions
more reliable and convincing.
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3.4. Energy imbalance correction of EC measurements

A number of studies have reported the phenomenon of the en-
ergy imbalance in the EC-measured surface energy components
(H + LE <R, — G) (Twine et al, 2000; Wilson et al., 2002; Foken,
2008; Stoy et al., 2013). Because most remote sensing models estimate
the instantaneous ET based on the surface energy budget, it is necessary
to evaluate the four ET upscaling methods under the assumption of
the energy closure of ground measurements. Twine et al. (2000) pro-
posed two schemes that have been widely applied to correct the im-
balance of the daytime surface energy measurements. One scheme is
the Bowen ratio (BR) correction method and the other is the residual
energy (RE) correction method. In the BR correction method, the
surface available energy is repartitioned into H and LE by conserving
the original Bowen ratio measured by EC. In the RE correction method,
the imbalanced energy is completely included in the LE. The BR and RE
correction methods have been widely applied in a number of papers
for validating turbulent heat fluxes of LE and H estimated from
diverse models of remote sensing ET (Anderson et al., 2008; Li, Kustas,
Anderson, Prueger, & Scott, 2008; Sanchez et al., 2008). Note that the
two energy correction methods may be inappropriate if the imbalance
is caused by horizontal advection. Moreover, the scale mismatch of
the source areas of the energy components (Wu & Li, 2009), the mea-
surement error in the energy components, the length of the sampling
intervals, the sensor separation, the dispersive flux not sampled by
the EC system, and neglect of the heat storage energy for photosynthe-
sis can all cause an energy imbalance.

Because there was no consensus on how best to reconcile the non-
closure in the EC measurements, despite the dispute over the BR and
RE correction methods, they were each used to correct the 30-min
averaged EC measurement in this study to further evaluate the four
upscaling methods. For the application of both the BR and the RE correc-
tion methods to the daytime measurements, we assumed the ratio of
the daytime to daily LE measured by EC before and after correction to
be invariant in deriving the corrected daily LE measurement. Specif-
ically, each of the 30-min averaged LEs measured by EC before correc-
tion during daytime is first corrected with the BR or RE correction
method. With the assumption that the ratio of the daytime to daily LE
measured by EC before and after correction remains invariant, the
corrected daily LE can then be derived by dividing the daytime LE mea-
sured by EC after correction by the ratio of the daytime to the daily LE
measured by EC before correction. This assumption also implies that
the ratio of the nighttime to daytime ET remained unchanged before
and after correction. The motivation for this assumption was that
when we directly applied the BR and RE correction methods to each of
the corresponding 30-min averaged LE measurements in a diurnal
cycle, the daily LE after correction averaged over the clear sky and partly
cloudy days was shown to be less than that before correction for the RE
correction method due to the negative available energy in the night-
time. Moreover, the BR correction method was corrupted if the sum of
the original H and LE was close to zero in the nighttime.

4. Results and discussion
4.1. Daytime variation in the upscaling factors

Before we evaluated the performance of the four upscaling schemes
in extrapolating the instantaneous ET to the daily value, the daytime
variation of the half-hourly surface energy components, the estimated
ET;, and the upscaling factors, averaged over 31 selected clear sky days
and 28 selected partly cloudy days when there was clear sky from
11:00 to 12:00 local time, was examined, as shown in Fig. 2a-d. The
smooth sinusoidal shape of the surface net radiation (R,) was clearly
shown for the clear sky days. The decrease of the R,, caused by the effect
of the clouds at the different time intervals was largely averaged out for
the partly cloudy days. For both clear sky and partly cloudy days, the EC-

measured LE was shown to be the largest energy component in the
partitioning of R,, because of the high rainfall and soil water content at
the Yucheng station, and it was greater than the estimated ET; due to
the different functioning of stomatal control on the real crops and on
the reference grass. Both the EC-measured LE and the estimated ET;
closely followed the variation of the main driving energy. All four
upscaling factors (EF;, EF, R;,, and R¢) near midday showed less variation
under the clear-sky conditions than under the partly cloudy conditions.
The standard deviations of the EF;, EF, Ry, and Rg during the period
10:00 h-14:00 h were 0.030, 0.020, 0.008, and 0.009, respectively, for
the clear-sky days and 0.043, 0.028, 0.011, and 0.013, respectively, for
the partly cloudy days. The conservation of the EF near the midday as
reported in previous studies was verified. The EF, R, and R, ratios
were also relatively conservative during this period on the clear sky
days. It was evident that cloud cover increased the standard deviation
of all four upscaling ratios on the partly cloudy days and made them
less conservative.

The EF factor systematically underestimated the daily average from
mid-morning (9:00 local time) to mid-afternoon (15:00 local time). In
particular, the EF at the 11:00-12:00 interval when there was clear
sky on the partly cloudy days was obviously smaller than that at the
other time intervals, indicating that EF would increase if clouds were
present; this would result in a greater underestimation of the daily ET
under partly cloudy days than under clear sky days for the EF method.
On the clear sky days, the EF, factor was shown to be larger in the
mid-morning and smaller in the mid-afternoon than the daily average,
whereas underestimation in the mid-morning and overestimation in
the mid-afternoon were found for the R, and R, factors when compared
to their daily averages. The difference between the EF, R;,, and R, factors
at the clear sky time (11:00-12:00) and their daily averages on the part-
ly cloudy days was shown to increase due to the presence of clouds, in-
dicating that more deviations would appear in the daily ET estimates
from these three upscaling factors on the partly cloudy days than
under the clear sky days. The clouds evidently impacted the perfor-
mance of the R, factor in the daily ET estimates. The performance of
the EF; factor can also be influenced by clouds, but not as significantly,
mainly because the effect of clouds on the observed global solar radia-
tion can be incorporated into the half-hourly and daily ET, estimates.
Under both clear-sky and partly cloudy conditions, the four half-
hourly upscaling factors from noon to mid-afternoon showed relatively
better agreement with the daily averages estimated as the ratio of the
sum of the half-hourly EC-measured LE to the sum of the half-hourly
ET; (or R,-G or R, or global solar radiation) in a diurnal cycle. The
mean absolute value of the relative BIAS of the four upscaling factors
relevant to the daily averages during the mid-morning to the mid-
afternoon followed the order EF > R, > Rg > EF; (33%, 5%, 3%, and 1%,
respectively) on the clear sky days. The absolute relative BIAS relevant
to the daily averages for clear sky at 11:00-12:00 is EF > R, > EF. > R,
(33%, 13%, 4%, and 0%, respectively) on partly cloudy days. Note that
the R, happened to approximate the daily averages at the 11:00-
12:00 interval on the partly cloudy days, but there were great differ-
ences at other time intervals.

4.2. Evaluation using original flux tower measurements

To minimize the effect of the uncertainty in the instantaneous ET
estimated from remotely sensed models, the four upscaling schemes
described in Section 2.1 were evaluated first using completely the
ground-based measurements of the atmospheric variables, surface net
radiation, soil heat flux, and EC-measured sensible heat flux (H) and
latent heat flux (LE) at the Yucheng station on the clear sky days and
partly cloudy days selected in Section 3.3. In addition, the EC-
measured daily LE was compared with the upscaled values at different
time intervals from mid-morning (9:00 local time) to mid-afternoon
(15:00 local time) to find the best correspondence with the overpass
time of the satellite.
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Fig. 2. Daytime variation of ground-based measurements of surface net radiation (Ry), soil heat flux (G), sensible heat flux (H), latent heat flux (LE), reference ET (ET,), reference evap-
orative fraction (EF,), evaporative fraction (EF), extraterrestrial solar radiation flux ratio (R;), and observed global solar radiation flux ratio (Rg), and daily (24-hour) mean at the Yucheng
station. (a-b) Averaged over all of the selected clear-sky days (N = 31), (c-d) averaged over selected partly cloudy days (N = 28) when it is clear sky during 11:00 to 12:00 am.

Fig. 3a-f shows the results of the comparison with the instantaneous
ET derived as the hourly averages for the six time intervals (9:00-10:00,
10:00-11:00, 11:00-12:00, 12:00-13:00, 13:00-14:00, and 14:00-
15:00) on the 31 clear-sky days for the EF,, EF, R,, and R; methods.
The corresponding statistical measures of the performance of the four
upscaling schemes are presented in Fig. 4a-c. The positive and negative
BIAS (the difference between the estimated and observed daily LE)
indicate that the estimated daily LE was higher and lower than the
observed value, respectively. Several findings are summarized as fol-
lows. (i) Using EF; to upscale LE tended to give the lowest absolute
BIAS and root mean square error (RMSE) for all the time intervals
from mid-morning to mid-afternoon. This means when detailed
ground-based meteorological data are available, the EF; factor will
be the best to upscale LE under clear sky days. Note that even if the
multi-day averaged EF, was larger (smaller) than the multi-day
daily average, it does not mean that the averaged daily LE would be
overestimated (underestimated) because the upscaled daily LE was
controlled by both the EF; and the ET, estimates. (ii) Using EF as
the upscaling factor gave the highest absolute BIAS and RMSE and
underestimated the daily LE (negative BIAS) for all time intervals, but
the underestimation decreased from mid-morning to mid-afternoon.

This means the mid-afternoon period may be the best time to up-
scale LE when using EF as the upscaling factor under clear sky days.
(iii) Using R, to upscale LE gave a lower absolute BIAS and RMSE in
the mid-morning and a higher BIAS and RMSE in the mid-afternoon
than using R,. Both the R, and the Rg upscaling factors had a negative
BIAS in the mid-morning and a positive BIAS in the mid-afternoon.
The time when the negative BIAS became positive for the Ry factor
appeared to lag behind that for the R, factor. In the mid-morning,
the R, factor performed better than the Ry factor. From noon to
mid-afternoon, opposite results were observed. The coefficient of
determination (R?) for all the upscaling methods was higher than
0.94, except for the EF factor, which varied between 0.91 and 0.97.
The upscaling of LE near noon compared with that at other times
(e.g., mid-morning or mid-afternoon) was able to produce a daily LE
that had the best correspondence with the ground-based measurement,
at least for the EF,, Rp,, and Ry methods. Therefore, if several satellite
overpasses from the morning to the afternoon are available, the over-
pass at near-noon may be the most suitable for the LE upscaling, at
least for the EF;, Ry, and R; methods.

To evaluate the impact of clouds during the daytime on the daily LE,
Fig. 5a-f compares the four upscaling schemes at the six time intervals
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Fig. 3. Comparison of the daily LE measured by eddy covariance system without any energy correction with that derived by the four upscaling methods applied at different time periods in
the daytime over 31 clear-sky days. All data were from ground-based measurements collected between late April 2009 and late October 2011 at the Yucheng station. (a) 9:00-10:00,
(b) 10:00-11:00, (c) 11:00-12:00, (d) 12:00-13:00, (e) 13:00-14:00, (f) 14:00-15:00.

on the selected partly cloudy days. The corresponding statistical mea-
sures are also shown in Fig. 4a-c. Both the absolute BIAS and RMSE for
the four upscaling methods had a tendency to increase (with exceptions

at the 9:00-10:00 and 11:00-12:00 intervals for the R, factor) while the
R? decreased, which means these upscaling methods tend to perform
worse under partly cloudy conditions than under clear skies. Same as
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Fig. 4. Statistical measures of the performance of four upscaling methods in converting hourly ET estimated at different clear sky time periods in the daytime to daily value under clear-sky
or partly cloudy conditions (9:30 stands for 9:00-10:00 interval, similarly hereafter). The EC-measured LE was not corrected to close the energy imbalance. (a) BIAS, (b) RMSE, (c) R%

the results obtained over clear sky days, (i) using EF; and EF to upscale
LE still tended to have the lowest and highest absolute BIAS and
RMSE, respectively, for all of the time intervals; (ii) using EF as the
upscaling factor still underestimated the daily LE for all time intervals;
and (iii) using R;, to upscale LE gave a lower absolute BIAS and RMSE
in the mid-morning and a higher BIAS and RMSE in the mid-afternoon
than using R,. On both the clear sky and partly cloudy days, the daily
LE upscaled with the R, factor was shown to be overall larger than
that with the Ry factor for all the time intervals. The daily LE had a ten-
dency to be underestimated in the mid-morning and overestimated in
the mid-afternoon from these two upscaling factors. Clouds seemed to
increase and decrease the daily LE upscaled from the R, and Ry factors,

respectively, making the time when negative BIAS became positive
move forward for the R;, factor and backward for the R, factor.

4.3. Evaluation using corrected flux tower measurements

The underestimation of the original EC-measured daily LE by the EF
method was demonstrated in Section 4.2. A possible reason for this
outcome was the undermeasurement of half-hourly H and LE by
the instrument and the energy imbalance in the measured surface
energy components. The closure ratio, defined as the ratio of the
sum of H and LE to surface available energy, averaged approximately
0.81 at the half-hourly time scale and 0.89 at the daily time scale over
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Fig. 5. Comparison of the daily LE measured by eddy covariance system without any energy correction with that derived by the four upscaling methods applied at different clear sky time
periods in the daytime over partly cloudy days. All data were from ground-based measurements collected between late April 2009 and late October 2011 at the Yucheng station. (a) 9:00-

10:00, (b) 10:00-11:00, (c) 11:00-12:00, (d) 12:00-13:00, (e) 13:00-14:00, (f) 14:00-15:00.

the quality- and completeness-controlled 404 days. It is evident that
the closure ratio increased with the longer time integration, and cor-
rection to the energy imbalance of the EC measurements seemed
more necessary at a shorter time scale.

Fig. 6a-c shows the statistical measures of the performance of the

four ET upscaling methods with hourly LE derived at six time intervals
using the BR correction method to close the energy imbalance of the
original EC measurement for the clear sky and partly cloudy days. On
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Fig. 6. Same as Fig. 4, but for the application of energy closure of the EC-measured LE using the Bowen ratio correction method.

the clear sky days, the results reveal the following. (i) Using the R, factor
to upscale LE tended to give the lowest absolute BIAS (very close to 0)
for all time intervals. (ii) Using the R, (EF;) factor to upscale LE tended
to give the lowest (second-lowest) RMSE in the mid-morning and the
second-lowest (lowest) RMSE in the mid-afternoon. (iii) Using the EF
factor to upscale LE gave the largest absolute BIAS and RMSE and
underestimated the daily LE for all time intervals. (iv) Using the R;, fac-
tor to upscale LE tended to give the second-largest absolute BIAS and
RMSE and overestimated daily LE for all time intervals. (v) Using the
EF; factor gave an overestimated daily LE (positive BIAS) in the mid-

morning and an underestimated daily LE in the mid-afternoon (nega-
tive BIAS). (vi) The RMSE for both the EF; and the Ry factors to upscale
LE first decreased and then increased with time from the mid-
morning to mid-afternoon, with the minimum occurring near
noon. (vii) No obvious difference was observed in the performance
of the R, upscaling factor at the different time intervals. (viii) All
the R? are higher than 0.97. (ix) Noon seemed to have the best corre-
spondence with the satellite overpass for the upscaling of LE, at least
for the well performed EF; and Ry methods. On the partly cloudy
days, the absolute BIAS and RMSE for all the upscaling factors tended
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to increase to a certain degree, except the absolute BIAS for the EF;
factor. This means that the overestimation or underestimation of
daily LE for the upscaling factors would become more serious
under partly cloudy days if the BR correction method was used to
correct the energy imbalance of the EC measurements. Similar to
the results obtained on the clear sky days, using the Rg (EF;) factor to
upscale LE tended to yield the lowest (second-lowest) RMSE in the
mid-morning and the second-lowest (lowest) RMSE in the mid-
afternoon. Using the EF factor to upscale LE gave the largest absolute
BIAS and RMSE and underestimated the daily LE for all time intervals
(an exception occurred in the mid-afternoon when using the R, fac-
tor performed worst). Using the R, factor to upscale LE tended to give
the second-largest absolute BIAS and RMSE and overestimated the
daily LE for all time intervals (an exception occurred in the mid-
afternoon, when the absolute BIAS and RMSE were the largest for
the R, factor). The RMSE for both the EF; and Ry factors to upscale
LE first decreased and then increased with time from the mid-
morning to mid-afternoon, with the minimum occurring near noon.
All the R? were higher than 0.95.

Fig. 7a-c shows the statistical measures of the performance of the
four ET upscaling methods using the RE correction method to close
the energy imbalance of the original EC measurement for the clear sky
and partly cloudy days. Overall, using the R, factor to upscale LE gave
the lowest absolute BIAS and RMSE for all time intervals on the clear
sky days. However, on the partly cloudy days, using the EF; factor gave
the lowest RMSE from noon to mid-afternoon. On both the clear sky
and partly cloudy days, using the EF factor to upscale LE gave the largest
absolute BIAS and RMSE (exceptions occurred during the 9:00-10:00
interval on clear sky days and the 14:00-15:00 interval on partly cloudy
days) and underestimated the daily LE for all time intervals. Using the R;,
factor to upscale LE gave the second-largest absolute BIAS and RMSE
and tended to overestimate the daily LE for all time intervals. Using
the EF, factor and the R, factor first overestimated (positive BIAS) and
then underestimated the daily LE from mid-morning to mid-afternoon.
The presence of clouds increased the absolute BIAS and RMSE for the
EF and R, factors. The absolute BIAS and RMSE decreased in the mid-
morning but increased in the mid-afternoon for the Ry factor when
clouds were present. The absolute BIAS was decreased overall for all
time intervals and the RMSE was increased in the mid-morning but de-
creased in the mid-afternoon for the EF; factor on the partly cloudy days.
Almost all the R? for the upscaling factors were greater than 0.94 on both
the clear sky and partly cloudy days. An exception occurred for the EF
factor at the 14:00-15:00 interval on the partly cloudy days, with an
R? of ~0.91.

4.4. Evaluation using satellite estimates

In the practical application of the four upscaling methods to the ex-
trapolation of instantaneous ET estimates from remote sensing data, the
accuracy of the extrapolated daily ET is controlled by the uncertainties
from both the upscaling methods and the ET model. Using ground-
based measurements alone, the analyses in Sections 4.2 and 4.3 com-
prehensively evaluated the four upscaling methods without considering
the uncertainty in the instantaneous (half-hourly and hourly) ET esti-
mates. In this section, we focus on the application of the four ET
upscaling methods to the MODIS-derived instantaneous ET by the
two-source N95 model at the 55 Terra overpass times and 46 Aqua over-
pass times, as described in Section 3.2. Our previous study showed that
the RE correction method yields the best correspondence between the
model-derived LE and the EC measurement at Yucheng station (Tang
et al.,, 2012). Therefore, the RE correction method is used here to close
the energy imbalance of the EC-measured LE for validation against the
satellite-derived LE at both the instantaneous and daily scales.

Because the inaccurate atmospheric correction, emissivity correc-
tion and pixel shift or geolocation error are likely to underestimate/
overestimate the MODIS temperature (Becker & Li, 1990; Wan & Li,

2008; Li et al, 2013a; Li et al, 2013b), the MODIS land surface
temperature (LST) is first compared in Fig. 8a with the temperature es-
timated from the simultaneous tower-based upwelling and reflected
downwelling longwave radiation measurements to determine whether
there was any significant BIAS. A significant overestimation of MODIS
LST and large scatter was found in the comparison at the Aqua overpass
times with a positive BIAS (MODIS LST minus ground LST) of 2.1 K and
an RMSE of 4.0 K. The MODIS LST at the Aqua overpass time on DOY
(day of year) 126, 2010, significantly overestimated the ground LST by
as much as 8.5 K due to the local irrigation. Better agreement was
obtained at the Terra overpass times with a negative BIAS of —0.1 K
and an RMSE of 2.9 K. The underestimation of MODIS LST could reach
as high as 5.9 K at the Terra overpass time on DOY = 2009-120, per-
haps because of the cirrus effect. Based on these results, to provide the
most accurate inputs for driving the N95 model, corrections were
made to the MODIS LST using the linear least square fit as shown in
Fig. 8a. Moreover, if the difference (ground LST minus corrected
MODIS LST) between ground LST and the corrected MODIS LST was larg-
er than 1 K, the corrected MODIS LST would be replaced by the ground
LST to eliminate the significant underestimation of LST caused by the
linear least square fit for further analysis.

Fig. 8b compares the instantaneous surface net radiation (Ry,)
estimated from the N95 model using the corrected MODIS LST with
ground measurements. It shows that the N95 model underestimated
R, at both the Terra and Aqua overpass times, with a negative BIAS
within —22 W/m?. The performance of the N95 model in estimating
R, was shown to be slightly better at the Terra overpass times
(RMSE = 28 W/m?) than at the Aqua overpass times (RMSE =
32 W/m?), which may be partly relevant to the accuracy of the
corrected MODIS LST. Because there were no multiple measurements
of soil heat flux (G) to obtain a representative spatial sample, and
because the heat storage above the plate was not accounted for, a
comparison with the modeled G was not made.

Fig. 8c compares the instantaneous LE estimated from the N95 model
using the corrected MODIS LST with the EC measurements corrected by
the RE correction method. Due to the limited spatial representativeness
of the measured G, the estimated G from the N95 model was used to-
gether with the R, measurement to provide reliable pixel-averaged sur-
face available energy for the correction of EC-measured LE. At the
instantaneous time scale, it was evident that with the use of the
corrected surface temperature a good agreement between the model-
estimated LE and LE measurement was obtained at both the Terra and
the Aqua overpass times, although a slight overestimation with a BIAS
of 16 W/m? was found at the Terra overpass times. The RMSE and R?
were 46 W/m? (13% of the observed mean) and 0.916, respectively, at
the Terra overpass times and 34 W/m? (9% of the observed mean) and
0.948, respectively, at the Aqua overpass times. The difference in the
model performance at the Terra and Aqua overpass times was associat-
ed with the use of the corrected MODIS temperature. Because of the rel-
atively large scatter in the comparison of the low LE (<300 W/m?), the
performance of the N95 model at the Terra overpass times was shown
to be slightly worse than that at the Aqua overpass times. The good per-
formance of the N95 model demonstrated the necessity of making cor-
rections to the MODIS LST and the N95 model was able to provide
accurate remote sensing instantaneous LE for the upscaling methods.

Fig. 8d compares the daily ET extrapolated from the model-
derived instantaneous LE using the four upscaling methods with
the EC measurement corrected using the RE correction method. Be-
cause it was generally assumed that daily G could be negligible in ap-
plying the constant EF method in practical applications, we used
daily R, measurements rather than daily R,—G measurements to up-
scale the remote sensing instantaneous ET for the EF upscaling meth-
od in this study, although some studies (Chavez et al., 2008) have
recommended that the average daily G not be neglected. Table 1
shows the statistical measures of the performance of the four
upscaling methods in extrapolating the instantaneous ET estimated
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Fig. 7. Same as Fig. 4, but for the application of energy closure of the EC-measured LE using the residual energy correction method.

from the N95 model at the 101 satellite (55 MODIS/Terra and 46
MODIS/Aqua) overpass times. It can be seen that using the Rg factor
gave the best performance, whereas using the R, factor gave the
worst performance in upscaling the remote sensing model-estimated
LE. Using the EF factor underestimated the daily ET by 11%, while the
remaining three factors overestimated the daily ET by a range of
5%-18%, which is consistent with the findings shown in Section 4.3
using the completely ground-based measurements. Using the EF; factor
gave the same magnitude of RMSE but a larger BIAS compared with

using the Ry factor. Using the R,, factor gave a larger absolute BIAS and
RMSE than using the EF factor, which may be due to the counteraction
effect at the small magnitude of LE for the EF method.

4.5. Discussions
From mid-morning to mid-afternoon, the EF,, Ry, and Rg factors were

larger or smaller than or equal to their daily averages, while the EF factor
was systematically smaller than its daily average on clear sky days, as



R. Tang et al. / Remote Sensing of Environment 138 (2013) 102-118 115

- ® Terra Y =0.8207X+52.937 R°=0.842

X 3101 ® Aqua Y =0.7598X + 69.606 R?=0.775 -
‘g o

= [ ]

e e,

(o)} 4 - LN |

5 3001 L O " 3
P R [ u‘l L]

‘é ° .... ‘l'.‘ L

© o“‘

E LA L ’.l= -

o} ] ° ) i
g 29 .

2 .

€ oo =

=} 4 L
@ 2801 e °

280 290 300 310
Surface temperature from MODIS (K)
(a)

e ® Terra BIAS =16 W/m® RMSE = 46 W/m’

S 600{ ® Aqua BIAS=-1W/m® RMSE =34 W/m’ L
~ L}

o ...‘ L)

3 Pl

2 ° ."‘ -

2 400 ° ” -
g e = ...l. e

§

= Pl

ko] . °

Q ] ° ° L
g 200 o2

% >

o L]

w L]

-

0 . : :
0 200 400 600

LE corrected by the residual energy method (W/m?)

()

800 . . . . .
:\g ® Terra BIAS=-16 W/m?> RMSE = 28 W/m®
2 04 " Adqua BIAS=-22Wm" RMSE =32 W/m’ i
é L) ... L] -
© [ e of
5 600 (K -
8 L ° |
= .
—— % rp
2 500 - e L
S 400 d ]
(%] L)
O
L
.g 300 - . F
k74
|
% 200 . . . : :
200 300 400 500 600 700 800
Measured surface net radiation (W/m?2)
8 . . .
e EFr
= EF A ‘A.' A o
= A Rp A X
e A
k= 61 v Rg A ‘A‘;l}t I ! !' 3
| |
£ g ATy
I'_IlJ A ‘A 3/ A’ - - N
> A eV ¥y ¢ " v
g 4 Veoe ? M l'. n L
A o 4 L}
B ¢ ; s | ] .'a .l
L}
Q 2 ; ‘ vV m . r
=) g 2 ="
“ v |}
) s "
0s " T T T
0 2 4 6 8

Daily LE corrected by the residual method (mmv/d)

(d)

Fig. 8. (a) Comparison of land surface temperature (LST) derived from MODIS data with LST estimated from tower measurements of upwelling and reflected downwelling longwave ra-
diation, (b) comparison of the instantaneous surface net radiation estimated from MODIS data using the N95 model with ground-based measurement, (c-d) comparison of the instanta-
neous latent heat flux estimated from MODIS data using the N95 model and the daily latent heat flux extrapolated from the model-derived ET using the four upscaling methods with eddy

covariance system measurements corrected by the residual energy method.

shown in Fig. 2. With the presence of clouds during daytime on a partly
cloudy day, because global solar radiation and surface net radiation
decrease more seriously than latent heat flux (Crago, 1996; Van Niel
etal, 2012,2011), the EF, Ry, and EF, will increase, causing their respec-
tive daily averages to increase. However, because the extraterrestrial
solar radiation is not affected by clouds, the R, at a given clear sky

Table 1

Statistical measures of the performance of four representative upscaling methods in
converting the instantaneous ET estimated from the N95 model at the 101 satellite (55
MODIS/Terra and 46 MODIS/Aqua) overpass times between late April 2009 and late
October 2011, with the EC measurements corrected by the residual energy method
(R_BIAS = BIAS/0*100%, R_RMSE = RMSE/0*100%, where O represents the average of
the EC-measured daily latent heat flux).

O (mm) EF, EF R, Ry
BIAS (mm/d) 04 —05 0.7 0.2
RMSE (mmy/d) 0.8 09 1.1 0.8
R? 0.902 0.871 0.851 0.905
Slope 4.1 0.78 0.84 0.79 0.78
Intercept (mmy/d) 13 0.1 16 1.1
R_BIAS (%) 9 —11 18 5
R_RMSE (%) 19 22 27 19

time will decrease if it becomes cloudy, causing the daily average to de-
crease. The magnitude of the increase or decrease of the daily averages
of the four upscaling factors depends on the cloud amount and duration.

If using the EF, Ry, and EF; factors to upscale LE underestimates the
daily value on a clear sky day for a given time interval, the relative un-
derestimation of daily LE will become more serious for all three factors
on a partly cloudy day because the difference between these factors at
the clear sky time and their daily averages is increased. If using the Rq
and EF; factors to upscale LE overestimates the daily value on a clear
sky day for a given time interval, the relative overestimation of daily
LE will be weakened on a partly cloudy day. In contrast, if using the R,
factor to upscale LE underestimates (overestimates) the daily value on
a clear sky day for a given time interval, the relative underestimation
(overestimation) of daily LE will be weakened (more serious) on a part-
ly cloudy day because the difference between the R, factor at the clear
sky time and their daily averages is decreased. These interpretations
are consistent with the results obtained in Section 4.2.

The EF upscaling method is shown to systematically underestimate
the daily LE from mid-morning to mid-afternoon for both clear sky
days and partly cloudy days before and after the energy imbalance of
the EC measurement is closed. This underestimation is perhaps due to
the concave-up shape of the EF during daytime with no account of the
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nighttime ET (accounting for ~8% on average of daily totals in this
study). Hoedjes et al. (2008) have shown that EF remains conservative
during daytime under dry conditions but exhibits a concave-up shape
under wet conditions. Moreover, the EF can exhibit a flat shape or a par-
abolic shape that is different from the concave-up shape (Gentine et al,,
2011). The underestimation of daily LE from the EF upscaling method
has also been reported by a great number of papers (Gentine et al.,
2007, 2011; Hoedjes et al., 2008; Delogu et al., 2012; Ryu et al,, 2012;
Van Niel et al., 2012). The tendency of the BIAS and RMSE to decrease
from mid-morning to mid-afternoon has also been found in previous
studies (Brutsaert & Sugita, 1992; Ryu et al.,, 2012). The presence of
clouds further deteriorates the performance of the EF upscaling method
on clear sky days.

Just as the assumption of daytime conservation of EF implies, use of
the constant EF method should have been made on the estimates of
daytime LE rather than daily (24-h) LE because the nighttime EF has
different temporal characteristics from the daytime counterpart. Howev-
er, because models for estimating daytime averaged surface available
energy generally do not exist (most models are developed for the daily
(24-h) estimates) and because the daily LE has real values in practical ap-
plication, it is necessary to extrapolate the instantaneous LE to the daily
scale using the 24-h averaged available energy (Gémez et al., 2005;
Chavez et al., 2008; Van Niel et al,, 2011). Past studies have estimated
daily LE by either making corrections to the daytime LE upscaled from
the constant EF method (Brutsaert & Sugita, 1992) or directly applying
the constant EF method to a daily scale (Gomez et al., 2005). Using the
latter approach to estimate daily LE is likely to be error-prone and, at
most times, will underestimate the daily LE as shown in this study be-
cause the relatively conservative EF near midday, sometimes approxi-
mating the daytime average, cannot be representative of its daily value
unless the nighttime LE accounts for a negligible fraction of daily totals.

Similar to the constant EF method, it seems that the modeled R, and
observed R; methods are more suitable for the upscaling of instanta-
neous LE to daytime values, as the nighttime extraterrestrial solar radi-
ation and observed global solar radiation equal zero and make no
contribution to the nighttime and daily LEs. It is expected that the ob-
served R, method can outperform the modeled R, method during the
partly cloudy days because, unlike with the observed global solar radia-
tion, the presence of clouds does not have any influence on the extrater-
restrial solar radiation and the effect of clouds is not reflected in the R,,
factor at the clear sky satellite overpass time. However, this expectation
can only be realized from noon to mid-afternoon in this study. This may
be because in the mid-morning on clear sky days both factors underes-
timate their daily averages and the R, factor has a relatively larger abso-
lute BIAS than the R, factor compared with their respective daily
averages, as shown in Fig. 2b. If the R, method tends to underestimate
(overestimate) the daily LE on the clear sky days, it may perform better
(even worse) due to the counteraction effect on the partly cloudy days,
as interpreted previously.

Using the modeled R, method and the observed R, method is shown
to first give an underestimation and then an overestimation of daily LE
from mid-morning to mid-afternoon on both clear sky and partly cloudy
days before the energy imbalance is closed, as shown in Figs. 2 and 4.
After closing the energy imbalance from the BR and RE correction
methods, the R, method overall systematically overestimates the daily
LE. Similar to the results without the energy imbalance correction,
the Ry method undergoes first an underestimation and then an
overestimation of the daily LE using the BR correction method. If
the RE correction is made, first an overestimation and then an under-
estimation of the daily LE is found. The relatively better performance
of the R, and Ry methods than that of the EF method in this study has
also been found in the work of Ryu et al. (2012) and Van Niel et al.
(2012). Inconsistent results are obtained for the R, and Ry methods
from mid-morning to mid-afternoon. In the mid-morning, using
the R, method gives a lower absolute BIAS and RMSE than using
the Ry method, whereas from noon to mid-afternoon opposite results

are obtained. Moreover, the complementary relationship between the
BIAS of the observed R, method and that of the modeled R, method
found by Van Niel et al. (2012) can only be recognized near noontime.

The EF, method can incorporate the effect of clouds on the observed
global solar radiation during daytime and the variation of meteorologi-
cal variables during both daytime and nighttime (Allen et al., 2007). It is
expected that this method can theoretically produce good estimates of
daily LE, as has been verified in this study from the lowest BIAS and
RMSE in the four upscaling methods from mid-morning to mid-
afternoon on both clear sky and partly cloudy days before energy imbal-
ance correction. The BR and RE correction methods cause the daily LE to
be overestimated during the morning and underestimated during the
mid-afternoon for the EF; method.

When the four upscaling factors are applied to upscale the remote
sensing instantaneous LE in practical applications, mixed clear sky and
partly cloudy days may be involved. Meanwhile, the accuracy of the
upscaled daily ET will be co-determined by both the accuracy of the
upscaling method and the accuracy of the instantaneous model-
estimated LE. It is expected that the R; and EF; factors will have a better
performance in upscaling the instantaneous LE estimated from the N95
model than the EF and the R;, factors if the remote sensing instanta-
neous LE estimates are insignificantly biased, as shown in Section 4.4.
The R, factor is shown to underperform the EF factor in upscaling the
remote sensing LE in this study, which is inconsistent with the findings
by Ryu et al. (2012) and the results obtained in Section 4.3 using
completely ground-based measurements. Both Colaizzi et al. (2006)
and Chavez et al. (2008) have shown, using data on clear sky days,
that the EF; method performs best for transpiring crops under advective
and homogeneous surface conditions; however, for bare soil or other
surfaces having a lower daily ET, the EF method has a better agreement
with the daily LE, which is contradictory to our findings. Our results sug-
gest that even when the daily ET is relatively low, the EF; method still
outperforms the EF method, as shown in Section 4.3. Chavez et al.
(2008) partly attributed the worse performance of the EF, method to
the spatially unrepresentative weather station measurements, but we
think it may be caused by the uncertainty in the estimation of the re-
mote sensing instantaneous LE in their study. Note that the significantly
biased estimation of the remote sensing instantaneous LE (for example,
the instantaneous LE will be significantly overestimated by the N95
model if the MODIS temperature is not corrected) may confound the
performances of the four upscaling methods. The underestimation of
the EF factor may be counteracted by the overestimation of the instan-
taneous LE, producing an unbiased upscaled daily LE.

The relative RMSE (RMSE divided by the observed mean) in the
comparison of the remote sensing instantaneous LE (9%-13%) is
shown to be increased when the upscaled daily ET is compared (19%-
27%). To determine whether the RMSE could be reduced over a longer
time scale, we made a further attempt to upscale the remote sensing
instantaneous LE to an eight-day average. A comparison of the upscaled
12 eight-day and 1 five-day averaged ET over the selected 101 MODIS
overpass times with the EC measurements shows that the RMSE is sig-
nificantly reduced for all four upscaling factors compared with that at
the daily scale, which is consistent with the findings by Ryu et al.
(2012). The relative RMSE is 13% for the EF, and EF factors, 20% for
the Ry, factor, and 9% for the Ry factor. It seems that with the increasing
integration period, the EF factor could have an RMSE magnitude similar
to the EF; factor.

Same as reported in previous studies (Colaizzi et al., 2006; Gentine
et al.,, 2007, 2011; Delogu et al., 2012), this study also shows that near
noon has the optimal correspondence for the satellite overpass to up-
scale instantaneous LE for the EF;, Ry, and Ry factors.

5. Summary and conclusions

Because ET estimates at daily or longer time scales are of more signif-
icance and appeal more strongly to the water resources manager than
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instantaneous ET estimates, this study evaluated four representative
temporal upscaling schemes using long-term ground-based measure-
ments and MODIS estimates from late April 2009 to late October
2011 at the Yucheng station. The final goal of this study was to provide
scientific guidance for our development of an operational and more
accurate ET-upscaling method with easy data access in the future.

Overall, all four upscaling factors showed better agreement with the
daily averages from noon to mid-afternoon. The EF method had the
worst performance among the four upscaling methods and under-
estimated the daily ET estimates on both the clear sky and partly
cloudy days before and after the energy imbalance correction. Before
the energy imbalance was corrected, the EF, method performed best
in the upscaling of instantaneous LE on both clear sky and partly
cloudy days. The R, (Rg) method performed the second (third) best
in the mid-morning and the third (second) best from noon to mid-
afternoon. After the BR and the RE correction methods, the best-
performing EF, method was shown to have the second-lowest absolute
BIAS (higher than the Ry method) from mid-morning to mid-afternoon.
From mid-morning to noon, the Ry (EF;) method had the lowest
(second-lowest) RMSE, whereas from noon to mid-afternoon, the
EF, (Rg) method had the lowest (second-lowest) RMSE. The presence
of clouds could either increase or decrease the BIAS, but it generally
increased the RMSE for the all four upscaling methods.

If the four upscaling schemes were applied to convert the instanta-
neous remote sensing estimates of ET to daily values, the performance
was further controlled by the accuracy of the remote sensing ET
estimates. A significantly biased estimation of remote sensing instan-
taneous LE may confound the performances of the four upscaling
methods. With the insignificantly biased estimates of the instanta-
neous LE from the N95 model, using the EF factor underestimated
the daily ET by 11%, while the remaining three factors overestimated
the daily ET by a range of 5%-18%. The relative RMSE was shown to
increase and the R? to decrease when the comparison of the remote
sensing instantaneous LE was changed to that of the upscaled daily
ET, most likely indicating that the random errors could not be signif-
icantly removed in the daily ET upscaling. However, the scatter was
significantly reduced for all four upscaling methods when extrapo-
lating the remote sensing instantaneous LE to a longer time period
(e.g., eight days).

One of the main limitations of the R, the Rg, and the EF methods is
that the influence of the horizontal advection and the variation of mete-
orological variables (e.g., wind speed, vapor pressure deficit) cannot be
effectively incorporated because the R, method is controlled only by the
Sun-Earth geometry for a given day at a given site and because the daily
global solar radiation and available energy are less dependent (if not in-
dependent) on these meteorological variables. The EF, method using
the ET for a reference crop estimated from the Penman-Monteith equa-
tion can incorporate the variations of the meteorological variables and
the horizontal advection. When intensive ground-based measurements
of meteorological variables (e.g., global solar radiation, air temperature,
wind speed, and relative humidity) are readily available, it is recom-
mended that the EF, method be used for LE upscaling. Otherwise, the
R; method (if observed global solar radiation is available) and the R,
method are recommended, in order. The merit of the R, method lies
in its independence from ground-based measurements.

To accurately extrapolate the instantaneous remote sensing esti-
mates of ET, it is essential to find a conservative upscaling factor that
can be independent of the variation in the atmospheric variables and
can, in addition, incorporate the horizontal advection. Of the four
upscaling schemes, the EF. method was shown to perform well in cap-
turing the variation in the diurnal LE. The weakness of this approach
lies in the requirement for detailed input data on atmospheric variables,
e.g., the air temperature, relative humidity, global solar radiation, and
wind speed in half-hourly or hourly time steps. These instantaneous
and daily data may not be available due to the limited ground networks
established for data collection on the Earth, especially in remote areas. A

potential improvement to the EF. method would be to introduce a
variable canopy resistance for the reference grass instead of using the
fixed value (Todorovic, 1999). One possible solution to the lack of avail-
able atmospheric inputs for the reference ET estimation in deriving daily
ET would be to combine the MODIS instrument with daily weather fore-
cast information. MODO7 and MYDO?7 freely provide the profiles of in-
stantaneous dew points and air temperatures at different levels, and
the necessary maximum and minimum daily air temperatures, wind
scale, and cloud conditions are given in the daily weather forecast infor-
mation. In future work, we will examine the feasibility of upscaling the
instantaneous ET estimated from the remote sensing model to daily and
longer time scales using the EF, method with a variable canopy resis-
tance and the synergy between the MODO7 (MYDO7) profile and
weather forecast information.
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