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Abstract. Accurate estimation of global evapotranspiration shown that a parameterization based on LAI reduces the es-
is considered to be of great importance due to its key roletimation error over the season from RMSER5W m 2 to

in the terrestrial and atmospheric water budget. Global esRMSE=18W m2. In the original SEBS formulation the
timation of evapotranspiration on the basis of observationaroughness height for heat is only valid for short vegeta-
data can only be achieved by using remote sensing. Severdébn. An improved parameterization was implemented in the
algorithms have been developed that are capable of estimaSEBS algorithm for tall vegetation. This improved the cor-
ing the daily evapotranspiration from remote sensing datarelation between the latent heat flux predicted by the SEBS
Evaluation of remote sensing algorithms in general is prob-and the SCOPE algorithm from0.05 to 0.69, and led to
lematic because of differences in spatial and temporal resoa decrease in difference from 123 to 94 W#rfor the la-
lutions between remote sensing observations and field medent heat flux, with SEBS latent heat being consistently lower
surements. This problem can be solved in part by using soilthan the SCOPE reference. Lastly the diurnal stability of the
vegetation-atmosphere transfer (SVAT) models, because oavaporative fraction was investigated.

the one hand these models provide evapotranspiration esti-
mations also under cloudy conditions and on the other hand

can scale between different temporal resolutions.

In this paper, the Soil Canopy Observation, Photochem-1 Introduction
istry and Energy fluxes (SCOPE) model is used for the eval-
uation of the Surface Energy Balance System (SEBS) modelAccurate estimation of evapotranspiration, ET, is considered
The calibrated SCOPE model was employed to simulate re®f great importance due to its key role in hydrology and
mote sensing observations and to act as a validation toofmneteorology. It is involved in many feedback mechanisms,
The advantages of the SCOPE model in this validation ard0r €xample between the water and the energy balance,
(a) the temporal continuity of the data, and (b) the possibil-and between the land surface and the atmosphere. Accu-
ity of comparing different components of the energy balance rate estimation of ET is of importance for applications such
The SCOPE model was run using data from a whole growtr@S irrigation management, weather forecasting and climate
season of a maize crop. model simulations.

It is shown that the original SEBS algorithm produces Evapotranspiration cannot be detected directly from space.
large uncertainties in the turbulent flux estimations caused Nis has lead to a large variety in remote sensing algo-
by parameterizations of the ground heat flux and sensibldithms that estimate ET from variables that are observable
heat flux. In the original SEBS formulation the fractional from space. These methods range from triangle/trapezoidal
vegetation cover is used to calculate the ground heat flux(Carlson, 2007) methods to the use of reference ET (by
As this variable saturates very fast for increasing leaf ared”€hman-Monteith/Priestley Tailor) together with crop coef-

index (LAI), the ground heat flux is underestimated. It is ficients to energy balance (residual) algorithms (Kalma et
al., 2008; Glenn et al., 2007). At the moment most of the
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global products available are generated using the first twacalculated through the evaporative fraction and the available
approaches, because of the easy empirical use of remotelgnergy. The accuracy of the product thus depends on the
sensed land surface temperature and the negligence of metaecuracy of the other components of the energy balance: net
orological forcing in the former and the calibration of resis- radiation, ground heat flux and sensible heat flux. These
tances in the latter. With the onset of high performance com-components are calculated for the overpass time of the
puting and the availability of meteorological fields from large satellite. To scale the estimates up to a daily (24 h) value, an
scale models, like GLDAS and ECMWF, the challenges forassumption about the diurnal cycle of the fluxes is needed
intensive computation and all related forcing are met paving(Rauwerda et al., 2002; Shan et al., 2008).
the way for estimating global evapotranspiration by energy Validation of ET products is problematic, because spa-
balance models. tially distributed data for validation are not available. The
Over the last couple of years several initiatives, such asSEBS algorithm has been validated locally for many low veg-
the LandFLUX Initiative (Jinknez et al., 2011; Mueller et etation types (Shan et al., 2008; Timmermans et al., 2005; Jia
al., 2011), have started to evaluate and develop large scalet al., 2003; McCabe and Wood, 2006; Su et al., 2005; van
evapotranspiration products. Low resolution evapotranspi-der Kwast et al., 2009). Extra uncertainty enters the valida-
ration is provided by the Satellite Application Facility on tion process due to differences in spatial and temporal resolu-
Land Surface Analysis (LandSAF) by feeding geostationarytion between the remote sensing observations and the ground
low resolution data into land surface model (Ghilain et al., measurements (Kite and Droogers, 2000).
2011). Medium resolution calculations of evapotranspiration Footprints of ground measurements range between £00m
are performed using orbiting data, from MODIS (Mu et al., and 250 M for Bowen ratio stations (Pauwels and Samson,
2007, 2011; Vinukollu et al., 2011). However, these products2006; Pauwels et al., 2008) to around 0.1-0.3 kon scintil-
either have a low spatial resolution and high temporal reslometer stations (Hartogensis, 2006) up to 0.5 Kor eddy
olution or a low temporal resolution and a high spatial res-covariance stations (Kljun et al., 2004) depending on the ref-
olution. As such they do not meet the spatial and temporakrence height (Schmid, 1997). These scales are much smaller
requirements for a comprehensive water cycle analysis fronthan the desired spatial resolution of the WACMOS project
local to regional scale. In response to the demand for suclof 1 kn?. The required temporal resolution (daily) is diffi-
a product, the Water Cycle Multi-mission Observation Strat- cult to obtain using a single satellite sensor. Combining ob-
egy (WACMOS), launched by the European Space Agencyservations from the Moderate Resolution Imaging Spectrora-
(ESA), aimed at among others developing a daily evapotrandiometer (MODIS) and the Advanced Along-Track Scanning
spiration product on a global scale with a 1km resolution. Radiometer (AATSR), and the MEdium Resolution Imaging
Itis challenging, for this purpose, to find an algorithm suit- Spectrometer (MERIS) can enhance this temporal resolution,
able for the global scale with such high spatial and tempo-although cloud contamination still is present.
ral resolution with sufficient physical characterization. Tri-  The objective of this paper is to create a methodology for
angle methods (Petropoulos et al., 2009; Jiang et al., 2004¢valuating the suitability of the SEBS model (or any other
provide good estimations of evapotranspiration for low com-remote sensing-based evapotranspiration algorithms for that
putational requirements, but the chosen algorithm needs tonatter) for global application. The application of a calibrated
be more physically based to include the most important ex-soil-vegetation-atmosphere transfer (SVAT) model (Olioso
change processes. Remote sensing based evapotranspiratiemal., 1999) would be ideal for such an evaluation. In or-
algorithms, such as TSEB and SEBAL, have difficulties for der to create long time series, the input for this SVAT model
estimating global evapotranspiration because they require loshould be based mostly on meteorological parameters and
cal calibrations and generate very different estimates (Bastiother field data.
aanssen et al., 1998; Kustas and Norman, 2000; Timmermans The recently developed Soil Canopy Observation of Pho-
et al., 2007). The Surface Energy Balance System SEBS (Supchemistry and Energy fluxes (SCOPE) model (van der Tol
2002) circumvents the calibration problem by using a moreet al., 2009) presents us with the possibility of estimating
physically based parameterization of the turbulent heat fluxesurbulent heat fluxes and radiative transfer using only a lim-
for different states of the land surface and the atmosphere (Sited amount of data. This SVAT model combines accurate
et al., 2001), through implementation of the similarity the- estimates of optical and thermal radiation (Verhoef et al.,
ory (Brutsaert, 1999; Obukhov, 1971; Monin and Obukhov, 2007) with a detailed representation of the biophysical pro-
1954), while keeping the number of required input variablescesses through an extensive aerodynamic resistance model
to a feasible minimum. SEBS thus provides a good compro{\Verhoef et al., 1999) and energy balance modeling at the
mise between the detail levels of the model description onleaf level. The model was used to calculate the turbulent heat
the one hand, and the input requirements. Therefore SEB8uxes and the hyperspectral outgoing radiances. These radi-
is chosen to be the baseline algorithm within the WACMOS ances are subsequently converted into sensor band observa-
project to produce global fluxes. tions using a sensor simulator (Timmermans, 2009). Using
Like other remote sensing energy balance algo-these band observations in the SEBS preprocessor, land sur-
rithms, SEBS estimates ET from latent heat flux that isface temperature (LST), albedo and emissivity (Sobrino et
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e The investigation into the uncertainties in SEBS flux esti-
eteo Data SCOPE . . .
f L’ _ mates focuses mainly on the effect of high vegetation types

on the daily evapotranspiration, because SEBS has so far

Emitted been validated only for low vegetation types (Shan et al.,
Spectrum 2008; Timmermans et al., 2005; Jia et al., 2003; McCabe
and Wood, 2006; Su et al., 2005). For high vegetation types
Senson some of the parameterizations in SEBS might fail due to the
simulator -
T complex nature of the turbulent heat exchange. Focus of this
SEBS paper will be on the height dependence of the LAl retrieval,
_ - the ground heat flux parameterization, the aerodynamic resis-

tance estimation, the roughness height for heat transfer, and

/ (Ground) // SEBS // SCOPE / the diurnal stability of the evaporative fraction.
Heat Fques Heat Fques Heat Fluxes

2.1 SEBS

Comparlson

The Surface Energy Balance System, SEBS, makes use of

Fig. 1. Methodology for comparing SEBS with SCOPE. the energy balance (Eg. 1) to estimate the latent heat flux at
the time of overpass. In order to scale from the instantaneous
to the daily time scale, it is assumed that the evaporative frac-

al., 2004), and turbulent heat fluxes were obtained. Finallytion (Eg. 2) remains constant over the day.

the turbulent heat fluxes estimated by the SEBS algorithm

were compared to those estimated by the SCOPE model. Rn=Go+ H +AE (1)
In Sect. 2.1 the SEBS and SCOPE model are explained in

more detail, as well as the method for coupling the two mod- LE Ar - AEwet

els together. In Sect. 2.2 the field site and data collection ih = Rn—G = Rn—G )

described, and in Sect. 2.3 the investigations into the leaf area

index (LAI) retrieval algorithm and the parameterizations of H — Hyet

the different fluxes (ground heat flux, sensible heat flux andAr =1— 2 ——— (3)

dry wet
daily evapotranspiration) are discussed. The discussion and
conclusions follow in the final two sections. Here, Ry is the net radiation [Wm?]; Go the soil heat

flux]W m=2]; H, Hgry, and Hyet are the actual, dry limit and
wet limit sensible heat flux [W ?], respectively:A E and
L Ewet are the actual latent heat fluxes [W &} at overpass

In this investigation the SCOPE model is coupled to theand the hypothetical wet limitA and A, are the evaporative
SEBS model. SCOPE estimates both the turbulent fluxes anffaction [-] and relative evaporation [-].
hyperspectral radiative transfer. Through a sensor simula- SEBS was developed by Su (2002) for the estimation of
tor and the SEBS preprocessor the input variables for theétmospheric turbulent fluxes using satellite earth observation
SEBS algorithm are calculated using the “observations” ofdata. SEBS is often used as a remote sensing algorithm for
band radiances simulated by the SCOPE model. This wagstimating (daily) evapotranspiration. It consists of a set of
the SCOPE model acts as a forcing and validation tool for thedlgorithms for the determination of the land surface physi-
SEBS algorithm. This methodology is illustrated in Fig. 1. ~ cal parameters and variables, such as albedo, emissivity, land
The advantage of simulating band radiances enables sinsurface temperature, and vegetation coverage, from spectral
ulation of remote sensing imagery during cloudy days whenreflectance and radiance data (Su et al., 1999, 2001; Su,
actual Optica| Sensors 0n|y will measure clouds. This then1996) It includes an extended model for the determination
enables the estimation of evapotranspiration for dates wheff the roughness height for heat transfer (Su et al., 2001) and
there is no remote sensing observation and is therefore sui@ formulation for the estimation of the evaporative fraction
able for creating long time series. In addition, the capability On the basis of the energy balance at limiting cases.
of simulating remote sensing data from arbitrary sensors can In the original formulation, SEBS calculates latent heat
be used to investigate the effectiveness of future satellitesflux based on the net radiation, the ground heat flux and
and reanalyze past and current satellite sensor imagery (Tinfhe evaporative fraction. The net radiation is calculated using
mermans et al., 2009; Verhoef, 2008), and to combine severdncoming shortwave radiation, albedo, air and land surface
sensors in a synergistic manner. This synergistic use, howtemperature and emissivity.

ever, falls outside the scope of the presented investigation. ~ The ground heat flux is estimated based on the weighted
average of ground heat flux over vegetated (Monteith, 1973)

and bare soil (Kustas and Daughtry, 1989b). The evaporative

2 Methodology
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fraction is estimated through the relative evaporation usingnduced by poor parameterizations of the surface processes
the sensible heat fluxes (Egs. 2 and 3). The sensible heat flux the model. Uncertainties in the input data usually origi-

is calculated iteratively through use of the Obukhov length
and the friction velocity. The equations required to calculate

nate from the atmospheric correction of the remote sensing
imagery, or from the difference in surface parameter retrieval

the latent heat flux, ground heat flux and the sensible heaalgorithms. Using the SCOPE model to simulate these vari-

flux are shown in Eqgs. (4)—(7).

LE = A (Rn— Go) (4)
Go=Rn(Tc+A- fo)(T's—T) 5)
6o — 0
ra
. _ [nticzon) - Cul @

kuy

Here f¢ is the fractional vegetation cover [} andTs are
respectively the values for the ratio of the ground heat flux
to net radiation for the full canopy limit [-] and the bare soil
limit[-]; pq is the density of air [kg mq]; Cp is the specific
heat capacity of air [Jkgt K—1]; ra is the aerodynamic re-
sistance [s m]; ux is the friction velocity [s nT]; & is the
von Karman constant [-lj, andd, are the potential temper-
atures of the land surface and air at reference height/K];

is the height of the vegetation [m],,, is the correction term
for atmospheric stability [-], andpp, is the roughness height
for heat transfer [m]. The correction term for the atmospheric
stability depends on the state of the atmosphere and the me
surement height. In SEBS,y is calculated using the Monin—
Obukhov Similarity theory (MOS) if the reference height is
within the atmospheric surface layer. The Bulk Atmospheric
Similarity Theory (BAS) is used if the reference height is
above this surface layer and up to the height of the planetar
boundary layer. The roughness height for heat transfer is cal
culated based on the roughness height for momenigm,
through the relationship given ByB— = In (zom/zon). The
kB~1 (Massman, 1999; Su et al., 2001) is calculated base
on the weighted average of limiting values of soil and full
canopy (Eq. 8).

kBt = f2kBIY 4 2fs fck Bit + f2kBSY (8)

Here, fs is the fractional soil coverage [-]. The bare
soil contribution is calculated akBg! = 2.46(Re,)Y*4 —
In(7.4), with Re, being the roughness Reynolds num-
ber. The full canopy contribution is given b)yBglz
kCq/[4CiB (1—e7"/2)], with Cq the drag coefficient of the
leaves,C; the heat transfer coefficient of the leavgsthe

%

d

ables, such uncertainties are removed in the analysis.
2.2 SCOPE model

The Soil Canopy Observation of Photochemistry and Energy
fluxes (SCOPE) model is used to circumvent the above men-
tioned problems as it is able to simultaneously simulate top-
of-canopy satellite imagery and estimate the evapotranspira-
tion. This enables the separation of uncertainties in the input
parameters and the errors induced by parameterization errors.

The SCOPE model is a soil-vegetation-atmosphere-
transfer (SVAT) model that couples radiative transfer of op-
tical and thermal radiation with leaf biochemistry processes
(van der Tol etal., 2009). This coupling is performed, similar
to the CUPID model (Norman, 1979), at the leaf level using
an energy balance approach model. It calculates the aerody-
namic resistances (Verhoef et al., 1999), the within-canopy
heat flux vertical distribution, the hyperspectral outgoing ra-
diances (Verhoef et al., 2007), the photosynthesiszafHar-
quhar et al., 1980) or £vegetation, and stomatal resistance
(Cowan, 1977).

The radiative transfer of outgoing and internal optical and
thermal radiation in SCOPE is based on FluorSAIL with
4dded analytical parts from the unified 4SAIL model (Ver-
hoef et al., 2007). This model calculates the directional out-
going radiance of the land surface at specific wavelengths,
taking into account the spectra of incoming solar and diffuse
radiation, canopy structure and the component temperatures
f the soil and canopy. The SCOPE model uses a discrete ver-
sion of the directional radiative equation to solve the leaf en-
ergy balance for different layers). In addition, it describes
he sun-canopy-observer geometry and on leaf orientation, so
hat the different biophysical processes for sunlit and shaded
components can be considered. The FluorSAIL model orig-
inally was intended to compute only canopy reflectance and
fluorescence, but the addition of thermal radiation and con-
sidering the energy balance on the individual leaf level al-
lowed the construction of an SVAT model like SCOPE.

Recently, a sensor simulator has been added to the SCOPE
model (Timmermans et al., 2009) for estimating thermal
bands of different satellites. This sensor simulator has been
modified in this research to cover the optical part of the spec-
trum as well as extra sensors (MODIS, AATSR) (Timmer-

ratio between the friction velocity and the wind speed atmans, 2009). This sensor simulator integrates the measured
canopy height, and the cumulative leaf drag area. Finally, radiances with the sensor band sensitivity to calculate the
the soil-canopy interaction contribution is calculated using“measured” band radiances. Using the optical and thermal
anql = k,BZOm/(Ct* C), with C* the heat transfer coefficient radiation from the radiative transfer model, SCOPE is now
of the soil. able to reproduce past, current and future satellite sensor data
The errors in the final estimation of evapotranspiration can(\Verhoef and Bach, 2007; Timmermans et al., 2009; Verhoef,
be attributed to either propagation of input errors, or errors2008). At the moment SCOPE does not simulate the path of
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the radiation through the atmosphere, and consequently thexpression (Eq. 10) (Song et al., 2009). These two retrieval

simulated radiances are at the top of the canopy. algorithms are as follows.
1+ NDVI
3 Experimental setup LAl = NDVI V1—NDVI ©)

SCOPE requires measurements of LAl and of incoming op-
tical and thermal radiation, air pressurg, wind speed,
U,, and actual vapor pressure;. Other variables within
the SCOPE model, like spectral reflectivity and emissiv- Here, the values oA and B depend on the vegetation type,
ity of the soillvegetation are set to default values. Thesewhich for maize is given ast = (—2.1)* and B =0.9.
data were obtained at The University of Reading Crops ReNDVI values calculated using the SCOPE outgoing radia-
search Unit experimental site (Sonning, United Kingdom). Ation, have values higher than 0.9, which would lead to erro-
unique feature of this particular dataset is that after the maxin€ous values. Consequently, the valuesAcand B in this
mum canopy height and LAI (3.7Hhm~2) was achieved the logarithmic parameterization should be modified. As proof
canopy was thinned out. The LAI values obtained after thisOf the validity of the methodological concept the NDVI val-
thinning were approximately 2.0, 1.0, 0.5 and 0.25mT2. ues calculated from the SCOPE simulations are compared
Leaves were systematically removed from the canopy, with10 the LAl values measured in the field. The results of this
out modifying the height of the crop. This abrupt change comparison are shown in Fig. 3. Here, the original parame-
is clearly seen in the different surface parameters (LAl andt€rization by Su, the parameterization by Song et al. (2009)
canopy height) measured, as shown in Fig. 2. The stepwis@”d the parameterization based on Song et al. (2009) but with
change in leaf area density provides a perfect dataset for tes@PtimizedA and B values, are shown. This optimization re-
ing the variability of the LAI retrieval methods and the effect lied on the reduction of the RMSE between calculated and
on the surface energy balance. observed values.

The output of SCOPE provides not only the different It is clear that the parameterization of Song et al. (2009)
energy balance components (at different levels within thewith the optimized values, produces more accurate values of
canopy), but also estimations of the outgoing radiation. AsLAl than the other two methods. Both relationships between
SEBS is a remote sensing algorithm it requires not onlyLAl and NDVI given in Su (1996) produce too high results
the incoming optical and thermal radiation, air temperature,0ver the whole range of NDVI. For NDVI values close to
wind speed, and actual vapor pressure, but also the remot@ 9. the original by Song et al. (2009) also starts producing
sensing imagery like LST and emissivity, fractional vegeta-t00 high LAl values. This is because with the original val-
tion cover and LAI. These remote sensing imagery are calcut/es of Song et al. (2009) the maximum value of NDVI is
lated on basis of the SCOPE outgoing radiation. SEBS proassumed to be 0.9, while here we find NDVI values as high
vides then estimations of net radiation, ground heat flux, sen@s 0.92; resulting in non-realistic values. The optimized re-
sible heat flux and latent heat flux. lationship was set for higher maximum NDVI values, and

In addition to the meteorological variables listed above, although it produces slightly lower LAI values, the values
energy balance components were measured for a compleféf LAI do not become infinite for NDVE 0.92. Using these
growth cycle of maize during the summer of 2002 (see vanoptimized coefficients, the difference between measured and
der Tol et al., 2009, for a detailed overview of the site, and€stimated LAI resulted in a RMSE0.3n? m~2. It should
sensors used). These energy balance components are coRf noted that these new values forand B are not directly

pared with those estimated by SCOPE and SEBS. applicable to other vegetation types without thorough inves-
tigation. It should also be noted that within the WACMOS

research the LAl can be obtained from available L2 products.

NDVI ) (10)

LAl :Aln(l——
B

4 Results and discussion
4.2 Ground heat flux

4.1 Leafareaindex
The original ground heat flux in SEBS uses the fractional

The calculation of LAl is not considered part of SEBS core vegetation cover to perform a weighted average between bare
processing, as any LAI products can be used in SEBS. Irsoil and the full canopy ground heat flux (Kustas and Daugh-
many researches using SEBS LAl is calculated from NDVI try, 1989b). For medium to high leaf area coverage, the veg-
using the parameterization presented in Eq. (9) (Su, 1996)etation is fully closed. Using fractional vegetation cover for
and consequently will be referred to as the original param-estimation of ground heat flux consequently causes an under-
eterization. However, this parameterization is only valid for estimation of the ground heat flux for medium to high leaf
sparse vegetation types; for denser vegetation types it proarea indices. It was proposed (Kustas et al., 1993) to use the
duces values of LAI that are unrealistically high. This can LAl instead of the fractional vegetation cover, see Eq. (11).
be avoided by coupling LAI to NDVI using a logarithmic They argued that this parameterization is more physical than
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Fig. 2. SCOPE input parameters and variables measured at the experimental site during 2002. In the top left panel the surface parameter:
are shown. In the bottom left panel the atmospheric driving variables. In the right panel the incoming optical and thermal radiance data are
shown. The red lines depict half hourly in situ measured data, and the blue lines depict the values at AATSR overpagssiime (

Correlation between NDVI and LAI ments. Measurements of outgoing optical and thermal radia-
‘ " [Ce—su1996 ‘ ‘ tion are also present but not used in this research, as the pur-
--------- Song et al 2008 pose of this research is to show the synergy between SCOPE
——-0.79%g((1 - NDV1/0.92)/0.82) and SEBS, in particular when the amount of measured data
is minimum. In the SCOPE model the ground heat flux is
calculated using a slab model for the ground. Although the
modeled soil temperatures are consistent with the observa-
tions, the ground heat fluxes are too high compared to the
measured values. Therefore, for this investigation the in-situ
measurements are used, instead of the simulated values.

In order to achieve a high accuracy, a long time series of
both net radiation and ground heat flux is needed, during
which LAl does not change. The different classes are filtered,
based on the number of values found in the histogram; oc-

10" ‘ ) ‘ : : ‘ s s currences below 50 observations are filtered out. The field in

05 0% 06 08 0L F° % 0% 0% 0% Sonning is therefore well suited for this investigation as the

maize was thinned in steps, from very high LAl (3.7m2)

Fig. 3.NDVI — LAl relationships. The LAl values obtained by mea- to very low leaf area index (0.259m~2). Note that only
surements (open circles) and the Su (line with closed circles) andjaytime values between 10:00 and 16:00 LT are used. After
Song parameterizations are shown. The Song parameterization itering the coefficients in Eq. (11) are retrieved. The results
shown with its _ori_ginal values (th_e green dotted) forand B and are shown in Fig. 4.
also for the optimized values (solid red line). The ratio between the ground heat flux and net radia-
tion behaves exactly as predicted; the observations fall well

the approach used in Kustas and Daughtry (1989b) as it repwithin the theoretically predicted values set by the bare soil

resents the extinction of the incoming solar radiation within 2nd full canopy limits. In addition it is observed that the ratio
the vegetation more realistically. Values 6f and the ex- of net radiation and ground heat flux correlates very well with
tinction coefficients depend on the vegetation type, but for LAI. However, lower values of both the extinction coefficient

global application it is usually set to be 0.34 and 0.46, re-(@ = 0.26) and the amplitudef, = 0.18) are found than the
spectively (Brutsaert, 2005). values advised by (Kustas et al., 1993; Brutsaert, 2005).

These low values for the amplitude and the extinction co-
efficient originate from the high variation in th&,-Gg ratio
for classes with a low LAI. This high variation is caused by
_ _ non-uniform shading affects of the soil due to the low frac-
The values oo anda in the current paper are retrieved by tional vegetation cover. When dealing with sparse vegetation

using.measqred incoming opticgl gnd thermal radiation, thghe amount of radiation reaching the soil is highly dependent
outgoing optical and thermal radiation from SCOPE, the landg, the geometry of the sun and the leaf orientations.

surface temperature obtained through the simulated AATSR
sensor and the ground heat flux obtained through measure-

10

LAl [m2/m2]

% = Croexp(—aLAl) (11)

n
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Fig. 4. Comparison between the soil heat flux and the net radiation. In the left panel a scatter plot between the net radiation and the ground
heat flux is shown for different LAI classes. In this panel also the theoretical limits by Kustas et al. (1993) are shown. The slopes of the fitted
data are shown in the right panel. The error bars denote the standard deviation of the r&gi€igcatio. In this panel the parameterization
of Kustas et al. (1993) with original values (dash-dotted) and optimized values (dashed) is also shown.

The high values of the ratio between ground heat fluxnegative values ok B~ have been found (see Verhoef et
and net radiation originate for particular sun—leaf geometriesal., 1997). Small negative values have also been found for
with errors larger than 50Wnt in G for low LAl values. tall, dense canopies (Liu et al., 2007a; Jia, 2004). Values for
For these cases the sunbeam directly strikes the soil, withoutlosed canopies are usually around 2,4Bt ! increases for
being attenuated by the vegetation. Low values for the raticsparse canopies (up to 15 for very sparse canopies), Values of
between ground heat flux and net radiation originate fromkB~1 > 8 are therefore deemed too large for the maize crop
low solar zenith angles. For these cases the canopy appeavsth LAl = 3.7 n m—2. However,kB~! values can be cal-
to be dense and closed. These deviations need to be invesulated from the direct measurements (Liu et al., 2007b) or
tigated in more detail; therefore, the original valuesGaf in our case SCOPE simulations, as shown in Eq. (12).
anda given by (Kustas et al., 1993) have been used, instead

of the values found by optimization. Using the parameteriza- (Ts— Ta) 7 —d,

B 1= psC —In 0
tion of (Kustas et al., 1993) the difference between observed = pa T B

om

and measured ground heat flux was 18 WPrwhich is a de- _d
crease when compared original SEBS parameterization with +W ( O) (12)
a RMSE=25Wnr2, L
4.3 Roughness heights HereTs and T, are the temperatures for the land surface and

the atmosphere [K]z is the measurement height [m]e

The sensible heat flux in SEBS is determined by the differ-is the displacement height [m], anl, is the MOS atmo-
ence in potential temperature between the land surface anspheric stability function for heat [-]. The results are shown
the atmosphere at measurement height and the aerodynaniit Fig. 5. Note the decrease iB~1 as the canopy height
resistance (Egs. 6 and 7). This resistance has been shown @nd density increase throughout the season. The sudden rise
the previous section to depend on the roughness height fon kB~ around day 230 is caused by the thinning of the
heat transfer, the friction velocity and the logarithmic pro- canopy. The minimum value calculated foB~! = —0.5.
file of the wind speed. It was found (Jacobs et al., 1989; LiuThis low value is attributed to the height of the canopy. In
et al., 2007b) that the value of aerodynamic resistance fohigh, dense vegetation the incoming radiation only affects
maize ranged from 20 to 50 sth However, when using the the leaf temperature in the upper part of the canopy; in the
original SEBS parameterizations we found it to vary betweenlower region the radiation is absorbed too much to play a
80 and 200 s m?, resulting in an unrealistically low sensible significant role in the temperatures of the leaves (Liu et al.,
heat flux, compared to the measured values. 2007a; Jia, 2004). However, these leaves or twigs still play

The error in the aerodynamic resistance appears to ba role as part of the sink for momentum. This process is
caused by the parameterization of the roughness height fawell represented in the SCOPE model, as the radiative trans-
heat transfer. In the original SEBS parameterization thisfer in this model is more accurately represented than in the
roughness height is estimated based onkthe®. In SEBS  SEBS model. Hence, instead of the original parameterization
this variable is usually higher than 8.0; the roughness heighfor kB~1 in SEBS, which produces values that are too high,
for momentum is always higher than the roughness height fothe method of McNaughton and van den Hurk (1995) and
heat transfer (i.ekB~1 > 0), except for bare soils for which Bosveld et al. (1999) fok B~ is used, for high values of
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Fig. 5. Top panel: seasonal variation in the dail—1 values for

the maize canopy calculated from observations, the parameteriza-
tions by Su (2001) and Bosveld et al. (1999). In the bottom panel
the roughness length for heat and momentum is shown for Su (2001)
and for the newkB—1 parameterization. The new values of the

roughness length for heat, are calculated usingtheparameteri-

zation of Bosveld (1999), and the roughness length for momentum

by Su (2001).

LAl and &, as in Eq. (13).

_ sl
p~l1=52Y"* _0. 1
k 5 LAl 0.69 (13)

Here! is the characteristic height for the canopy; in this
particular maize canopy the leaf width was measured to be
0.03 m after vegetation stopped growing taller. The temporal
variability for kB~ for this method is also shown in Fig. 5,

along with the temporal variability af B—* calculated with

the original method employed in SEBS, and with the values

based on the SCOPE estimations (Eq. 12).
It is obvious that the new parameterization of KBcor-

relates much better with SCOPE estimated values than the
original SEBS parameterization. Even the thinning of the
LAl is clearly characterized using this method, illustrated
by the good correspondenceiaB 1 at the end of the mea-
surement period. However the method only applies for closed
canopies, and is less accurate for low vegetation. It is there-
fore surprising to see that even after the canopy has been
thinned to LAl values lower than 1 the parameterization still
produces good results (Fig. 6). This could be due to that fact
that although leaves are removed from the vegetation, the
height of the canopy is left intact. Depending how the leaves
were removed the leaf canopy profile might have been al-
tered. This can greatly influence the aerodynamic character-
istics. As such thinning does not happen in nature it is opted —
to use this method only for the thresholds set in the origi-

nal paper (Bosveld et al., 1999); when the LAI is above the

threshold value of 1.5 and only whég > 1 m.
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Instantaneous heat fluxes

Finally, after implementation of the new parameterizations

for high canopy types, the surface heat fluxes can be calcu-
lated. The results of these calculations are shown in Fig. 6. In
this figure the instantaneous (10:30 LT) net radiation, ground
heat flux, sensible heat flux and the latent heat fluxes are
shown. All SEBS estimated fluxes, except the latent heat,
have a high correlation with the SCOPE estimated values.

— The net radiation of SEBS and SCOPE have a high cor-

relation and is fitted with a regression line with slope
of 0.81 and a RMSE-54Wm 2. The (optical) re-
flected and thermal radiation as measured for the maize
canopy, are very similar to those simulated by SCOPE
(not shown); this implies that the land surface temper-
ature (LST), albedo and emissivity are retrieved cor-
rectly from the SCOPE simulations. This is observed
most clearly for day 186 when the differences between
measured and modeled net radiation are the highest. The
difference in the net radiation arises because SEBS uses
air temperature to calculate the longwave incoming ra-
diation (Brutsaert, 2005). However, the variation in the
downwelling diffuse radiation for medium cloud cov-
erage cannot be taken into account using solely the air
temperature. Instead the separation of incoming radia-
tion into diffuse and direct radiation should be based on
measurements.

The ground heat flux calculated by SEBS is much lower
than the SCOPE estimated ground heat flux. This is ex-
plained in the previous paragraph, and arises because
SCOPE estimates the ground heat flux using the force-
restore method, which in this case overestimated the
ground heat flux. The differences between the measure-
ments and the SEBS derived ground heat flux decreased
from RMSE=21W 2 to RMSE= 18 W m? using

the new parameterization. The new SEBS formulation
for Go (Brutsaert, 2005; Kustas et al., 1993) clearly fol-
lows the measurements of the ground heat flux.

The SEBS sensible heat flux has improved a lot using
the new parameterization for the roughness height of
heat transfer. The differences (expressed as RMSE) be-
tween SEBS and SCOPE decreased when using the new
parameterization, from 100 to 56 WTf the correla-

tion increased from-0.07 to 0.68. Only for high LAI
values is SEBS underestimating the sensible heat. This
indicates that additional processes play a role in the sen-
sible heat flux for high LAI values, other than those al-
ready estimated using the new parameterization.

The latent heat flux calculated by SEBS is considerably
higher than the latent heat flux simulated by SCOPE.
The new parameterizations improved the estimation of
ME, as illustrated by the reduction in RMSE from 123
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Fig. 6. Comparison of instantaneous surface heat fluxes predicted by SEBS and SCOPE. In the left panel the diurnal measurements anc
estimations are shown. There were no measurements of sensible heat and latent heat over the thinned maize field. In the right panel :
scatterplot between SEBS and SCOPE estimated heat fluxes is shown. The instantaneous surface heat fluxes from SEBS show a hig
correlation with the SCOPE estimated surface heat fluxes. SEBS underestimates the sensible heat flux for a fully developed maize canopy
(between day 200 and 220).
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Fig. 7. Diurnal variation of the evaporative fraction during the maize growing season. In the left panel the diurnal evaporative fraction as
calculated by the SCOPE model for each day is shown. In the right panel the 10 day average of the diurnal evaporative fraction as calculated
with SCOPE is shown. The dotted line represents the overpass time of AATSR.

to 94 W n1 2. This difference originates mainly due to lated fromRn — Go— AE, with »E derived from the Penman
low sensible heat fluxes. This results in an overestima-Monteith equation. The evaporative fraction is calculated by
tion of the evaporative fraction for very high LAI. As SEBS at the time of overpass and considered constant dur-
SEBS does not calculate the latent heat as the energing the rest of the day. However, several researchers have re-
balance residual, but using the evaporative fraction thisported a diurnal dependence of the evaporative fraction (Li et
also leads to a higher latent heat flux. In Fig. 6 this canal., 2008; Farah et al., 2004; Lu and Zhuang, 2010).

be clearly observed because the slope for the sensible Combining SCOPE and SEBS allows us to investigate not
heat flux deviates as much from thelline as the slope  only the diurnal pattern of EF, but also the uncertainties of EF
of the latent heat flux (but in opposite directions). This at overpass time and the daily average of EF. The results of

will be investigated further in the next section. the comparison are shown in Fig. 7. Here, the diurnal pattern
of the evaporative fraction is shown for the complete growing
4.5 Evaporative fraction season, for all individual days (the left panel), and for a 10

day average.

The evaporative fraction, EF, in SEBS is to be calcu- As expected, the evaporative fraction at night is much
lated based on Eq. (3), but in SCOPE it is calculated adower than the evaporative fraction during the day, as the
AE(H + LE). In SEBS, EF therefore depends on the actualnighttime latent heat is close to zero. During daytime the
sensible heat flux, and the sensible heat flux at the hypothetevaporative fraction varies for most days, except from those
ical dry and wet limit. The sensible heat flux at these limits with low LAl values. This is shown most clearly when study-

is calculated respectively as the maximum available energying the diurnal variation of the 10 day average EF values.
for the dry scenario, while for the wet scenafibis calcu-  The 10 day average EF remains stable for the days 170-180,
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1 5 Conclusions

In this paper a method was successfully presented for the
validation/investigation of the SEBS model, or any other re-
mote sensing model that calculates energy balance fluxes and
surface temperatures. This method uses the SCOPE model
to estimate simultaneously the turbulent heat fluxes from a

o _zizspg canopy as well as band observations from a satellite sensor.
o <SCOPE> These radiances were then fed through the SEBS prepro-
fro 180 190 200 210 220 230 240 250 260 cessor in order to obtain surface variables like LST, albedo

Time [Days]

and emissivity. The data used for this comparison comprised
Fig. 8. Variation in evaporative fraction during the maize growing micrometeorological forcing data and verification data for a
season. Evaporative fractions at overpass time calculated by SEBSomplete growing season of maize.
and SCOPE are shown, as well as the daily average values of the Parameterizations investigated were the LAl retrieval al-
evaporative fraction by SCOPE. gorithm, the ground heat flux parameterization and the esti-
mation of the roughness height for heat transfer (this plays a
role in the aerodynamic resistance). For each of these param-

240-250 and 250-260. These days correspond to low LAk terizations there were problems at high values of LAI. It was

values of 0.25, 0.5 and 0.'25’ respectively. For days .230_24%und that the original LAl parameterization in SEBS over-
(LAl =1.0) the evaporanve frac?tlon starts to vary diurnally. ,qiimated LAI. The method proposed by Song et al. (2009)
For all (()jtf(;gr da?/s (i.e. thlcise Iilv;hzlbéllzlig) E'; has a pro- \ aq ysed instead, as this fitted very well with the observa-
noupce_ h :;r:nia pattt_ern.h or o h alst e_sanrw]e %at' tions for most LAI classes. This algorithm was slightly al-
tern: wit ower in the morning than ater n t € daY- tered to incorporate the high NDVI values estimated for the
Therefore, the values of the average evaporative fraction arg aize canopy under study. The new algorithm showed lower
higher than the values of the instantaneous evaporative frace—rrorS (RMSE=0.3 n? m_z)' than the parameterization cur-
tion. This is confirmed in Fig. 7. rently implemented in the SEBS algorithm.

. Figure 8 shows .bOth tTe :nstz;néansegléssevadp(;rgt(glsgrac- The original parameterization of the ground heat flux used
tions a_t overpass time calculated by > and St anﬁle fractional vegetation cover in a weighted average ap-
the daily average values of the evaporative fraction calcu-

. . N roach. As fractional vegetation cover saturates more quickly
lated by SCOPE. The daily evaporative fraction is in all case%;,ith vegetation growth than the maximum canopy height
higher than the instantaneous EF by SCOPE, except for thg

low LA cl h dend of th g I nd LA, it was decided to change this parameterization. Be-
ow classes (att e very start andendo the exper!mentacause currently SCOPE overestimates the ground heat flux,
period). The comparison between instantaneous/daily ave

e fracti bv SEBS and SCOPE is h 'he ground heat flux from measurements was used to cali-
2ge evalgorlatwe ragtpns DYy H SEgnS S famp_eregrate an alternative, more physical, parameterization (Kustas
ue to t. € large variation in the o eyaporauve raction.o g Daughtry, 1989a); it characterizes the extinction of radi-
This variation occurs when net radiation is very low. In theseaﬂon through a dense canopy. Values for the different coef-
cases the evaporatlve_fracnon_ calculated b_y .SEBS be‘_:omeﬁ;cients were obtained through investigating the ratio of soil

very low. The explanation of this low net radiation was given heat flux and net radiation for different LAl classes. Varia-

in the previous paragraph. Wh?” only taking into accognt thetions in the coefficients originated because the measured val-
moderate and high values the instantaneous evaporative fraﬁ'es for low LAl values showed high variation. Therefore, in-
tion by SEBS is much higher than the instantaneous evapo:

. . L > stead of using the optimized coefficients, it was decided to
rative fraction of SCOPE. This is due to an underestimation g P

. . . use the original Kustas parameter values.
of the s_en3|ble heat fqr h'gh LAl values, which should be ex- The last parameterization modified was that describing the
plored in future investigations. Fortunately,

) . ) when_comparm_grelative magnitude of the roughness height for momentum
the instantaneous evaporative fraction values with the daily, nd heat transfer, as expressed by the parandtet =

averaged ones they are of the same order. For sensors wq (zom/zo)- In high dense canopies most of the radiation

d'ﬁere”F overpass tlme_s, h_owever, I 009"‘ lead to an eXUgg apsorbed by the leaves at the top of the canopy. Therefore,

uncerta_lnt_y, although this diurnal pattern is only apparent fOrthe position of the virtual source of the sensible heat, as ex-

low radiation values. pressed by, is relatively higher in the canopy than for low
vegetation. This physical process was not characterized cor-
rectly in the original parameterization taken from Su. Hence,
to take this effect into account, a simple parameterization by
Bosveld based on LAI and the friction velocity was used.
This change in parameterization resulted in an improvement
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