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Abstract. This study shows that remotely sensed;&Ts although ASTER provides better insight in the spatial dis-
useful in hydrological modelling for the procedure of model tribution of ET,¢t due to its higher spatial resolution than
calibration and shows it potential to update soil moisture MODIS, they appeared in this study just as useful.
predictions. Comparison of modeled and remotely sensed
ETact together with the outcomes of our data assimilation
procedure points out potential model errors, both concep-

tual and flux-related. Assimilation of remotely sense¢&T 1 Introduction

results in a realistic spatial adjustment of soil moisture, ex-

cept for the area where the model suffers from conceptuaAccurate prediction of spatially-distributed soil moisture
errors (forest with deep groundwater levels). By using op-with high spatial resolution is helpful for optimizing irriga-
erational (i.e. available for community in practice) data andtion application, hydrological drought forecasting and the as-
models we aim to show the potential and limitations of usingsessment of catchment wetness for flood control. Physically
remotely sensed EF; in the practice of hydrological mod- based spatial distributed hydrological models have the po-
elling. We use satellite data of both ASTER and MODIS for tential to provide this insight. As more spatially-distributed
the same two days in the summer of 2006 that, in associinformation about land surface characteristics becomes avail-
ation with the Surface Energy Balance Algorithm for Land able and computer capacity increases, the distributed hy-
(SEBAL), provides us the spatial distribution of daily £f  drological models are also developed at higher spatial res-
The model, used by the local water board, is a physicallyolutions (Bergsiim and Graham, 1998). Potentially these
based distributed hydrological model of a small catchmenthigh resolution models can give us insight into the hydro-
(70kn?) in The Netherlands that simulates the water flow in logical processes in more detail. However, the possibilities
both the unsaturated and saturated zone. Model outcomes calibrate those models or to validate the accuracy of the
of ETact show values that are at least 20% lower than thosemodel predictions is often limited by the number of (dis-
estimated by SEBAL, which is due to the fact that different tributed) measurement data. In most cases only observations
evapotranspiration methods are used. The spatial pattern aff groundwater are available at a few points, while in-situ
ETact from the hydrological model resembles the soil map, measurements of soil moisture are rare. Discharge data, if
whereas the EZ:from SEBAL resembles the land use map. available, give only integrated hydrological information of
As both ASTER and MODIS images were available for the an area. A data source that does provide spatially-distributed
same days, this study provides an opportunity to comparesoil moisture data, or soil moisture related data, are satel-
the worth of these two satellite sources. It is shown that,lites from which latent heat fluxes can be derived (Kustas
and Norman, 1996). This paper focuses on satellites that
are equipped with thermal bands. Models that are based
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Fig. 1. (A) Location of the study area within the Netherlan¢®) Surface level, land use and soil types within the study area.

Bastiaanssen et al., 2005) can convert thermal band satelliteased and satellite based Kilrather then using different
images into images of actual evapotranspiration. These produnknown) weighing factors as we did in our previous study.
ucts can be used for model verification or model calibration,As both an ASTER and MODIS image were available for
as was demonstrated by Immerzeel and Droogers (2008). the two days (8 June and 17 July), this study also provides

The purpose of this study is to answer the question: “Can@n ex_cellent opportunity to compare the worth of these two
remotely sensed latent heat fluxes (i.e. actual evapotranspfRatellite sources.
ration, ETacy) improve the accuracy of the prediction of ~ The remainder of this paper is organized as follows. Sec-
spatially-distributed soil moisture as made by a distributedtion 2 gives a description of the study area. Section 3 intro-
hydrological model?”. We will answer this question by us- duces the hydrological model (MetaSWAP) and the data that
ing a real case study, by which we aim to show the potends used in this study, which includes the rainfall, evapotran-
tial and limitation of our approach for hydrological model Spiration, soil moisture and groundwater. This section also
validation in practice. Outcomes of an operational physi_gives the MetaSWAP outcomes of these variables. Section 4
cally based distributed (25 m 25 m) hydrological model of ~ deals with the data assimilation method; first the method it-
a small catchment (70 kfnin The Netherlands are compared self followed by its parameterization. Section 5 shows the
with satellite (both ASTER and MODIS) based &for the results of the spatially distributed updated soil moisture and
same two days in summer 2006. The Surface Energy Balanc@iscusses the outcomes. Finally the main conclusions are
for Land (SEBAL) is used in this study to process the satel-drawn in Sect. 6 and an outlook for improvement of the pre-
lite data. We use an operational physically based distributegented method is given.
(25 mx 25m) hydrological model that simulates the water
flow in both the unsaturated and saturated zone, from now on
referred to as MetaSWAP. In order to improve the model pre-2 Study area
dictions of soil moisture we assimilate EJinto our model,
using a statistical correction method that weighs the error ofOur study area is called the “Langbroekerwetering” and lies
both hydrological model based and satellite basegt£Th in the central part of The Netherlands (Fig. 1a). The Lang-
an earlier study we already assimilatedsgThto another but  broekerwetering (70kR) is located along the rim of the
conceptual similar spatially-distributed hydrological model Holocene Rhine-Meuse delta (Berendsen and Stouthamer,
(Schuurmans et al., 2003). Although promising, the results2000), which onlaps cover sands and sandur outwash de-
of this former study remained unverified, as was pointed outposits in front of a Saalian ice-pushed ridge (Busschers et
by Pipunic et al. (2008). In this study we use soil moisture al., 2007). Figure 1b shows the elevation together with the
measurements from 5 locations within the catchment, as wellocation of the rain gauges and the soil moisture measure-
as validation data of SEBAL from The Netherlands, in or- ments, land use and soil types of the Langbroekerwetering.
der to get insight into the error of both hydrological model For a description of the soil types we refer to Table 1. At the
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Table 1. Description of soil types within study area @Aten et al., FR
1988) as well as the indexed error zone (see Sect. 4.2). 4 . ) b
| | |
Soil unit  Description Error zone : : :
| |
7 Drift sand 5 : I
8 Podzol in loam poor fine sand 3 : | :
9 Podzol in loamy fine sand 3 | | |
12 Enkeerd in loamy fine sand 4 | : |
14 Podzol in coarse sand 5 I I |
16 Light clay 2 | | |
17 Clay with heavy clay layers 1 1, T T o 0
18 Clay on peat 1 pressure head
19 Clay on sand 2 dry’ wet

Fig. 2. Feddes reduction factofFR) as function of pressure
head: betweert; and o there is reduction of potential evapo-

. . . . ration because of oxygen deficit of roots. Betwegnand i3.
higher elevations with coarse sand forest dominates the aregT, . equals Eor Betweenhs (h3! and hgh correspond to

while in the lower area grassland dominates. Within the areqesp ETot=1mm a1 and EThot=5mm 1) and hy there is
Some_ Smal_l villages (built-up area).are located. The land us(aevapotranspiration reduction due to water deficit. After Feddes et
map is derived from the Dutch national land-cover databasgy. (1978).

LGN (Oort et al., 2004; De Wit and Clevers, 2004).

3.2 Rainfall
3 Data

] The daily rainfall fields (25m by 25m) that are used as
3.1 Hydrological model input for MetaSWAP are a combination of meteorological

The model used in this study is a coupled groundwater anc!:dar (Fig. 1a) and rain gauges within and closely around the

odel area. The interpolation method used is a geostatistical
unsaturated zone model, referred to as MetaSWAP from NOWnethod that combines radar estimates with rain gauge obser-

on.d 'I;he groul\l;lldvaaterldmoddell_:s t;ase(:] o;g;hse M_I_OhDFLOV\:vations. The method makes use of collocated cokriging and
model code (Mc onaid and Harbaugn, )- € unsatyg explained in more detail in Schuurmans et al. (2007).
urated zone model, is a quasi steady-state model that uses

a sequence of steady-state water content profiles for dy3 3 Eyapotranspiration

namic simulation (Van Walsum and Groenendijk, 2008). The

steady-state water content profiles were obtained by runningetaSWAP uses Makkink (De Bruin, 1987; Makkink, 1957;
a steady-state version of the SWAP model (Van Dam, 2000)\inter et al., 1995), which is comparable to the internation-
off-line. The model area is divided into SVAT-units (Soil ally better known Priestley-Taylor method, reference evapo-
Vegetation Atmosphere Transfer), which are smaller or equatranspiration (Eef) as input. The Royal Netherlands Mete-
to the size of the MODFLOW cell. One MODFLOW cell orological Institute (KNMI) delivered daily values of ETref,
can be coupled to several SVAT-units. The SVAT-units form which we assumed to be spatially uniform over the model
parallel vertical columns, which are divided into a root zone area. The potential evapotranspiration &Jis calculated
and a subsoil layer. MetaSWAP distinguishes 21 differentby multiplying ETref with a crop factor, which is related to
soil types. For each soil type the model has predefined subthe land use type and can vary throughout the season (Fed-
layers with corresponding soil physical parameters, the Vardes, 1987). The actual evapotranspiration{&Ts equal or
Genuchten parameters (Van Genuchten, 1980), to be able t@fraction of ET,o; depending on the soil moisture conditions
convert pressure head to soil moisture content. In the unand the land use type (Eq. 1)

saturated part of the hydrological model only vertical flow

according to Richards’ Equation is taken into account. All ETact = FR - ETpot @

lateral exchanges are assumed to take place in the saturatgd hich FR is the called the Feddes reduction factor from

zone. The thickness of the root zone is user specified. In 0Ufqy, on. Figure 2 shows the so called Feddes-reduction curve
model, the size of the MODFLOW cells is 1000100 M. (Feqdes et al., 1978), which gives the relation betwegn

The SVAT-units have a resolution of 25x25m inside the 514 the soil moisture pressure head. The values of the critical

study area and 100 m 100 m outside the study area, within g re heads{—h4) can be defined for each land use type.

the model boundaries (Fig. 1a). It must be noted that the choice of these values is one of the
uncertainty sources in the model.
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Fig. 3. Spatial plot of ETctand ETpot [mm d—1] as derived by SEBAL from ASTER and MODIS images and by MetaSWAP as well as the
bias corrected EJct SEBAL images andFR for 8 June 2006.

To investigate whether remotely sensed daily,&Tan  that a linearAT—Ts relationship (s is surface temperature
improve our hydrological model, we use both ASTER (Ad- based on satellite image) is fitted which is thus image spe-
vanced Spaceborne Thermal Emission and Reflection raeific. For MOST the roughness length is needed. In this
diometer) and MODIS (MODerate resolution Imaging Spec- study that comes from a slightly modified roughness map of
troradiometer) satellite measurements of summer 2006 in aghe Royal Netherlands Meteorological Institute. This map is
sociation with the Surface Energy Balance Algorithm for based on the Dutch national land-cover database LGN which
Land (SEBAL). For 8 June 2006 and 17 July we haveis the same land use map that is used for our hydrological
both an ASTER and MODIS image of the study area thatmodel. SEBAL assumes that the instantaneous evaporative
have a spatial resolution of respectively 15m5m and  fraction (i.e. the division between the sensible en latent heat
250 mx 250 m. flux) equals the daily evaporative fraction. With the daily

SEBAL is based on the surface energy balance; net radiation, that is calculated for each satellite pixel, and
the daily soil heat flux, that is calculated with a sinus rela-
Rn=Go+ H+ApE @) tion, the daily actual evapotranspiration is calculated. The
In which R, [Wm~2] is the net radiation;G is the soil potential evapotranspiration is calculated by using a minimal
heat flux; H [VVm*Z] is the sensible heat flux ande [W stomatal resistance in the Penman-Monteith equation.
m~?] is the latent heat flux that is associated with the ac- Figure 3 shows the spatial distribution of &f ETpot
tual evapotranspiration (Ef) by the latent heat of vapo- and FR for 8 June 2006 according to SEBAL (ASTER
razition (.) and p is the density of water [kgm?]. At and MODIS) and MetaSWAP. Figure 4 shows the same for
satellite overpass, the instantaneous energy balance can B& July 2006. For both days SEBAL shows overall higher
partly (R, and Go) solved with satellite data and ground values of ETct and EThot than MetaSWAP. We comment on
based meteorological data. The remaining problem is thghat in Sect. 4.2
division between the (instantaneous) sensible en latent heat For 8 June both SEBAL and MetaSWAP show little to
flux. SEBAL computes the sensible heat using a so-callecho evapotranspiration reduction (higtR value), except for
“self calibration” procedure. The temperature difference be-MetaSWAP in the northeastern part of the study area. The
tween the land surface and the atmosphere at reference levspatial variation of Efotm is due to the difference in crop
(AT) that is needed to match the value Hf at a given  factors. For major part of the study area (at least 80%)
aerodynamic resistance is calculated. For the coldest pixeETpotm is equal to ETer, because the crop factor is 1.0. The
in the satellite imageAT =0. For the warmest pixel it is built-up areas are clearly distinguishable, which is caused
assumed thatf = R\—Go and AT is solved iteratively us- by the fact that built-up areas have a very low “crop factor”
ing the Monin-Obukhov Similarity Theory (MOST). After (0.05). The ASTER image reveals more spatial variation than
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Fig. 4. Same as Fig. 2 but for 17 July 2006.

the MODIS image, which is due to its higher spatial vari- which use the capacitance technique (Bogena et al, 2007).
ation. In both the ASTER and MODIS image, areas with Czarnomski et al. (2005) concluded that the EC-20 per-
forest and built-up areas are recognizable as areas with a refermed nearly as well as a TDR probe in a field experiment.
atively high and respectively low E§; value. All measurements were duplex witkl m horizontal dis-

For 17 July both SEBAL and MetaSWAP show evapotran-tance between the sensors. The output of our ECH20 sen-
spiration reduction within the area, but their spatial distribu- Sors, volumetric moisture content (VMC [érom~3]), was
tion differs. MetaSWAP shows a high spatial variability in measured with a temporal resolution of 5min. For each lo-
ETactand the pattern resembles the soil type map (Fig. 1). Incation we performed a calibration with observed VMC.
the northeast, the area at the high elevation with coarse sand Figure 5 shows for all soil moisture measurement locations
and forest, Ectis very low, even zero at some places. In the (see Fig. 1) the measured and modeled volumetric moisture
middle part there is hardly any evapotranspiration reductioncontent at the 5 different depths. According to the measure-
and in the southeastern part there is again evapotranspiratiafents at location SK the upper layers (5 and 15 cm) are mod-
reduction. The Efot within MetaSWAP shows hardly any eled too wet; 30 and 50 cm are modeled well and 70cm is
spatial variation, because the major part has the same croggain too wet. However, we experienced during fieldwork
factor, except for areas with maize, which have a crop fac-that these data should be used carefully. Besides the fact that
tor of 1.3 that time of year (was 1.0 on 8 June) and againthe measurements are done in heavy clay, which can lead
the built-up areas with a “crop factor” of 0.05. In contrast to to significant attenuation effects (Bogena et al., 2007), we
MetaSWAP, where there are clearly 3 regions, SEBAL showsobserved clay cracks that were formed in these soils during
more an overall evapotranspiration reduction. Both in thesevere drought. For location SZ, the model is wetter than the
ASTER and MODIS images, built-up areas are recognizablemeasurements at all depths. The dynamics of the measure-

as areas with a relatively low Bt ments are however modeled well for the depths 5 and 15 cm.
In the deeper layers the measurements show much less dy-
3.4 Soil moisture namics than the model shows. For location GD the model

represents the measurements quite well during the wet peri-
At 5 locations within the study area we measured soil mois-ods. However during drying out of the soil the model remains
ture (Fig. 1b: SK, SZ, GD, WL and LB). The soil mois- too wet. At location WL the model is too wet, except for
ture locations were selected such that they lie within differ-the period in July where the modeled soil moisture at 5 and
ent soil types. At each location we measured soil moisturel5 cm is modeled dryer than was measured. In the forest, at
at 5 depths: 5, 10, 15, 30 and 50 cm below surface. Meailocation LB, the model is too dry for the upper layers. At
surements were done using 20 cm ECH20 probes (EC-20%0 and 70 cm the model is slightly too wet, except for the
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Fig. 5. Timeseries of VMC [crﬁ cm*3] per measurement location and per depth according to MetaSWAP (black solid line) and measure-
ments (left side of pitch: grey solid lines, right side of pitch: grey dotted line).
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Fig. 6. Bias in phreati¢A) and confinedB) groundwater during 2001-2006 [cm].

dry period. It must be mentioned that especially the upperand Fig. 2) and update the pressure head of the root zone in
layer of LB contains a lot of organic material, which can de- MetaSWAP.

crease the accuracy of measurement considerably (Bogena et

al., 2007). SE2

ETactnew = ETactm + Feracn
- 2 2
SEET, qm T SEETqs

3

3.5 Groundwater

Our groundwater model has constant head boundaries, which [/~~~

are the output of a larger model (from which this model was ' < ETacts  — ETaCtm)
cut) after it was run for 5 years (2001-2006). The results
of this 5 years model run are compared with measurement:

from observation wells w[thin the study area, of which most their confidence; if the standard error of &g is high the
of them are measured tW|.ce a month. Figure 6 shows bubbl«apdated value Exenew will tend to ETaces and vice versa.
plots of the bias (mean difference between model and mea;, e hereby assume that (i) EIm is unbiased and (ii) the

surement) in cm for respectively the phreatic and confined fror in ETactm is temporally variable but its variance is con-

groundwater level. Positive bias values, meaning the mOdeEtant in time.

is too wet, are indicated as black dots, negative bias values M WAP and SEBAL giff hod d
(model too dry) are indicated as white dots. Figure 6 shows etas and 5 use different methods to de-

that the majority of the dots is black, indicating that the mod- ermine Eho, the first is based on Makkink the latter
eled groundwater level is too high. on Penman-Monteith (Allen et al., 1998). We found that

ETpots (ETpot from SEBAL) is overall higher than Bbim
(ETpot from MetaSWAP). The reason for that is probably
due to the fact that Makkink mainly depends on radiation

%he statistical correction weighs Edfm and ETacts based on

4 Data assimilation whereas Penman-Monteith also takes into account the aero-
dynamic term (the wind speed as well as the vapour pres-
4.1 Method sure deficit), see Sect. 3.3. Droogers (2009) shows with daily

data from 1998-2007 that Makkink reference evapotranspi-
The data assimilation method we used for this study is veryration never exceeds 6 mmtin The Netherlands whereas
comparable with the method used in a previous study (SchuPenman-Montheith reference evapotranspiration can be up to
urmans et al., 2003). However for this study we have8mmd-forthe same days. Although we realize that&E
more data available to parameterize the statistical correctiomnay be more realistic than Edim we are interested in the
(Eg. 3). Each day a satellite image is available we have inteduction factor with which we want to update the modeled
formation about EZ; from both MetaSWAP (our hydrolog- soil moisture. The values of EBds should therefore be in
ical model, see Sect. 3.1) and SEBAL (satellite based, seéhe range of the model (B&m). To achieve that we made
Sect. 3.3). We call this respectively EIm and ETycts from a “bias” correction (Eqg. 4), assuming that the spatial vari-
now on. If we know the standard error of the MetaSWAP andability of evapotranspiration reductiofriR, Eqg. 1) shown
SEBAL based EZ (resp. SET.y, and SEr,.), we can by SEBAL is correct but the value of Bd;s is biased. In
make the following statistical correction of Egfper model  Eq. (4)ETpotm andETpots are the spatial mean Bdym and
node that gives us a new, updated value Ofde{E Tactnew)- ETpots. For 8 June we applied a bias correction of 2.5 and
With ETactnew We prescribe per SVAT-unit a nel#R (Eq. 1 2.74mmd? for respectively ASTER and MODIS. For 17
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July we applied a bias correction of 1.96 and 2.09nhd Table 2. Standard error of the Esktm per measurement location

for respectively ASTER and MODIS. and the related error zone (Fig. 1).
NNNNNNN ETacts
ETacts = ETpots ) (ETpots + ETpotm — ETpot,s) (4) SK sz GD WL LB

Error zone 1 2 3 4 5

4.2 Parameterization 1
SEeT, ¢ (MMd™) 0.69 0.78 0.94e-02 0.41 0.69

To estimate SEer,,,, we calculated Ejct according to

MetaSWAP for the situation that we have the measured in-

stead of themodeledVMC. Doing so we assume that the

model concept of calculating BJ; is correct and the mea- are compared to eddy-correlation measurements (306 mea-
sured soil moisture is the truth. In this case we can esti-surements). This study shows a value 88, of 1.5—
mate SEer,,, at five locations, as we have five soil mois- 1.9 mmweek?!. Assuming this error is random, and choos-
ture measurement locations. At each location the VMC meaing the upper bound, we g8&er,, = % =0.72mmday?.
surements are duplex at five different depths (5, 15, 30, 50, \we now have the values fBEET 0 @Nd SEeT,qs With
70cm). For each depth we took the mean of the duplexyhich we can calculate Ef;newfor each modelnode (Eq. 3).
measurements. Because the model uses pressure heads (ifsing EThotm (Model based Efy) we prescribe per SVAT-
stead VMC, we used the inverse Van Genuchten Equatioqnjt a newFR (Eq. 1 and Fig. 2) and update the pressure head

(Van Genuchten, 1980), that calculates analytically the prespf the root zone in MetaSWAP. Four different scenarios are
sure head from VMC. We assume a uniform root distribution possiple:

within the root zone and using the Feddes curve (Fig. 2) and

Eq. (1) to derive a time series of g at each depth (Eg. 5). — scen 1: FRy=1 andFRpew>=1: no update of soil

At the measurement locations, we only have two different moisture because there was and is no evapotranspiration
root zone depths: 30 cm (SK, Sz, GD, WL) and 100 cm (LB). reduction;

ETactrz = ®) — scen 2:FRy <1 andFRyew>=1: soil becomes wet-
{%AETMCH%.ETaCUSCﬁgETammcmfm rz=30cm ter. In contrast to our previous study (Schuurmans et al.,
20" ETactsem+ % ETact1semt 55 ETact30em+ 5+ ETactsoem+ 25 E Tact70em for rz=100 cm 2003) we do not take the reduction poihg) but make
With ETactr We can determine the error in EXm (ETactm— a linear interpolation betweér, andi3 of the Feddes
ETactrz) for each soil moisture measurement location and curve, based on the yalue of FR_neWFRnewZ 15 then
calculate SEc,,,. The error in Efeym as derived here the pressure headis set tohy, if FRnew=1, h is set

is a conservative estimation of the model error because the 10 3 (reduction point);
possible measurement error of the soil moisture probes are
counted as model error. Using this method we assume that

the relation between soil moisture and fIgiven by the — scen 4:FRm < 1 andFRew< 1: an update of: takes
Feddes curve is correct but the modelled soil moisture is bi- place somewhere betwedn; and k4 of the Feddes

ased. A better method to estim&&gr,, would be to de- curve, meaning the soil becomes either dryer or wetter.
termine the change in soil water storage. Measurements of
VMC are not enough because assumptions on the percola-
tion term are needed. Lysimeters could be an alternative. 5 Results and discussion
We state that the derive®E:T,,,, at each location is repre-
sentative for a part of the model area (error zone), as we havg.1 Updated soil moisture results
only five measurement locations but want to apply the statis-
tical correction method to all SVAT-units. Table 1 shows to Figure 7 shows the spatial difference of the root zone stor-
which error zone the different soil types in the study area areage between the unperturbed and updated MetaSWAP run
classified, which is based on the soil physical parameters. Tadsing either ASTER or MODIS images of 8 June 2006 and
ble 2 shows the values &, ,,, as well as the error zones 17 July 2006. The difference is plotted 1 day after update,
for which the five measurement locations are representative10 days after update and at the end of the modeling period
We state that SEBAL images provide insight in the spa-(1 November 2006). Negative values (indicated with blue)
tial pattern of ETt within an area and assun8er,, to  mean that the root zone storage in the updated model run is
be spatially uniform. Because we had no measurements dfigher than in the unperturbed run, so MetaSWAP becomes
ETact within the study area it was not possible to calculate wetter after update. The opposite is true for the positive dif-
the SEeT,,, Ourselves. However, data is available (source:ference values, which are indicated with red.
www.waterwatch.rl of a validation study in The Nether- For 8 June the overall modeled soil moisture in the lower
lands where in 1995 weekly B measurements of SEBAL area decreased after implementation of our data assimilation

— scen 3:FRy =1 andFRyew < 1: soil becomes dryer;
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17 July

ASTER

%

“ *‘ hts
after 10 days

1 Nov 2006 N < -0.03 0.005 - 0.01
B -0.03 --0.02 0.01-0.02

-0.02--0.01 [l 0.02-0.03
-0.01--0.005 M >0.03
-0.005 - 0.005

Fig. 7. Spatial difference of the root zone storage [m] between unperturbed and updated model run using either ASTER or MODIS images
of 8 June and 17 July.

method, especially within the soil units 19 and 12. Consid-measured soil moisture (Fig. 5). In region 3 the modeled soil
ering the time series of measured and modeled soil moisturenoisture is increased. Both SEBAL and MetaSWAP show
at the 5 measurement locations (Fig. 5) this seems to be reakvapotranspiration reduction but the SEBAL based reduction
istic. However, the 5 measurement locations are point meais lower. This is the most difficult area to decide whether this
surements and it is hard to identify their representativenesss plausible or not. The soil moisture measurement location
over the whole study area. In the higher region of the studySK is situated at the border of soil unit 19. This is an area
area the modeled soil moisture is slightly increased. 17 Julywith heavy clay that showed severe clay cracks during this
is in particular an interesting day as it shows evapotranspiraperiod that in reality could reduce the evapotranspiration of
tion reduction for both MetaSWAP and SEBAL, but with a grass (that roots mainly in the upper part). Besides, the soil
different spatial distribution. This day three different regions moisture measurements of the upper layer should be handled
in the spatial pattern of the differences between MetaSWAPwith care.

and SEBAL can be distinguished:
5.2 Discussion
— region 1: the northeastern part where
WETI';;;N > ETactm: In areas with forest MetaSWAP shows for both days severe
' evapotranspiration reduction in contrast to SEBAL. It could
. ) o . be discussed whether SEBAL maybe overestimateg:HT
— region 2: the middle part where Bdm > ETacts ; areas with forest. However, increasing the crop factor in
— region 3: the southwest part where MetaSWAP is no solution for solving the evapotranspiration
~~~~~~~ reduction in the northeastern part of the study area. We found
ETacts > ETactm. that increasing the crop factor of forest only led to a faster dry
In region 1 both SEBAL and MetaSWAP show evapotran- ou'F of the soil and thus Igwer E—,@.'tvalues in an earlier stage.
spiration reduction but the amount of reduction showed byThIS prevented us from increasing the crop fa"j?[‘ifjﬁ’ies‘-
MetaSWAP is extremely high. Nevertheless Fig. 7 hardly We hypothesize that the big difference betwed ¢t s
shows an increase in the soil moisture content. This is dueand ETcm in the northeast region of the study area (for-
to the fact that Edctnew is @ linear combination of Efim est dominated, groundwater level+460 m below surface)
and unbiased Eits. Because Eum is extremely low, is caused by a conceptual error in MetaSWAP. Evapotran-
ETactnew is also low which means that the increase in soil spiration in forests is a complex process, mainly because of
moisture is only marginal. In region 2 soil moisture is re- changes in root water uptake under stress. This has been
duced, which seems plausible considering the modeled anthe subject for many studies. The essence is that trees have
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special ways of water conservation allowing them to keepmakes it useful to use satellite based,&Tn order to im-
evapotranspiration going during dry spells. Trees, but alsgrove the accuracy of soil moisture as calculated by our hy-
some small plants like dandelion, radish and carrot, use wadrological model. Besides, the temporal resolution of satel-
ter in a much more complex way than is implemented in thislite based E7ctis not guaranteed to be the same as the return
model, the so-called “hydraulic redistribution” or “hydraulic period of the (polar orbiting) satellite because of cloud con-
lift” (Warren et al., 2007; Lee et al., 2005; Dawson, 1996; ditions. This makes a regular online adjustment of modeled
Caldwell et al., 1998). This was also concluded by Feddessoil moisture content not feasible.

et al. (2001). Deep rooted plants take in water from deeper Data assimilation updates state variables of the hydrologi-
moist soil layers and exude that water during the night intocal model but does not solve the underlying cause of error
the drier upper soil layers. Tap roots (a straight tapering rooin the hydrological model that leads to the difference be-
that grows vertically down) can also transfer rainwater from tween modeled and remotely sensedy& T Data assimila-
the surface to reservoirs deep underground and redistributtion should therefore not be considered as a replacement for
water upwards after the rains. Lee et al. (2005) found inmodel calibration or solution for structural model error.
Brazil that trees could store 10% of the annual precipitation  Finally, we believe that a different land-plant-atmosphere
as deep as 13 m. In some cases taproots can reach down margeraction concept should be tested and implemented in
than 100 times the height of the plant above ground. MetaSWAP, as was also recognized by Feddes et al. (2001).
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