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Abstract. Accurate quantification of the amount and spatial better with flux measurements over uniform land cover com-
variation of evapotranspiration is important in a wide rangepared to cases where different land covers are mixed in the
of disciplines. Remote sensing based surface energy balanegaeasurement footprint. Furthermore SEBS underestimates
models have been developed to estimate turbulent surface esensible heat flux especially over dry and sparsely vegetated
ergy fluxes at different scales. The objective of this studyareas, which is common in single-source models.

is to evaluate the Surface Energy Balance System (SEBS)
model on a landscape scale, using tower-based flux measure-
ments at different land cover units during an overpass of thel
ASTER sensor over the SPARC 2004 experimental site in

Barrax (Spain). A sensitivity analysis has been performed inaccyrate quantification of the amount of evapotranspiration
order to investigate to which variable the sensible heat fluxang jts spatial distribution is important in research in fields of
is most sensitive. Taking into account their estimation errors hydrology, agronomy and meteorologgvissar and Pielke

the aerodynamic parametefs (zon anddo) can cause large 1989 Anderson et aJ 2003 Moran 2004. This information
deviations in the modelling of sensible heat flux. The effect 5i4s in precision irrigation, determining crop water stress and
of replacement of empirical derivation of these aerodynamicyater use of vulnerable ecosystems, and predicting weather
parameters in the model by field estimates or literature valueg g climate change.

is investigated by testing two scenarios: the Empirical Sce-  As surface processes contributing to evapotranspiration
nario in which empirical equations are used to derive aerore complex and relevant physical parameters are difficult to
dynamic parameters and the Field Scenario in which valuesneasyre. accurate mapping of evapotranspiration remains an
from field measurements or literature are used to replace thﬁmportant challenge.

empirical calculations of the Empirical Scengrio. In the case Evapotranspiration links the water balance to the surface
of a homogeneous land cover in the footprints of the mea-nergy balance. It is controlled by the availability of mois-
surements, the Field Scenario only resulted in a small im+yre and available energy at the surface. Models that simulate
provement, compared to the Empirical Scenario. The Fielde jnteraction between the land surface and the atmosphere
Scenario can even worsen the result in the case of heterogeye known as Soil-Vegetation-Atmosphere Transfer schemes
neous footprints, by creating sharp borders related to the |a”$r?VAT). Conventional SVATs are based on point measure-
cover map. In both scenarios modelled fluxes correspongnents and give only reliable results at the local scale. Much

effort is done to use satellite remote sensing data in combi-
nation with SVAT models to upscale to larger areas and to

Correspondence tal. van der Kwast cope with the heterogeneity of the landscape. Accurate es-
BY (hans.vanderkwast@Uvito.be) timates of fluxes at the relevant scales are urgently needed
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for the validation of SVAT models. Recently, surface energy In this study the turbulent sensible heat fluxes are mod-

balance models have been developed that use remote sensialied with SEBS, using ASTER in combination with field

data to estimate surface energy fluxes, e.g. TSE&rhan  measurements collected during the SPARC 2004 field cam-

et al, 1995, SEBAL (Bastiaanssen et all998, and SEBS  paign of July 2004 in Barrax, Spaifs( et al, 2008.

(Su, 2002. First, the SEBS model will be introduced followed by a
Nowadays a number of sensors is available with differentdescription of the data sets used in this research. Next, re-

spectral and spatial resolutions, airborne and satellite basedults of the Empirical Scenario will be evaluated as well as

Medium resolution satellite images, e.g. images from thethe sensitivity of the SEBS model. Finally, the differences

Advanced Spaceborne Thermal Emission and Reflection Rabetween the Field Scenario and the Empirical Scenario will

diometer (ASTER) and Landsat TM, are inexpensive and carbe discussed.

be used to derive relevant physical parameters for surface en-

ergy balance models at the landscape scale. Field measure-

ments of these parameters are expensive and have a limiter 1he Surface Energy Balance System (SEBS)

spatial support. The empirical derivation of surface aerody-_l_he Surface Energy Balance System (SEBS) is a single-

namic properties from remote sensing images, however, can . . .
) . . source model, which estimates atmospheric turbulent fluxes
give large errors. In this study the sensitivity of the Surface

and surface evaporative fraction from remote sensing data.

Energy Balance System (SEBS) model to all input Ioarame_Single—source models make no distinction between the en-

ters is investigated. Furthermore, the effect of replacing em- .
ergy balance, temperature and vapour regimes of the vegeta-

pirical calculgtlons of surface aerodynamlc pgrameters W.'thtion canopy and the soil surfaceried), 2002. SEBS uses
values from field measurements or literature is tested usin

S %n excess resistance term that accounts for the fact that the
two scenarios: .
roughness lengths for heat and momentum are different for
canopy and soil surface. Dual source models use two sets
of resistances across which individual, local, single-source
models are applied: a bare soil scheme and a vegetation
resistance scheme. Within the canopy interaction between
soil and vegetation components is included. Finally, a sin-
2. Field Scenario: values from field measurements or lit-gle aerodynamic resistance connects the combined canopy
erature are used to replace the empirical calculations ofvith the atmosphere. A single-source model uses only one
the Empirical Scenario. resistance and assumes that all surfaces can be represented
by one effective temperature and humidity value. The physi-
Outcomes of remote sensing based energy balance modetg| detail of dual-source models requires more ancillary data
are usually evaluated with a limited number of tower-basedand calibration compared to single-source models. There-
flux measurement$@stiaanssen et all998 French et al.  fore, single-source schemes are more widely utilized for op-
2003 Su 2003, supported by footprint modellingHorst  erational monitoring and forecastingifimermans et a|.
and Weil 1992. The validity of these models on the land- 20053.
scape scale is uncertain, in particular for a-typical and het- |n the current setup SEBS requires three sets of input
erogeneous land cover types, because flux measurements ajgta: (1) Products derived from remote sensing data: albedo,
typically situated at homogeneous sites. emissivity, temperature and the Normalized Difference Veg-
In this study the two scenarios of the SEBS model are evaletation Index (NDVI) to derive local surface roughness pa-
uated with distributed flux measurements at the landscapgameters; (2) Meteorological parameters collected at a ref-
scale. The focus is on the sensible heat flux as this is the mosdrence height (air pressure, temperature, relative humidity,
critical part of surface energy balance models. The main rewind speed); (3) Radiation data (downward solar radiation,
search questions are: downward longwave radiation).
. _ The SEBS algorithmJu, 2002 was implemented with the
1. How do SEBS estimated sensible heat fluxes relate tGpcRaster Python Libraryk@rssenberg et al2007. The
flux measurements for homogeneous and heterogeneoysqqe consists of three modules: (1) Derivation of energy
land cover in the footprint? balance terms; (2) Submodel to derive roughness length for
2. What is the sensitivity of SEBS derived sensible heatN€at transfergu et al, 2003); (3) Submodel to derive stabil-
fluxes to errors in input data? ity param_etgrs. Using t.hese three modules, the energy bal-
ance for limiting cases (i.e. completely wet or dry pixels) can
3. Do the results of SEBS improve significantly by using be resolved. Consequently, the energy balance terms, rela-
field measurements or literature values of surface aerotive evaporation, evaporative fraction and evapotranspiration
dynamic properties instead of empirical formulations? flux can be derived for all pixels.

1. Empirical Scenario: empirical equations are used to de
rive canopy heighth., surface roughness for momen-
tum transportzo,s, and zero-plane displacement height,
do;
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The submodel to derive roughness length for heat transfer
can use either field estimates and literature values or, when
this data is not available, empirical relationships with NDVI
for surface aerodynamic properties. The empirical relation
between the roughness length of momentum transfgy,

[m], and NDVI used in this implementation of SEBS 8UY
2001):

25
NDVI ) (1)

— 0005+ 05 [ ——
“om + <max(NDVI)

where “max” is the NDVI for maximum vegetation cover in
the image. The height of the canopy, [m], is derived with
(Brutsaert1982:

20M

‘70136 @

The zero displacement heighiy [m], is calculated with
(Brutsaert1982:

do = She ®)

In this paper two scenarios will be evaluated and com-
pared: the Empirical Scenario uses Edb, (2) and @),
while the Field Scenario uses values from field measure-
ments or literature for canopy heigltt,, surface roughness
for momentum transport,ys, and zero-plane displacement
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height,dp. Data used in the Field Scenario will be described = et ey e
in the next section. For a detailed description of SEBS, the EGrass'and

) Sunflower
reader is referred t8u(2002. [ crops

Corn

1339

3 Data description Fig. 1. Top: ASTER image of 18 July 2004 at 11:00:29 UTC with

the positions of the ground measurements and fields used for ex-
Thg data set3u et al, 2008 used by the model was coIIect(-?‘d periments during the SPARC 2004 field campaign. LAS = Large
during the ESA funded SPARC (SPectra bARrax Campaign)aperture Scintillometer. Bottom: landuse map with 90 m cells. Co-

2004 field experiment conducted at the Las Tiesas Experiordinate system: UTM Zone 29, Datum WGS-84.
mental Farm test site at Barrax in the La-Mancha region in

Spain, maintained by the Provincial Technical Agronomical ) ) )
After atmospheric correction using MODTRANBérk

Institute (ITAP). The campaign took place during two weeks
in mid-summer when natural surfaces are under water-stres§t @l- 1989 and a standard atmosphere, broadband surface
This agricultural area, which is partly irrigated, comprises of &/Pedo is derived from 6 shortwave channels followliigng

land covers ranging from completely bare soil to fully veg- (2003 and vegetation cover from NDVI using 2 VNIR bands

etated parcels with canopy heights from several centimetre@"d @ method described Barlson and Ripley1997. Sur-
up to two meters. Corn, sun flower and other crops are irri.face temperature and surface emissivity in the ASTER level

gated by pivots. The area is a plateau and is situated at afh Product are retrieved from a temperature-emissivity sepa-
average of 700 m above mean sea level. ration (TES) algorithmGillespie et al. 1999 using all five
atmospherically corrected TIR bandSobrino et al(2007)

report errors less than 1.5K for the ASTER level 2 products

of the SPARC 2004 site.

ASTERSs excellent capabilities for surface energy flux map-

ping (French et a.2005 — 15 m resolution in 3 visible, 30m 3.2 Ground data

resolution in 6 near-infrared and 90 m resolution in 5 ther-

mal infrared bands — are used from an overpass on 18 July @ther input data for the SEBS model consisted of meteo-

11:00:29 UTC (Figld). rological data and radiation measurements (air temperature,

3.1 Remote sensing data

www.hydrol-earth-syst-sci.net/13/1337/2009/ Hydrol. Earth Syst. Sci., 13, 1337-2009
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relative humidity, wind speed, air pressure, incoming solarwherex; is the modelled flux at pixel with relative contri-
radiation). Furthermore, validation data has been acquiredbutionw; and N, the number of pixels in the footprint. The
from flux towers at six locations in the study area. Thesesum of the weights equals 1. The footprint weighted variance
consist of measurements of incoming and outgoing short-of the modelled fluxes is calculated as:
wave and longwave radiation as well as soil and sensible
heat fluxes at six sites. Sensible heat flux measurements N
were done by using Large Aperture Scintillometers (LAS), Z w;
an eddy correlation system, a sonic anemometer and fast re- i=21 . Z w; (x,' _ A)Z
sponse thermocoupleSy et al, 2008. The measurements N N , =1
were performed over typical land-cover units, comprising a (Z wi) - Z (w;)
forest nursery (F), a wheat stubble field (W), vineyard (V- 52 _ =1 i=1
LAS and V-EC), and a sunflower field (S). An additional N-1
measurement was carried out at the edge of a corn field (C)
adjacent to the vineyard site, covering either site depending FOr the measurements by the Large Aperture Scintillome-
on wind-direction. The locations of the flux measurementster (LAS) the situation is slightly different. The LAS consists
are indicated in Figl. The vineyard contains two different of a transmitter and a receiver between which the scintilla-
measurements: V-LAS corresponds with the LAS measurelion, which is a measure for the turbulence, is measured along
ment and V-EC corresponds with the eddy correlation systenﬁhe pathlength between the transmitter and receiver. As such,
in the vineyard. the “location” of the instrument, in terms of determining the

A land cover map (Figl) is derived from a combination SOurce area, is nota point butaline, and the source area is de-
of the SPARC 2004 land-use database and a supervised cla&rmined by assuming an array of point measurements along
sification of the 15 m resolution ASTER imagery, which was the pathlength.Wang et al.(197§ show that scintillations
afterwards resampled to the 90 m gridsize. This land coveProduced by turbulence near the centre of the pathlength con-
map was used to provide the aerodynamic surface propefibute more to the signal measured than scintillations near
ties as a replacement for Eqd),((2) and @) in the Field  the transmitter and receiver, according to a spatial weighting
Scenario. Assessment of canopy height,was done using function. Therefore the relative contribution determined by
field observations, whereas surface roughness for momeril® approximate analytical model is combined with this spa-
tum transportzoy, and zero-plane displacement heighy,  tial weighting function as described Meijninger (2003.

were assigned using tabulated values from existing literaturd Immermans et a{2009 discuss the issues in deriving sen-
(Brutsaert1982 (Tablel). sible heat flux from LAS measurements over heterogeneous

For a successful interpretation of the turbulent fluxes, it islandscapes.
necessary to know the composition and extension of the up-
wind source area. In the footprint methodology, see for ex-
ampleHorst and Weil(1992, Schmid(2002 andSchuepp 4 Results
et al.(1990, the flux measured at a particular height is con-
sidered as originating from an array of point sources where4.1 Empirical scenario
the relative weight depends on the location relative to the
measuring instrument. By spatial integration of a sourceFirst, the model is run without the use of lookup tables for
weight function, it is possible to determine the footprint, i.e. zom, hc anddo, and a land cover map, but solely using re-
the contribution of each point source as a percentage of th&hote sensing and meteorological data. The output of the
total flux. Here, these relative contributions are calculatedSEBS model consists of the spatial distribution of net radia-
using the approximate analytical model describecHsjeh  tion (R,), soil heat flux Go), sensible heat fluxK), latent
et al. (2000, using the distance along the main wind direc- heat flux ¢ £) and evaporative fraction\) at the moment of
tion, the measuring height, the friction velocity and surface Satellite overpass (18 July 2004, 11:00:29 UTC) (B)g.
roughness at the tower sites. The comparison of model re- Although the land cover map was not used as an inpult,
sults with tower observations is done by applying the relativethe results have a clear relationship with land cover (Ejg.
contributions as a weighting function to the pixels concerned.This can be explained by the sharp contrast between irrigated

A footprint consists of 5 to 12 ASTER pixels, depending fields and their surroundings for the model inputs of surface
on the vertical location and the type of the measuring de-temperature and NDVI.
vice. For comparison with the field measurements of fluxes Irrigated fields have a high latent heat flux and a low sen-
the weighted average flux within the footprint is calculated sible heat flux. Inside the pivot irrigation fields the sensible

©)

using: heat flux is at times negative due to the oasis eff@attsaert
N 1982 Stull, 1989. Because of the high vegetation cover at
= Z wixi (4) the pivots, the soil heat flux is low at these sites. Net radiation
= is high in these areas, because the albedo of fully vegetated

Hydrol. Earth Syst. Sci., 13, 1337347, 2009 www.hydrol-earth-syst-sci.net/13/1337/2009/
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Table 1. Surface parameters for the different land cover types.

Land cover Canopy height, Roughness, Displacement
he [m] zom [M] height,dg [m]
Bare soil 0.00 0.00500 0.000
Wheat stubble 0.15 0.01500 0.100
Forest nursery 0.35 0.06000 0.228
Vineyard 1.25 0.15000 0.813
Grassland 0.02 0.00250 0.013
Sunflower 1.00 0.12500 0.650
Crops 0.25 0.03000 0.163
Corn 2.00 0.25000 1.300
Waterbody 0.00 0.00035 0.000

@ Note that the surface roughnesses for the forest nursery and the vineyard may vary considerably depending on wind directions parallel or
across rows.

mparison of the measured and modell flux
Table 2. Average sensible heat flux per land cover uRitfW/m C.O parison of the : egsu ed a. d . Ode- ed fluxes
) - . L (weighted for the footprint) is shown in Fi@. Figure3
and its standard deviation [WAfresulting from the Empirical Sce- . . .
nario. shows that SEBS estimates at locations with a homogeneous
footprint, i.e. S, V-EC, and F, show the best correspondence
with the ground measurements. The trends also compare
well for these land cover types: the well irrigated sun flower

2],

Land cover  H [W/m?] Standard deviation [W/A

Bare soil 187 0.4 pivot (S) has the lowest, while the dryer vineyard (V-EC)
Wheat stubble 191 0.7 and forest nursery (F) have a much higtfer

Forest nursery 184 1.0

Vineyard 209 1.2 On the other hand, the results show that for the classes
Grassland 138 1.4 with a mixed footprint, i.e. C, W and V-LAS the results are
Sunflower 58 0.9 worse. For these locations SEBS underestimates the sensi-
Crops 46 1.5 ble heat flux, compared to the ground measurements. These
Corn 6 15 errors are probably introduced by the aggregation of hetero-

geneous surfaces to ASTER pixels. When all weighting pix-
els fall inside one homogeneous land cover type, the results
areas generally is much lower compared to bare soils. Taare better. This is the case for the eddy correlation mea-

ble 2 shows the average results of the Empirical Scenario forsurements of sensible heat flux over the vineyard (V-EC),
each land cover type. the scintillometer measurement over the sun flower field (S)

Analysis of the locations of the modelled footprints re- and the sonic anemometer measurement over the forest nurs-
vealed that only the footprints of the measurements oveery, which show a difference with the modellédof 43, 36
the sunflower field (S) and the forest nursery (F) have aand 65W/ni respectively. The scintillometer measurement
homogeneous land cover. Therefore, the values obtainedver the vineyard (V-LAS), however, shows a larger differ-
from these measurements are representative for footprint inence (91 W/rR), because the footprint also partly covers bare
tegrated fluxes from these land covers. The source area of thgoil and wheat stubble and pixels in the ASTER image are
instrument situated at the edge of the corn pivot (C) containgnixed. The sonic anemometer that measured the corn field
vineyard pixels, while the measurement over wheat stubblegave very high values of sensible heat flux for this irrigated
(W) contains few corn pixels. Within the footprint of the field. The placement on the northern edge of the corn pivot
eddy correlation measurement in the vineyard (V-EC) someén combination with a northern wind {pbiases the measure-
wheat stubble pixels exist. The LAS over vineyard (V-LAS) ment by including other land covers, mainly vineyard, in the
measures a mix of different land covers and the footprint alsdootprint.
contains wheat stubble pixels. This means that the compar- gpyiously, SEBS results are less comparable to flux mea-
ison of flux measurements with modelled values is for mosts;rements when the measurement footprint covers different
measurement locations related to a number of different lanqang cover types. This is most likely caused by side effects in
cover types. Since a weighted area average is used 10 Cane footprint, when sharp transitions between the land cover
culate the fluxes from the footprint of the measurements, thgyhes exist, as is the case with pivots. Sharp transitions have
magnitude of thg mquepce o_f and covers V\_/lthm the footprint 5 large effect on roughness, which is difficult to parameter-
depends on their location within the footprint. ize in surface energy balance models. Furthermore, SEBS

www.hydrol-earth-syst-sci.net/13/1337/2009/ Hydrol. Earth Syst. Sci., 13, 1337-2009
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resolution of 1 min. Standard deviations for all measurements are
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sensible lation System, V-LAS = Vineyard with Large Aperture Scintillome-
[ ter, F = Forest nursery with Sonic Anemometer, C = Corn with Sonic
. C3-100-0 Anemometer, W = Wheat stubble with Sonic Anemometer.
[ o0-100
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[ 200-300 . . i
B 300-400 size that SEBS results can be improved by replacing some
Il 400-500 . . .
I 500- 600 of these functions by values derived from field measurement
or literature. First, however, we need to determine the most
0_1.000m sensitive parameters that should be replaced in the Field Sce-

nario. Su (2002 derived the sensitivity of the sensible heat
flux analytically. He estimated that the sensitivity is in the
order of 20 W/m when the input variables are within 50%
of their actual values, which is around 20% relative to the
mean sensible heat flux.

We performed a sensitivity analysis on all input maps (sur-

and comparable models do not take into account wind direcf@ce temperature, emissivity, NDVI, albedo, DEM) and field

tion, which influencesoy. Moreover, care should be taken Measurements (reference temperature, wind speed, air pres-
in these typical transition zones where the Monin-ObukhovSYr€: relative hu_mldlt_y, height of bo_undary layer, incoming
similarity theory might be violatedBrutsaert 1982). shortwave radiation) in a non-analytical way.

At many locations SEBS underestimates the sensible heat Sensitivity (5;) of a SEBS inputis defined here as:
flux; a phenomenon seen more often at high sensible heat <H:|: — Ho) 100

Fig. 2. Net radiation flux R,), soil heat flux Go), latent heat flux
(AE) and sensible heat flux¥{) as modelled by SEBS for 18 July
2004 at Barrax, Spain.

flux rates when dealing with single-source modélsrfting- Si (Hy) = (6)
ford et al, 200Q Kustas et al.1996. This is especially the

case for sites that are characterized with a sparse vegetation Si IS calculated for a positive or a negative deviation of an

cover under dry conditions. input of the SEBS modelHyp, H; and H_ are the sensible
heat flux predicted by SEBS when the input equals its refer-
4.2 Model sensitivity ence valugg, 1.25xig and Q75xig, respectively, with ref-

erence values used for all other inputs. For air temperature,
The results shown in the previous section are computed usinfowever, a deviation of 1% was used, since a 25% devia-
several empirical relations included in SEBS. We hypothe-tion exceeds its physical limits. For similar reasons absolute

Hydrol. Earth Syst. Sci., 13, 1337347, 2009 www.hydrol-earth-syst-sci.net/13/1337/2009/
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Table 3. Input parameters of SEBS for which the sensitivity[%)]
(Eq. 6) of sensible heat fluxH) is less than 10% when a deviation
of 25% is applied. H+ indicates a positive deviation arfd_ in-
dicates a negative deviation applied to the input param&eéiv
Digital Elevation Model, € =emissivity, NDVI=Normalized
Difference Vegetation Indexy = albedo, H y =relative humidity,

KSi =shortwave incoming radiation arihp = height of the Plan-
etary Boundary Layer (PBL).

1343
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Fig. 4. Sensitivity of sensible heat fluxH) when varying short-

Si(Hy) [%]  Si(H-) [%] wave incoming radiationk}) with 25% above and below the mea-
DEM 09 0.9 sured value, at all measurement locations (not footprint averaged).
¢ _0'3 0.0 The sensitivity of shortwave incoming radiation depends on limi-
NDVI 0'3 _0 '4 tations of sensible heat flux between its dry and wet limit values.
o _0' 5 0' 0 EC =Eddy Correlation system, LAS = Large Aperture Scintillome-
H, 04 03 ter and SA = Sonic Anemometer.
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perature. The sensitivity has been analysed for all validation oo
locations separately (V-EC, V-LAS, S, F, W and C) and the -20 -15 -10 -5 ? ) 5 10 15 20
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average effect on each land cover class.

Table 3 shows the parameters for whidth modelled by
SEBS is relatively insensitiveS(<10%). The low sensitivity
to changes in surface elevation (DEM), emissivity, NDVI,
albedo §), relative humidity {¢), incoming solar radia-

tion (K}) and height of the planetary boundary lay&p)

Fig. 5. Mean sensitivity of sensible heat fluk{ to most sensitive
input parameters of SEBS (except for shortwave incoming radiation
(Fig. 4) and surface temperature (F®)). « =wind speed7, =air
temperature an@ = air pressure.

was expected, because the derivation of sensible heat flux

requires only meteorological parameters at reference height

and surface temperature. This means that the calculation of Figure7shows the sensitivity off to the roughness height
H in SEBS is independent of other surface energy balanc®f momentum£ou), zero plane displacement heigtigand

terms in contrast with most other mode®y(2002. In some

canopy height/.). These parameters are empirically de-

cases, however, other input parameters can have an effect diyed from their relationship with NDVI (Eqsl, 2 and 3)
the sensible heat flux estimation. This is the case when bot@@nd are correlated.

the calculation ofH exceeds the model restriction that the
minimal H is equal to the wet-limit sensible heat flux and
the maximum ofH equals the dry limit sensible heat flux.

This is determined using net radiation and soil heat flux cal-

culations. The values off outside the dry- and wet-limit
occur when the iteration in the submodel for the derivation
of stability parametersSu, 2001) does not converge. This
happens with some land cover types when varyinnge
(Fig. 4).

Figure5 shows the parameters for whi¢h modelled by
SEBS is sensitivey; >10%): windspeedd), air temperature
(T,) and air pressureR). These parameters, that are mea-

Table4 shows that the differences between estimated val-
ues using NDVI and field estimations/literature values can
differ more than the deviations used in the sensitivity analy-
sis and the 50% limit stated t8u(2002. Furthermore, there
is low correlation £2=0.4) between modelled and measured
values ofh., zoy anddp. For example, the modelleg@,, of
grassland is higher than vineyard, which means that homoge-
neous grassland is rougher than heterogeneous vineyard. The
relation ofzgy, with the arrangement of surface objects, their
spacing and physical height is not well represented by the re-
lation between NDVI andoy (EQ. 1). This was also found
by Tasumi et al(2000, Hasager and Jens¢i099, Jasinski

sured at the meteorological station, are directly used in thénd Cragq1999 andTimmermans et a(2005h. The high

calculation of sensible heat flux.

zom Value modelled for bare soil is probably related to errors

Most parameters show a comparable sensitivity at the difin the classification. Because of these shortcomings of the
ferent locations. Exceptions to this are the shortwave incomEmpirical Scenario, the Field Scenario will be evaluated in

ing radiation (Fig4) and surface temperature (F&. Sensi-

ble heat flux at the sunflower pivot (S) is especially sensitive

to a small error in surface temperature.
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Table 4. Field observations (canopy height,) and literature-based (roughness length for momentum trangigiand displacement height,

dp) versus land use averaged modelled surface parameters.

Land cover he [M] he [M] zom [Mm]  zop [M] dg [m] dg [m]
Measured Modelled Measured Modelled Measured Modelled

Bare soil 0.00 0.14 0.00500 0.019 0.000 0.095
Wheat stubble 0.15 0.26 0.01500 0.036 0.100 0.180
Forest nursery 0.35 0.49 0.06600 0.066 0.228 0.330
Vineyard 1.25 0.86 0.15060 0.120 0.813 0.570
Grassland 0.02 1.22 0.00250 0.170 0.013 0.810
Sunflower 1.00 1.18 0.12500 0.160 0.650 0.780
Crops 0.25 2.05 0.03000 0.290 0.163 1.360
Corn 2.00 2.50 0.25000 0.340 1.300 1.660
Waterbody 0.00 0.37 0.00035 0.051 0.000 0.250

@ Note that the surface roughnesses for the forest nursery and the vineyard may vary considerably depending on wind directions parallel or
across rows.

200 g 5r Sensitivity of H to z,,, 2
150 | 10|
100 | 5|
------------- = s 0
"" m" ~
w -5-
-10F
-100
-15F — Zom
150 ! L !
-1.0 -0.5 0.0 0.5 1.0 20 . . )
A T, (absolute K) 50 25 0 25 50
1 H 0,
—— V-EC =Vineyard (EQ)  ----- W = Wheat Stubble (EC) Deviation (%)
—— V-LAS = Vineyard (LAS) C =Corn (SA) 0.1, Sensitivity of Hto d.and h
S = Sunflower (LAS) ....... S, (%) average 0.08 h 0 ¢
-==F = Forest Nursery (SA) — do
0.06 |-
h(
0.04
Fig. 6. Sensitivity of sensible heat flux to surface temperature. S 002t
EC =Eddy Correlation system, LAS = Large Aperture Scintillome- ~— 0
. wv
ter and SA = Sonic Anemometer.
-0.02 |
-0.04
4.3 Field scenario .0.06
. - 1 1 J
New SEBS results are calculated with replacement of the em- 0'0§50 25 0 25 50

pirical functions for the calculation of surface roughness for Deviation (%)

momentum transportzgy,) with the values from Tabld.

Furthermore, the zero-plane displacement heigh} é&nd
canopy height /) are replaced with values from Table

because they are correlated witf, in the empirical deriva-
tion.

A lowering of the sensible heat flux for most land cover
types is expected, because of an overestimation of the rough- Taple5 shows that the Field Scenario indeed results in a
ness parameters by the empirical functions. Only for vine-jower sensible heat flux compared to the Empirical Scenario
yard these parameters were underestimated (Pable for the land cover classes bare soil, wheat stubble, grassland

and water, as was expected from the overestimation of these

Fig. 7. Mean sensitivity of sensible heat flux zg,, (left), dg and
he (right).
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. 300
Table 5. Average sensible heat flux per land cover uRitfw/m?], ;

and its standard deviation [Whhresulting from the Field Scenario. 7]
250

7143

Land cover H Standard deviation
[W/m?] [10~4 W/m?]

Bare soil 141 1.0
Wheat stubble 169 1.8
Forest nursery 213 15
Vineyard 241 43
Grassland 66 4.1
Sunflower 61 9.3
Crops 57 5.3
Corn 17 6.5

200

V-LAS
150

100

50 L

Footprint weighted modelled (W/m?)
AN
AN
AN
= il

/7
e
. %5
parameters by the empirical functions (Tallle The ex- 0 .
pected increase of the average sensible heat flux for vineyard 0 50 100 150 200 250 300
is also observed. Measured (W/m?)

For f(_)rest nursery, crops and corn fields, how_ever, an in, . ~ Vineyard (EQ) Empirical
crease in sensible heat flux was found (Tal)lewhich was  v.LAs = vineyard (LAS) —  based on measurements
not expected from the decreasezijy;, h. anddp (Table4). F = Forest Nursery (SA)

This is most likely caused by misclassifications in the land?> fé“”f'og"/f\er (LAS)

cover map around the pivots. The round pivots, which in re-, ;V\‘,),Iga(t St)ubble (EQ)

ality have sharp borders between wet and dry surfaces, arec = Eddy Correlation System
bordered by a large number of mixed pixels at 90 m reso-LAS = Large Aperture Scintillometer
lution, causing misclassifications at the edges of the pivots>® = Sonic Anemometer

Also the forest nursery is surrounded by pivots, which bias

the results with mixed pixels. The results for sun flower piv- Fig. 8. Modelled sensible heat flu{) compared to measured val-
ots are comparable in both scenarios. ues. A comparison betweeh modelled with remote sensing based
Compared to the flux measurements (RBY.the model  functions and field measurement/literature valuesgy, z. and
results improve for forest nursery (F). Also vineyard (V-EC) do. The whiskers indicate 1 standard deviation. Note that F, V-
results improve at the location of the eddy correlation sys-EC, C and W are measured with a temporal resolution of 10 min
tem. Surprisingly, the sensible heat flux for V-EC decreasednd V-LAS aqd S are measured with a temporal resolution of 1 min:
in spite of an increase in aerodynamic roughness values. Thi§tandard deviations for all measurements are calculated for a 30 min
is probably caused by the complex relation betwéeand interval.
zom, he anddp. The scintilometer measurement (V-LAS),

which was intended to measure a heterogeneous footprint, However, the difference between modelled and measured
gives similar results for both scenarios. sensible heat flux over the corn field is large for both sce-
The sensible heat flux estimates over the wheat stubbl@arips. This can be related to the measurement position and
(W) get worse due to the fact that pixels from a corn pivot ying direction at satellite overpass, as stated before. Intu-
are included in the footprint of the wheat stubble measuretjyely, the modelled values seem to be more appropriate be-
ment, which gives side effects as explained before. Becausgyyse at the irrigated field the evapotranspiration is large, re-
the wheat stubble is very dry, the higher sensible heat fluxgting in a high latent heat flux and a low, or even negative
measured by the eddy correlation system seems to be Moi& nsiple heat flux.
realistic for this land cover than both values modelled with  The large improvement for the forest nursery by using the
SEBS. Field Scenario can be explained by the fact that the foot-
The results for the sunflower field (S) and the corn field (C) print mainly covers the forest nursery plot and field esti-
are the same for both scenarios. The empirical algorithms fop,ated roughness values are representative. The same can
the derivation of surface aerodynamic properties seem to pelpe concluded for one of the vineyard sites (V-EC). However,
form better for homogeneous covers like corn and sunflowerit should be noted that the surface roughness values as given
instead of the heterogeneous surfaces they are developed g, the forest nursery and particularly the vineyard may vary

The roughness parameters that have been derived empiricalypnsiderably depending on wind direction. This is due to the
are comparable with values from field measurements and litstrcture of these orchards, i.e. row orientation.

erature for these homogeneous covers (see Fble
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5 Discussion and conclusions measurements, independent of the location of the measure-
ments. This should cope with heterogeneity within the foot-

In this paper SEBS has been evaluated at the landscape scajgint and varying roughness for row crops.

using distributed field measurements of sensible heatHlux
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