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Abstract. This paper focuses on the quantification of the 10 forests stands versus 398 mm for 10 cropped agricultural
green — vegetation related — water flux of forest stands irfields was derived. Th&/U components, on yearly basis,
the temperate lowland of Flanders. The underlying reasoralso differ between the two land use types (transpiration:
of the research was to develop a methodology for assessing15 mm for forest and 261 mm for agricultural land use; soil
the impact of forests on the hydrologic cycle in comparisonevaporation: 47 mm and 131 mm, for forest and cropland, re-
to agriculture. The tested approach for calculating the watespectively). Forest canopy interception evaporation was esti-
use by forests was based on the application of the soil watemated at 126 mm, while it was negligible for cropland.
balance model WAVE. The study involved the collection of
data from 14 forest stands, the calibration and validation of
the WAVE model, and the comparison of the water (&#&Jj 1
components — transpiration, soil and interception evaporation

Introduction

— between forest and cropland. Knowledge on forest hydrology and particularly on the water
For model calibration purposes simulated and measuregise {VU) of forest ecosystems in Flanders is scarce. To as-
time series of soil water content at different soil depths, pe-sess the impact of forests on the hydrology of catchments, a
riod March 2000-August 2001, were compared. A multiple- modelling approach was applied using as input meteorolog-
site validation was conducted as well. Actual tree transpi-ical parameters and information of the forest stand. The ap-
ration calculated with sap flow measurements in three for-proach to calculat®/U or actual evapotranspiratiof {acy),
est stands gave similar results for two of the three stands ofe. the sum of plant transpiratiorf{), soil evaporation
pine (Pinus sylvestrid..), but WAVE overestimated the ac- (E,.) and canopy interception evaporatidNT), consisted
tual measured transpiration for a stand of popRoplulus  in reconstructing the water balance of the forest stand ap-
sp.). plying a 1-dimensional soil water balance model. The aim
A useful approach to compare tiiéU components of for-  of this study was to evaluate if this approach enables a rea-
est versus cropland is scenario analysis based on the valsonably accurate estimate BT, A modelling based ap-
dated WAVE model. The statistical Profile Analysis method proach for estimating th&/U of forest ecosystems was pre-
was implemented to explore and analyse the simulsééd  ferred since forests in Flanders are very fragmented with for-
time series. With an average annual rainfall of 819 mm, theest patches frequently smaller than one hectare. Represen-
results reveal that forests in Flanders consume more watemtive flux tower measurements (Bowen ratio) require large
than agricultural crops. A 30 years average of 491 mm forhomogeneous stands. Given the fragmented stand, the strong
boundary effects and the relatively low material cost of soil
Correspondence tdV. W. Verstraeten water mass flux measurements, preference was given to use
(willem.verstraeten@vito.be) a 1-dimensional atmosphere-crop-soil water balance model.
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226 W. W. Verstraeten et al.: Evapotranspiration of Flemish forests and croplands

An additional advantage of this approach is that other pro-tural land for a 30-year period (1971-2000). In the scenario-
cesses linked to the water cycle such as transport of nitrategnalysis thaVU of 10 forest stands and 10 agricultural fields
sulphur and phosphorus in soils and plants can be modelledere generated. The time series of the diffeitd compo-
as well, given that the input data for the cycles of these min-nents of forest stands and agricultural fields were examined
erals are available. using the Profile Analysis method.

The study was funded by the Flemish Government who
plans the afforestation of 10 000 ha of agricultural land in the
period 1997-2007. Previous justifies examination of the ef-2 Materials and methods
fect of this policy on the water balance of watersheds. At
this moment, forested land represents only a small fractior2.1 Model description
(11%) of Flanders in contrast to the land classified as agri-
cultural area (56%). A drastic change in land use, i.e. a shiftfhe atmosphere-crop-soil water balance model WAVE (Wa-
from agricultural to forest land might considerably affect the ter and Agrochemicals in soil, crop and Vadose Environment)
surface water and groundwater resource systems. was developed by Vanclooster et al. (1994 and 1996) and ex-

Given the atmospheric water demand of a region, itis com-ensively calibrated and validated for the climatic conditions
monly accepted that differences exist in water use betwee®f Flanders and crops such as wheat, barley, maize, potato,
agricultural crops and forest vegetation. It is generally as-sugar beet and grassland (Vanclooster et al., 1995; Ducheyne
sumed that the evapotranspiration from forests is larger tha§t al., 2001; Timmerman et al., 2001). WAVE is a physically
for any crop compared (Ladekarl, 1998). Bosch and Hewlettbased deterministic model that simulates the 1-dimensional
(1982) demonstrated an average reduction of water yieldransport of water and energy in the variably saturated root
of approximately 25 mm per year for every 10% of catch- zone of the soil profile. For the crops listed above the model
ment area covered with mature deciduous trees, comparegPntains modules for simulating simultaneously the nitrogen
to grassland or pioneer vegetation. For coniferous forest®alance and the crop response to water and nitrogen avail-
this would correspond with an average reduction of rough|yabi|ity in the root zone. In Flanders, until recently the model
40 mm per year. But, Hall and Roberts (1990) demonstratedias been sporadically used for the simulation of forest water
that the total water use of beech and ash forests on chalk arféxes of a poplar (Meiresonne et al., 1999) and a Scots pine
clay formations in southern Britain was lower than that of stand (Meiresonne et al., 2003), with both applications being
grassland. The annual stand transpiration for ash forest wa¥alidated by sap flow measurements.
372mm as opposed to 355 mm for beech forest (Roberts and The water transport module of WAVE is based on the
Rosier, 1994). Also from satellite remote sensing (Landsatell-known Richards equation for homogeneous, isotropic,
TM) in the Netherlands, during the summer of 1995, Basti-isothermal, rigid and porous media. The soil parameters
aanssen et al. (2001) found that evapotranspiration from langteeded in this module are the water retention curve and the
surfaces covered with coniferous and deciduous vegetatioRydraulic conductivity function for the different horizons ex-
was lower than the water use of agricultural crops on all theplored by the root system. Several parametric models exist
assumed dates. Their figures reveal an average daily evapder describing the soil hydraulic functions. In this paper the
transpiration of respectively 3.5, 4 and 3.5 mm for crops andretention curve of van Genuchten (van Genuchten, 1980) and
2, 3 and 2.5 mm for forests. These examples from literaturghe hydraulic conductivity function of Mualem (1976) were
show that the effect of temperate forests on the hydrologicabsed. The model parameters of the soil hydraulic functions
balance is not unambiguous. were derived from laboratory measurements using undis-

The overarching objective of this study was to assess foturbed soil samples.
the soil and climatic conditions of Flanders the difference in A Neuman boundary condition was assumed at the top of
water use of forests in comparison to agricultural land, us-the soil profile, whereby the flux at the soil surface is the re-
ing experimental data and the 1-dimensional field water bal-sult of the infiltration and the evaporative flux. As long as
ance WAVE (Vanclooster et al., 1994, 1996). Fourteen for-the soil water conditions are not limiting, the flux is calcu-
est stands in Flanders, representing the main forest and sdited as a balance of potential evaporation, rain, interception
types, were equipped with hydrological measuring equip-and ponding. However, when the soil is saturated by excess
ment in order to derive tree transpiration and soil and canopyof rainfall or when prolonged soil evaporation occurs, the
interception evaporation. Data on cropland were derivedflux condition is changed to a pressure or Dirichlet condi-
from literature. The experimental work served for the char-tion. To solve the soil moisture equation at the bottom of the
acterization of the model input and the state variables for calsoil compartment the lower boundaries must be known. In
ibrating and validating the model. The parameters for mod-this study, the applied bottom boundary conditions are time
elling the water use of forest and agricultural land were de-series of depth of the water table, pressure heads or in case
rived indirectly, through model calibration. After calibration of a very deep water table, the assumption of free drainage.
and validation, the WAVE model was used to estimate the The procedure to asses actual evapotranspiration in WAVE
components of the water balance of forest stands and agriculs based on the maximum outgoing water flux of the upper
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boundary condition of the Richards equation. First the potenvalue very much in agreement with the value given by Huy-
tial evapotranspiration of a specific crdpT(;) is calculated gen et al. (1997). Generally, the higher tb&l, the less ra-

as the product of the reference evapotranspiraidip and  diation can reach the soil surface and thus the lower the soil
the crop coefficientK.), as outlined in the Eqsl) and @) evaporation.

(Doorenbos and Pruitt, 1977; Allen et al., 1998): The potential crop transpiratioTf) is then calculated as
ET . reduced by evaporation of the intercepted water and the

ET. =K. ETy 1) soil evaporation, or:

with T,=ET.—E,—INT 4)

0.408A (R, — Go) + ¥ zrogygu2(es — €a) whereINT is the canopy water evaporatiof, is reduced to
To= A+ y(1+ 0.34up) (@) an actual level Tae) based on the prevailing moisture con-
ditions in the root zone between surface (0) and the maxi-
whereETo [mm d~1]is the reference crop evapotranspiration mum root depth£). The maximum root water uptake rate,
corresponding to water consumption of a full grown short Smax(z), at a given depth was defined according to Feddes
grass cover without restriction of water and nutritional el- €t al. (1978). The soil pressure head &nd saturation level
ements uptake (Choisnel et al., 1998, expresses the Will reduce Smax with a factora (k) resulting in the actual
amount of water transferred from the vegetation-soil systemvater extraction functior$ (s, z).  Smax(z) is based on the
to the atmosphere governed by meteorological and plant faccrop root distribution in the soil profile and was determined
tors. Time series oETy is input in the WAVE model and from visual observations on the root distribution in soil pro-
can be calculated with Eq2Y whereR,, is the net radiation file pits. The root distribution function for water extraction in
[MJ m—2d~1], Gy is the soil heat flux [MJ m?d~—1] (on a each soil layer was put directly proportional to the root den-
daily basis set to zero]; is the air temperature 2 m above the Sity and the soil water content in that layer. The reduction
surface fC], u» is the wind velocity measured 2 m above the functiona (k) is written as (Belmans et al., 1983):
surface [ms1], A is the slope of the vapour pressure curve

[kPa°C~1], y is the psychometric constant [kP&~1], and ~ @(h) =0 for hwp < h(z) < ho (5a)
es ande, are respectively the saturation and actual vapour .
h(z) —h
pressure [kPa] (Allen et al., 1998). w(h) = ( (2) o) for hy < h() < hpe (5b)
K. is the crop factor converting the reference evapotran- hrc —ho

spiration ETp) to the potential evapotranspiratioBT,.) of

the crop under consideration and depends on and varies with , . h(z) — hc

the crop development stage, which often is related to the Lea?( )=1- <

Area Index [LAl). The crop factor lumps together resistance

to transpiration, crop height, crop roughness, reflection ande(h) =1 for hpe < h(z) < he (5d)

crop rooting. TheK . series of for instance broadleaf species

are low in winter and high in summer. Tli&. series of ever-  wherehwp, hrc, he andhg are respectively the soil water

green conifer species vary less during the year. Khdac-  pressure head at wilting point, field capacity, critical point

tor, usingLAl measurements, was interpolated between itswhere water extraction starts to reduce and saturatién a

minimum (wintertime) and maximum (summertime) value shape parameter determining the linearity or hyperbolic form

during spring and between its maximum and minimum valueof the reduction functionx (k). For broadleaf and conifer

during autumn. forest speciesh. was put respectively equal t61000 and
ET. refers to the evaporation demand of crops growing in—2000 cm.Tctwas calculated as:

large fields under optimum soil water, management and envi-

ronmental conditions. Itis a lumped parameter including po-

tential transpiration®,), potential soil evaporatiorH,) and ~ Tact= / S(h,z)dz < Ty (6)

canopy interception evaporatiolN{T). Since forest canopy 0

interception water will evaporate before soil evaporation oc-

curs, E, is calculated as a fraction 0ET.—INT). This frac- ~ The actual soil evaporatiottfcy) is the reduction of:, tak-

tion is a function of the Leaf-Area IndekAl) based on light ~ ing into account the soil water pressure head in the upper soil

for he. <h(z) <hwp (5C)
hwp — he¢

extinction in canopies, or: layer. Since in this study it is assumed t#&E, ¢, the sum of
the actual transpiration and actual evaporation, and the evap-
E, = (ET. — INT).exp(—c- LAI) (3) oration of the water intercepted by the canopy, stands for the

water use\(VU) of the vegetation, the latter is given by:
wherec is a parameter accounting for the interception of in-
coming solar radiation by the vegetation set equal to 0.6, WU = ETact = Tact+ Eact+ INT (7)

www.copernicus.org/EGU/hess/hess/9/225/ Hydrology and Earth System Sciences 23,122865
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2.2 Model calibration and validation CD deals with the proportion of the total variance of ob-
R _ _ o served data that is explained by the simulated data and should
Generally calibration is the iterative process of adjusting theoptima”y be one.CD indicates the performance related to
sensitive model parameters until statistical criteria, measurthe simulation of extreme values in the time series. As such,
ing the agreement between observations and simulated vatp is considered as an indicator of the quality of the sim-
ues, reach their optimal value. Manual calibration involves yjation of extreme values in soil water content, occurring
model parameterisation, choice of the calibration parametergyhen the evapotranspiration demand is highest, or after a
based on a sensitivity analysis of the model and the specifidry period when intensive rainfalls are observed. The model

cation of calibration criteria. Matching measured and mod-over- or underestimates the observed values if respectively
elled time series of soil moisture conte®MO), by tuning 0<CD<1, and ifCD>1.

model parameters, was selected as a single criterion for cal- The calibration and validation procedures described in this

ibration. The main drawback of manual calibration is the aer consist of a sensitivity analvsis of the model parame-
absence of a generally accepted objective criterion for comPaP y y P

parison (Anderson and Woessner, 1992). To a certain extenters’ manual model calibration using simulated and measured

LN : . o ime series of soil water content at different depths of the
multi-criteria performance evaluation deals with this issue. _ . : - .
. NS . soil profile (March 2000-August 2001) and multi-site vali-
Because different statistical indicators address different as-, .. : ) : .
oo dations, i.e. using the calibrated parameters from one site at
pects of the measured set of data, such a multi-criteria ap- : ) ) . .
L . "other experimental sites during the same time period.
proach will yield a more nuanced answer. The same issue _ o
of objective evaluation is raised with the validation of a cali-  The selection of the model calibration parameters was
brated model. Model performance should be evaluated usin§ased on the sensitivity analysis of the WAVE model param-
appropriate test statistics. Test statistics extract essential ireters by Ducheyne et al. (2001). Those parameters are the
formation from large data sets and reflect theirproperties intgcrop factor ), the saturated hydraulic conductiviti{ay,
a limited number of indicators (Chow et al., 1993). The Root the root distribution function and the saturated volumetric
Mean Square ErroRMSB, Model efficiency WE) and Co-  soil water contentMG). The measured saturated hydraulic
efficient of DeterminationGD) were the simulation statistics conductivity Ksatis highly variable and site dependent (Van-

applied during model calibration and validation. The formu- derborghtetal., 2001; Verstraeten et al., 2001) and can rarely
lae of the statistics are given in the following: taken as the hydraulic conductivity measured in the labora-

tory on undisturbed Kopecky ring samples. In reality, this
i (0; — P2 parameter is 5—10% lower than the conductivity measured in
= ! laboratory, which according to van Genuchten et al. (1991)
(8) is due to the non-continuity of macro pores and/or the enclo-
sures of air in the soil pore network. The crop factkig) of
i (05 — PY2 forest stands cannot be determined with the approach com-
5 ! monly used for agricultural crops. Lysimeter experiments are
ME =1- W (9) inappropriate for large trees. Before tuning tkig parame-
' ter series, representati¥e. values ought to be defined for the

RMSE=

n

U 0 — )2 different forests stands. The procedure of Gochis and Cuenca
El( i—0) (2000) was implemented. Weekk,. values were calculated
CD=F——"— (10)  from weekly evapotranspiration values derived as a residual
> (P, — 0)? value in the soil water balance (with water flux components
i=1

measured at the experimental sites) and the reference evapo-

where0; is the I" measured value?; is i simulated value, transpiration derived using the FAO 56 approach_ (Allen etal.,
n is the total amount of available measurements in the consid998)- It was assumed that the tree crop factor is in the same
ered time interval, an@ is the average of the observations. ©rder as the crop factor for agricultural crops given that the

RMSEis a measure of the residual standard deviation and©0t density of water extracting roots of agricultural crops
should be as small as possible (optimally 0). RSEis and foreslt per unit land surface are similar. In ge_neral the
a maximum likelihood estimator under the assumption thatf@0t density in the X-Y plane of agricultural crops is larger
the measurement errors are normally distributed with a meafhan the spatial root densmgs of forest tree roots, however the
value equal to zero and a constant variance. root system of forest trees is muc_:h d_eeper (Mohren_and van

ME measures the correlation between observed and simde \een, _1995). The manual calibration procedure involved
ulated data and should optimally be one. ¥ME<1, then  the following steps:
the modelling results are acceptableME=0, then the av- (i) SMG, measured under laboratory conditions, was low-
erage of the observed values is as good as the model; and éred to the soil moisture values measured during the wettest
ME<O, then taking the average of the observed values givegeriod in winter with TDR sensors fixed at different depths
better results and the model should be rejected. in the soil profile;

Hydrology and Earth System Sciences, 9, 2282005 www.copernicus.org/EGU/hess/hess/9/225/



W. W. Verstraeten et al.: Evapotranspiration of Flemish forests and croplands 229

(ii) The time series oK. was tuned by comparing measured hrouah faII collectors
with simulated soil moisture profiles; and 9

(i) To derive the root water uptake function, a soil root pro-
file description (based on observations in a soil profile pit) a
was conducted to obtain qualitative root density data and ppli{bUCth i
hence measured and simulated soil water contents were com-
30cm +—> 50 cm

pared at different soil depths.
These steps are not strictly separated, taking into accoun . 10 am
the strong mutual interactions between the model parame- Ground
ters. ® ®xc "
_ o o ®@scm| - WA¥
2.3 Field plots for model calibration and validation ~ leve tube
. . TDR sensor @ @100
Fourteen forest stand®ifus sylvestrid.., Populus sp.Fa- M
gus sylvatical., Fraxinus excelsiot.., Quercus roburL.) (E
were equipped and monitored during the period October
1999 to November 2001. The forest stands are located be- / ’ ’150 cm
tween 522430 and 504530’ N and between 34700" Tensiometers TDR

and #4930’ E. The height above sea level ranges between 5
and 129 m. The soil types are Regosol, Podzol, Podzoluvisol, . o i
Cambisol and Luvisol (Table 1, upper section). Their date Ofl'—'lg 1. Schematic view of the experimental setup of TDR sensors,
establishment varies between 1875 and 1984 and their aretgnnsnometers throughfall collectors, tipping bucket for total rainfall,
d water table observation tube.

between 1 and 5ha. The measurement campaign started on
1 March 2000 and lasted till 31 August 2001.

Per diagnostic soil horizon six undisturbed soil samples
were taken (Kopecky rings, 5.1 cm height, 5cm diameter,
100 cn? volume) for the determination of the water reten- surements were made fortnightly. Total rainfall was mea-
tion curve and the hydraulic conductivity relation using stan-sured in nearby open field plots such that neither vegetation
dard laboratory methods (Klute, 1986). To monitor the soil nor any obstacle did intercept rai&F was measured using
moisture content§MQ) of each soil layer, two Time Do- a stemflow water collection system, consisting of a coiled
main Reflectometery sensors (TDR, 3 pins, 50 cm) (Topp egutter configured around the stem. To construct seasonal
al., 1980) were installed horizontally 50 cm apart. Gravimet-Plant Area Index RAl) time series, canopy images were
ric soil samples in each soil layer were taken to calibrate thetaken using a hemispherical lens (Nikon Fisheye Converter
TDR sensors. Ten throughfall collectors (a funnel positionedFC-E8), mounted on a digital camera (Nikon digital camera
1 m above the surface connected with a bottle buried in theCOOLPIX 950). Special attention was given to leaf clump-
soil), each ten meters apart and positioned in a cross paing when calculating Leaf Area IndekAl) from digital im-
tern (six collectors and four perpendicular to the six) (ICP- agery with LICOR type formulas. These formulas calculate
forests conformity), two tensiometers (at the bottom of thethe gap fraction, using light extinction models to describe the
root zone) or, if a groundwater table is present within the 2probability of interception of radiation within canopy layers,
to 4 m one groundwater level tube was installed. A standardas well as the probability of sun flecks at the bottom of the
setup of the instrumentation is depicted in Fig. 1. canopy. The Poisson model was used assuming that projec-

The WAVE model was calibrated using the monitored datations of leaves are randomly located in the plane of the pro-
of eight experimental plots (plots 1-8). Six plots were usedjection. Corrections for stems and branches were not per-
for validation purposes. In the forest stands used for calibraformed, therefore we further use the term Plant Area Index
tion, stemflow devices were installed on three representativ€PAl). Further details of data analysis are given in Sect. 2.4.
trees. The model trees were selected based on the average
and the average plus and minus the standard deviation stem The measured data and applied models were assumed to
diameters at breast height, calculated on all the trees withirfbe representative at field level. During the campaign, almost
a 100 n? plot. Total rainfall (tipping bucket, Ecotechnic, the two measurements a week were conducted at plot 1, 2 and
Netherlands), throughfallTF), stemflow SF) (only on the 3 (see also Table 1). The soil physical characteristics of the
calibration plots) SMCprofile (Tektronix 1502B, Redmond, 14 plots can be found in Verstraeten et al. (2001). The ref-
USA) and the groundwater level (Eijkelkamp, the Nether- erence evapotranspiration was calculated using the Penman-
lands) or soil water pressure head in the bottom compartment¥lonteith method as described by Allen et al. (1998). Me-
(Thies CLIMA, Germany) were measured weekly. During teorological data of the nearest weather station of the Royal
the dormant season (1 November till 28 February) the meaMeteorological Institute of Belgium were used.

www.copernicus.org/EGU/hess/hess/9/225/ Hydrology and Earth System Sciences 23,1226865
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Table 1. Statistics [Root Mean Square Err®®NISB, Model Efficiency ME) and the Coefficient of Determinatio€D)] of measured and
simulated volumetric soil moisture conte®NIQ for soil profiles and minimum and maximum ranges at different depths of the calibration
and validation plots; tree species, soil type, location (latitude/longitude) and height above sea level (a.s.l.) are also given.

Calibration plots

1 2 3 4 5 6 7 8
Pinus sylvestris Pinus sylvestris Populus sp. Fagus sylvatica Fagus sylvatica Fraxinus excelsior Fagus sylvatica Quercus robur
Quercus robur Quercus robur
FAO soils Umbric Regosol Umbric Regosol Stagnic Podzoluvisol Gleyic Cambisol Gleyic Cambisol Gleyic Eutric Cambisol  Dystric Podzoluvisol Haplic Luvisol
Latitude 571830"N 51°1830"N 50°5500" N 50°5900" N 50°5900" N 50°5900" N 50°4530"N 50°4800" N
Longitude £3100"E 4°3100" E 34700"E 3?4900 E 34900 E 34900 E 4°2430"E 4°4230'E
Height (a.s.l.) 16m 16m 45m 21m 2lm 21lm 100m 65m
Statistic Soil profile  (range soil layers)
RMSE(-) 0.01 (0.01-2.21) 152 (1.08-3.45) 074 (0.55-1.78)  5.20 (1.43-2.86) 160 (057-3.62) 1.53  (0.91-6.33) 2.03 (1.42-5.02) 125 (1.19-2.39)
ME (-) 0.79 (0.41-0.71) 072 +40.67-0.78) 0.79 (0.28-0.86)  0.76  (0.35-0.96)  0.98  (0.50-1.00)  0.051.22-0.80) 0.10 +3.44-0.65) 0.24 +1.58-0.62)
CD(-) 0.68 (0.64-1.44) 151 (0.58-2.17) 193 (1.10-4.93) 081 (1.40-6.50) 401  (0.76-1.30) 0.44  (0.18-361) 0.60 (0.11-1.19) 0.42  (0.29-1.03)

Validation plots

9 10 11 12 13 14
Fagus sylvatica Quercus robur Populus sp. Fagus sylvatica Pinus sylvestris Pinus nigra
FAO soils Gleyic Antropic Cambisol Gleyic Cambisol Gleyic Cambisol Dystric Podzoluvisol Ferric Podzol Haplic Podzol
Latitude 5204'30"N 51°0900" N 50°5430" N 50°4530" N 51°0930" N 51°24'30"N
Longitude 30230'E F5230'E 4°0930'E £2730'E 4°5930"E 5°0400"E
Height (a.s.l.) 22m 5m 35m 129m 22m 30m
Statistic Soil profile  (range soil layers)
RMSE(-) 2.97 (3.56-7.86) 402 (3.90-5.71) 3.04 (2.06-12.81) 2.78  (1.98-3.88) 237  (2.03-5.16) 1.02  (0.62-4.53)
ME (-) 0.58 (-9.52-0.66) 051 (0.33-0.54) 0.29 —@.07-0.79) —-1.09 (-13.13-0.56) —3.69 (-5.41-0.28) —0.17 (-2.39-0.38)
CD(-) 1.01 (0.08-2.85) 217 (1.47-4.80) 143 (0.31-2.91)  0.20 (0.06-0.65) 024  (0.17-3.90) 045  (0.21-2.00)

2.4 Canopy interception and Leaf Area Index determina-dices PAI) because leaves, stems and branches are imaged
tion without distinction. Standard methods were used to deter-
mine thePAIl from the HDP imagery (extracting the blue
The amount of water intercepted by the canopy was derivecthannel of the optical spectrum, determining threshold val-
from the canopy water balance. Daily total rainfall, weekly yes to distinguish plant area from sky fractions) (Jonckheere
throughfall (TF) and stemflow §F) were measured in situ. et al., 2004a, b; Weiss et al., 2004). An automated proce-
Because of the large sampling interval, the distance betweegure to analyze hundreds of hemispherical digital images was
the total rainfall collector and the forest stand (2 to 10km) developed by Nackaerts (2002). Clumping of biomass was
and the impacts of obstacles such as hedges, fences, trees aghit with by applying the fractal dimension of the canopy
houses on the measurements, negative interception amounjfhage as correction factors (Nackaerts, 2002). The imple-
were occasionally obtained. Hence, the weekly values werenentation of fractal dimension inAl estimation resulted in
disaggregated with a similar technique as used for the disaga model able to explain 88% of the variation in indirectly
gregation of rainfall data. In a first step splits weekly mea- measured Al as reported by Nackaerts et al. (2001) for an
surements off F and SF were split into daily values using experiment in a pine forest. Jonckheere et al. (submitted)
linear interpolation with dally total rainfall. Then linear re- have tested the fractal dimension as a correction parameter
gression coefficients (intercept set to zero) were derived fronfor the deviation of forest canopies from assumed theoretical

the (interpolated) dailyF andSFwith daily total rainfall for  foliage distributions and improved the goodness of fit with
different periods according to the evolutionloAl. Four pe-  more than 10%.

riods were delineated=1 from 15 November to 30 March;

i=2 from 1 April to 14 June{=3 from 15 June to 14 Septem- 2.5 Scenario analysis: comparison of the water use of agri-
ber; and=4 from 15 September to 14 November. The result- cultural crops and forest stands in Flanders

ing correlation coefficients (slopes) were used to derive daily

interception amounts by implementing the canopy water bal-ET time series from model simulations of forests and agri-
ance formula (Eqll): cultural crops were compared using the Profile Analysis (PA)
INT;y = TR; - (1 — TF; — SF) (11)  module in the SAS-software (SAS Institute Inc. 1992). PA
with repeated measurements (Johnson and Wichern, 1992;
Jobson, 1992) is a statistical method that compare&ihe

of different groups (forest and agricultural species) subject

whereTF; is the throughfall coefficient{) for periodi, SF;
the stemflow coefficient) for periodi, TR; is the daily to-
tal rainfall (mm) andNT;, the daily interception depth (mm)
derived with coefficients for period The subscript refers 1j0nckheere, I., Nackaerts, K., van Aardt, J., Muys, B., and Cop-
to one of the four periods cited earlier. pin, P.: The relevance of fractal dimension for foliage distribution

The LAl derived from hemispherical digital canopy pho- quantification in forest canopies: a model approach, Ecol. Model.,
tograph images (HDP). In fact, HDP provides Plant Area In- submitted, 2005.
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to the same set gf measurements (30 years) by examining being the main meteorological station of the Royal Meteoro-
the p—1 slopes between the adjacent coordinate values fofogical Institute of Belgium. 30 years of meteorological data,
the mean vectors of the groups. The null hypothegjgssH  1971-2000, were selected to be sure that the climate time
that the population mean profiles are similar. If thero- series encompassed the complete temporal variation of Flan-
files are horizontal there are no condition effects, whereaglers climate. In summary the WAVE model for each plot was
if the g profiles are equal there are no group effects. If therun for a 30-year period using the same climate data, and site
g profiles are neither horizontal nor equal they still may be specific crop, soil and bottom boundary conditions. The most
parallel, which is an indication that there is no interaction be-common lower boundary condition was the representation of
tween the group effects and the condition effects. So, first thea groundwater table near the soil surface (maximally 2 m be-
test of parallel profiles was conducted, followed by the testlow the soil surface) and a very deep groundwater table (free
of equal profiles and finally the profiles were tested whetherdrainage condition). Since long time series of groundwater
they were horizontal. It is important to note that a meta- levels were rarely available, time series of groundwater levels
analysis of simulated data and not of observed measurementgere generated using the physically based autoregressive ex-

was performed. ogenous variable model (ARX) developed by Knotters and

For the derivation of the water use of agriculture and Bierkens (2000). This model correlates the fluctuations of
forested land ten agricultural fieldd dlium perenneL., the water table to the temporal variation of the rainfall based
Triticum aestivunL., Hordeum vulgarel., Zea mayd.., on short term time series of observed rainfall and water table

Beta vulgarisL., each twice) fields with crops on which the depth. The calibrated ARX model was then used to generate
WAVE model was calibrated and validated (Vanclooster etthe time series of the water table depth for the 30-year period
al., 1995; Ducheyne et al., 2001; Timmerman et al., 2001)using the 30-year daily rainfall time series as input.

and a selection of 10 forest stands from the calibration and

validation exercise (see Sect. 2.3: pine on plot 1 & 14, poplar

on plot 3 & 11, oak on plot 8 & 10, beech on plot 7 & 12, 3 Results and discussion

beech/oak on plot 4 & 5) were selected. The choice of the

forest plots was based on having both calibration and valida3.1 Model calibration

tion sites (except for the mixed beech/oak site).

Concerning the agricultural plots, two crops (a main cropA graphical presentation of time series of measured and sim-
followed by a green cover crop) were considered for eachulated volumetricSMCat different depths for plot 1 (a cali-
simulation year: wheat, barley, maize and sugar beet, respedration plot with pine cover) is depicted in Fig. 2. The sim-
tively. Pasture was assumed to cover the plot permanenthylation statistics of the calibration plots (1-8) are listed in
The fields are located between°3000’-50°4930"N and  Table 1 (upper section). Most of the plots yielded an ac-
3°4730'-5°2830" E at a height above sea level between 20 ceptable agreement between simulated and obse3d
and 100m on Podzol (Plot 2 & 8), Podzoluvisol (Plot 10), (see the corresponding values for the statistical criteria). An
Luvisol (Plot 3, 4, 5, 6, 7, 9) and Anthrosol (Plot 1) soils in-depth analysis of the simulation results of the calibration
(see also Fig. 4). The main crops wheat and barley werdlots is given in the following, and consists of a discussion
followed by white mustardSinapis albal..), whereas maize of the simulated total soil water depth (depth of the soil pro-
was cultivated in combination with grass and sugar beet wadile equipped with TDR sensors, tensiometers or groundwa-
followed by fallow land. This means that annual simulation ter tubes) followed by the analysis of the simulated water
values were the result of two crops, except for pasture. Charcontent per soil layer (equipped with TDR sensors).
acteristics of agricultural crops can be found in van Keulen Considering the whole soil profile, a slight underestima-
etal. (1982), Penning de Vries and Van Laar (1982), Spitterdion occurred for plot 2¢D=1.51), and a large overestima-
(1986), Spitters et al. (1986, 1988), among others. Canopyion for plot 5 (CD=4.01). The presence of a heavy clay layer
interception was not taken in consideration for agricultural (67% of the soil particles smaller tharu2n) at a depth of
crops since it only represents a small fraction of the total55 cm negatively affected the TDR readings. Previous is re-
water use. According to White (1999) the canopy intercep-flected in the highCD values (peak values are not well rep-
tion amounts 3-10% of the total rainfall, against 18—-30% forresented). The other soil layers were accurately simulated.
forests (Dolman et al., 1998, 2000). Kang et al. (2005) re-Unrealistic TDR readingsSMClarger and smaller than the
ported a canopy interception of 1.3% with respect to the to-saturated and residual volumet&MQC are responsible for
tal irrigation amount for winter wheat in Beijing. Zhao et the highCD values in plots 2 and 3.
al. (2004) assumes that the water interception for alfalfa is Concerning theME statistics all calibration plots were
close to zero. simulated satisfactorily except for some soil layers in plots 1,

To compare th&VU of agricultural crops and forest vege- 6, 7 and 8. The negativMdE values in Table 1 are frequently
tation the same atmospheric conditions were considered foobserved in the deeper layers. To explain this, four possible
all plots in using the climate data of the Ukkel meteorologi- reasons are mentioned for plot 1, 6, 7, 8 but also for the val-
cal station (5051'00” N, 4°2000” E, 100 m above sea level), idation plots 2, 9, 11, 12, 13 and 14. The combination of
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Plot 1 Plot 1 (cont’)
0.4 0.4 —
sim-25 cm 4+ sim-100 cm
+ meas.-25 cm 03 - + meas.-100 cm A e

02 - +

0.1 —

Volumetric soil water content (cm3.cm™)
Volumetric soil water content (cm3.cm'3)

0.5 05, . A
IO P oo Tog 0000 ~ 06
fffff sim.-50 cm B TRtk ”O”O””‘QD \°
04— O meas.-50cm - U @ % o%a. be
e (IWRNY 04~ ----- sim.-150 cm o
o ! TS \ )
1,4 5 ‘f’@?‘\ I qﬁzp O meas. -150 cm
R s o % o
l‘ N \\ i N n “' o ',/\\',,n \ 0.3+
\ " on 'm\ h »”".l‘ .
o v > [ AR e}
0.2 5 Qo RO AT \ d\ .
. \ g
P Qg SPo "~ JQQ
etz 0.2
0.1 e
0- 01
0.4 4 0.5+
sim. -75 cm N X

X meas. -75 cm X X

sim. 175 cm
X meas. -175 cm

0.4+

0.3+

0.1+ 0.2+
oF+—r—T—T+—"—T7T " T T T T T T 0l 4+——""T T T T T
01/01/00 04/01/00 07/01/00 09/30/00 12/30/00 03/31/01 06/30/01 01/01/00 04/01/00 07/01/00 09/30/00 12/30/00 03/31/01 06/30/01
Date (mm/dd/yy) Date (mm/dd/yy)

Fig. 2. Measured and simulated soil water contents at different depths in the soil profile of plot 1.

hydrological characteristics and the used statistical measurpredictedSMCis slightly larger thar0, negativeME values

is involved. Firstly,SMCtime series in deeper soil layers (es- are obtained. A third reason might be the occurrence of very
pecially when shallow ground water tables are involved) arehigh short ternrEMCvariations (due to rainfall and soil evap-
less sensitive to seasonal variations tBMCtime series in  oration) near the surface layer (plot 14) not well captured by
the near surface layers. Hence, the individual obseBM@&  the model. Finally, if the modelled water uptake by roots is
values ;) are nearly constant (horizontal line) — as is illus- underestimated, the averagBdvalues tend to be larger than
trated for plot 1 at 175cm depth in Fig. 2 — agg values 0. This results again in negatiVéE figures.

are nearly equal to the averaged observed vaftie Gince The RMSE for the profiles is acceptable with values

the summed squared differences betwegrand O are very  gmajier than 2.00, except for plot 4. Plots 4 and 5 are good

small, the ratio in Eq. (9) is large and resultin negaM& oy amples to illustrate why multi-criteria statistics should be
values. The second reason might be measurements errors Qfoq  ThecD of plot 4 indicates good simulation results,

observedSMC values in soil layers with a statBMCbe- e theME suggests that peaks are not well represented by
haviour (plot 11, 13). Th&MCvalues vary aroun®, while  {he model. TheRMSEis rather large taking into account that
the P; values do not change much over time. If the averagedy,q change irSMC between summer and winter is maximal
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0.10 cnt cm~3. For plot 5 theCD is indicating that the mea- The oak forest of plot 10 was simulated using the cal-
sured values are much higher than the simulated ones. Thibration results of plot 8. Again model underestimation
groundwater table is located at less than 70 cm below surfaces observed. TheRMSE of 4.02 is acceptable because
for the whole year. Therefore very little variation MCis of the observed water content changes over the season of
observed and th€D values become large. 0.30 cn? cm~3. Model underestimation may result from lat-

In plot 1 (see also Fig. 2) very lolRMSEs were ob-  eral water flows, since this plot is located in a former swamp.
served in contrast to the high changesSKC (more than  The drainage to the catchment of the Scheldt River is man
0.15 cnt cm 2 between summer and winter at 25, 50, 75 andcontrolled. Sudden drainage of water may occur, lower-
100 cm depth). ThME of the above mentioned soil layers is ing the SMC Especially, during the growing season, when
very good, indicating that most observed peaks are well simthe water demand for evapotranspiration is large, the WAVE
ulated. Below 100 cmME indicates an unacceptable result model is simulating less water extraction than observed.
notwithstanding that the soil water profile is in general well  The poplar stand of plot 3 was validated using the param-
simulated. The&CD value at 100 cm indicates model underes- eters derived for plot 11. Again, the occurrence of a clay
timations, meaning that the simulated water extraction fromlayer, situated at a depth of 120 cm, hindered seriously the
this soil layer is too low. Keeping in mind the large changesinterpretation of the TDR readings. TDR readings above sat-
of SMCof 0.10 to 0.30 crhicm™3, theRMSEvalue of plot 3 urated and below residual soil moisture levels were observed
is acceptable. ThBIE at the different soil depths indicates a despite the shallow water table. The calibration values of
representative simulation of the peaks in soil water contentplots 1 and 2 were validated using plots 13 and 14. The
whereas th€D indicates that the model significantly under- results of plot 14 are acceptable, despite the pdbrval-

estimates the average course of soil water content. ues. Apart from the simulations at a soil depth of 3cm very
few changes irBMC are observed (less than 0.1%om—3)
3.2 Model validation at larger depths. The surface layer of plot 14 is very thin

with a high organic matter content (4.7%), affecting signif-

In Table 1 (bottom section) the range of the statistics of thejcantly the TDR readings. The poME is the result from
measured and simulated volumetBMC of the soil profile,  simulated small peak values, which were not recorded. The
as derived for different depths of the soil profile of the vali- high iron content of the soil in plot 13 is very likely responsi-
dation plots (9 to 14) are given. TI8MCof the beech stands  ble for the poor TDR readings. Gravimetric cross-calibration
in plots 9 and 12 were simulated using the calibrated valuesit 6 moments in time of the TDR readings did not improve
of plot 7. The whole soil profile of plot 9 was well simu- the reliability of the readings. ThRMSEvalues are better
lated, in contrast to the water content at 96 and 128 cm depthecause of the low level of observed soil water dynamics.
(RMSE=7.86 and 3.56ME=—0.42 and-9.50, respectively).
At a depth of 96 cm th€D values 2.85, indicating an overes- 3.3 Water balance in relation to forest stand characteristics
timation of the modelle&MC(thus, the observe8BMCover
the specific period is lower). It might be due to the effect of 3.3.1 PAI
the presence of fine roots in this layer of which the effect was
incorrectly mimicked with the WAVE model. The underes- Table 2 summarizes the stand characteristics of the calibra-
timation of the modelledSMCin the layer below (128 cm) tion and validation plots: minimum and maximugAl, TF
is most likely the consequence of overemphasizing in WAVE and SF coefficients for the winter and summer season, min-
the effect of the thin clay layer, 3cm in thickness, on top of imum and maximunk,, and the average ratio between the
this layer. The layer restricts the redistribution of the excessactual and potential crop evapotranspirat®f,/ET,, for
infiltration water, resulting in an underestimation of the mod- the period 2000—-2001, respectively.
elled SMCbeneath the restricting thin layer. Maximum PAI values (M m—2) vary between 1.80 (pine)

The beech stand of plot 12 illustrates poor statistics (espeand 5.50 (ash); minimum values between 0.10 (beech) and
cially ME) at 15, 65 and 140 cm depth. This plot is a well 2.60 (n?m~2) (pine). As a consequence of the evergreen
drained loamy soil characterized by thin fingered soil lay- character, little variation ifPAl values is found for the pine
ers. This hampered seriously the collection of representativestands. The mixed stands show higher peak variatioRAIn
undisturbed soil cores for the measurement in the laboratoryn comparison to our results, Dolman et al. (1998, 2000) re-
of the soil hydraulic properties. Moreover, due to the overall port higher maximal Al values for pine and mixed broadleaf
dry conditions of the soil profile determination of the bottom forests (respectively 1.90 and 3.80). Probably this is both due
boundary condition with tensiometers was inaccurate. Orto different stand characteristics (stand age, tree density, and
the other hand, at plot 12, water content changes larger thasite quality) and a differeritAl determination methodP@l
0.15 cn? cm~3 were observed at 5, 15 and 25 cm soil depths,includes stems and branches). The ratios of the origiAdl
being responsible for a profiRMSEof 2.78. Problems how-  over the correcte®Al for clusters are 0.56, 0.54, 0.56, 0.58,
ever did appear in constructing an accurate water extractio®.57, 0.54, 0.53, 0.57, 0.59 and 0.59 for plot 1 to 10. For
function for the root system. poplar Dolman et al. (1998, 2000) reported 3.70, which is
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Table 2. Stand characteristics of the calibration and validation plots: minimum and maximum Plant-Areafadextiroughfall and
stemflow TF & SF) coefficients for the winter and summer season, respectively; minimum and maximum crop coeffiglerand the
average ratio of the actual over the potential evapotranspirafi®ad/ ET  averagg, for the period 2000-2001.

Calibration plots

1 2 3 4 5 6 7 8
Parameter units  Pinus sylvestris  Pinus sylvestris Populus Fagus sylvatica  Fagus sylvatica  Fraxinus excelsior ~ Fagus sylvatica  Quercus robur
Quercus robur  Quercus robur

PAlmax (m?m~2) 1.80 1.80 4.80 5.46 5.46 5.50 4.67 3.50
PAlmin (m?m~2) 1.30 1.30 1.50 1.00 1.00 1.02 1.77 2.50

TF & SFyinter () 0.041 0.041 0.136 0.129 0.129 0.605 0.797 0.611

TF & SFsummer () 0.062 0.062 / 0.207 0.207 0.901 0.972 0.818
Ke max(®) ) 0.97 0.97 1.10 0.95 0.95 0.85 0.90 0.86
Ke min®) ) 0.71 0.71 0.90 0.45 0.45 0.70 0.78 0.75
ETaclETc average (%) 96.2 89.2 97.4 99.6 95.4 91.6 95.4 77.6

Validation plots

Parameter units 9 10 11 12 13 14
Fagus sylvatica  Quercus robur ~ Populus sp.  Fagus sylvatica  Pinus sylvestris Pinus nigra
PAlmax (m?m2) 4.00 4.02 4.10 3.65 2.14 3.20
PAlmin (m?m~2) 0.10 2.00 2.00 2.00 1.92 2.60
TF & SFyinter ) 0.860 0.780 0.629 0.737 0.625 0.768
TF & SFsummer ) 0.920 0.970 0.856 0.934 0.906 0.835
Ke max(®) 0 0.90 0.86 1.10 0.90 0.97 0.97
K, min®) ) 0.78 0.75 0.90 0.78 0.71 0.71
ETac/ETc average (%) 98.9 95.3 97.5 95.6 98.1 92.8

(*) Reference surface is grass (Doorenbos and Pruitt, 1977)

smaller than 4.80 at plot 3. Plot 3 was the only forest standstatistically not different (0.95%). Forests seem to consume
where theLAl was not determined using digital hemispheri- more water, which may indicate that trees have more im-
cal imagery. Instead, net radiation inside and outside the forpact on groundwater tables than crops (Dolman et al., 1998,
est stand was measured (Meiresonne et al., 1999). For plog000).

9 and 10, Samson (2001) cited an uppAt value of 4.35. In

uniform stands of ash, oak and beech, Samson et al. (1994.3.3 Root water uptake

reportedLAl values of 2.49, 4.37 and 5.87.

The vertical distribution of the semi-empirical root water up-
3.3.2 Crop factor take function,a(h).Smax(z), was evaluated comparing for

each soil layer the modelled with obsen@iICtime series.
The K, of trees, apart from poplar, is generally less than This macroscopic sink term approach was recently used for
one. This is in contrast to values reported by Doorenbosnstance by Homaee et al. (2002a, b). An illustration of the
and Pruitt (1977) for full grown agricultural crops as bar- non-linear release of soil water due to plant water uptake was
ley (K.=1.1), wheat (1.1), sugar beet (1.1), maize (1.15) ingiven by Warren et al. (2005). They studied the vertical dis-
similar climatologic conditions, but under optimum soil wa- tribution of soil water storage and release dynamics in Pacific
ter, management and environmental conditions. Fruit treedNorthwest coniferous forests. 40-60% of the fine roots were
have maximumk, values between 0.95 and 1.2 and mini- located in the upper 20 cm of the soil. However, the soil layer
mum K. values between 0.40 and 0.80 as reported by Allenonly accounted for 20 % of the total water depletion from the
et al. (1998). Meiresonne et al. (2003) gave minimum andupper 2 m at peak uptake, declining to 4-6% later in the sea-
maximum K. values for Scots pine between 0.70, whereasson. This illustrates the contribution of deeper roots to water
this study yielded values between 0.71 and 0.97. Howeveruptake. Nevertheless, Warren et al. (2005) pointed out that
Hupet and Vanclooster (2004) commentedHie (K..ETo) the water uptake from the entire 2 m soil profile strongly de-
derived by Meiresonne et al. (2003) and explained &y pends on the water potential at 20 cm which is an indication
was overestimated. Schaap et al. (1997) cited crop factorthat fine roots in the upper soil may play an important role
of 0.75 before bud break to 1.0 after shoot extension imple-in regulating water uptake. Brauda et al. (2005) compared
mented for a Douglas fir forest in the centre of the Nether-different root uptake models and found out that 8MCin
lands. Edraki et al. (2004) reported crop factors of 0.79 fordeeper soil layers (1 m) was simulated with close to zero and
Rhodos grass and 0.85 for Eucalypt (calculated with pamegativeME values. In this study on some calibration and
evapotranspiration) in Australia, values which were foundvalidation plots similar less optimME values in deeper soil
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Table 3. Water balance data in mma{nfall, actual transpirationZct), actual soil evaporationHact) and canopy interception evaporation
(INT)) of the calibration and validation plots for the year 2000 and the period January—August of 2001.

Calibration plots
1 2 3 4 5
Parameter (mm) Pinus sylvestris  Pinus sylvestris Populus Fagus sylvatica  Fagus sylvatica
Quercus robur Quercus robur

6** 7 8

Year Fraxinus excelsior ~ Fagus sylvatica  Quercus robur

2000 Rainfall 887.5 887.5 773.4 773.4 773.4 399.9 836.5 756.6
Tact 223.7 1715 407.2 2715 264.4 119.5 358.4 317.4
Eact 152.6 91.2 98.9 345 45.8 4.6 49.4 46.3
INT 52.8 52.8 105.0 122.8 122.7 475 88.6 123.3
2001* Rainfall 577.3 577.3 540.1 540.1 540.1 595.5 595.3 694.5
Tact 222.7 184.8 401.6 2245 198.1 198.0 287.4 339.3
Eact 150.0 61.7 73.8 13.6 15.5 2.3 62.0 27.1
INT 52.1 52.0 94.7 165.4 165.3 184.7 69.7 105.8
Validation plots
9*** 10*** 11*** 12*** 13*** 14***
Year  Parameter (mm) Fagus sylvaticaQuercus robur ~ Populus sp.  Fagus sylvatica  Pinus sylvestris Pinus nigra
2000 Rainfall 654.3 971.7 817.9 836.5 826.4 711.2
Tact 369.7 338.5 347.8 358.4 303.2 265.8
Eact 80.6 23.9 54.5 49.4 80.2 18.6
INT 64.9 109.0 207.5 88.6 91.7 265.8
2001* Rainfall 595.3 624.7 693 595.3 672.1 644.3
Tact 287.4 466.0 306.1 287.4 153.7 229.1
Eact 62.0 64.2 38.0 62.0 36.6 10.1
INT 69.7 79.7 223.0 69.7 2153 139.5

* January—August 2001 only
* August—September 2000
** March—December 2000

layers were found. Coners and Leuschner (2005) observed The ratiosINT/Rainfall, Eacf/Rainfall and Tac/Rainfall of

a very high temporal and spatial heterogeneity of root wa-the calibration plots range between 5.9-31.0%, 0.4—26.0%,
ter uptake which could be caused by contrasting and variabld9.3—74.4%, respectively. For the validation plots the ratios
hydraulic properties of individual roots or root segments. Co-are between 9.9-37.4%, 1.6-12.3% and 22.9-74.6%. Aver-
efficients of variation ranged between 25% and 150% for 4—6age values fotNT/Rainfall are 22% in the growing season
roots of a species in a soil horizon. Errors in the water up takeand 14% in the dormant season. Dolman et al. (1998, 2000)
function of 17% in a corn field in Portugal (observed versusreport for a poplar, a pine and a mixed broadleaf forest in
simulated values) were reported by Cameira et al. (2005)similar climatologically conditions a ratio dNT/Rainfall of
Although the dynamics of root systems of large trees are dif-18, 27 and 30%. Mixed forests have interception losses of
ficult to assess. Techniques such as ground-penetrating radad—30% (Dolman et al., 1998, 2000).

combined with sap flow measurements performed on individ- Annual transpiration values of 407.2mm for poplar,

ual root branches may assess the water uptake as iIIustrateé:!L7_4 mm for oak, 171.5-223.7 mm for pine, 358.4mm for
by Nadezhdina and Ceerk (2003). beech and 264.4-271.4mm for beech/oak were modelled
with WAVE using in situ measurements gathered in the pe-
riod 2000-2001 (Verstraeten et al., 2001). These values are
in the same range as those reported by Dolman et al. (1998,
The ratio ETac to ET, varies from 77.6 to 99.6% for the 2000).
calibration plots and from 92.8 to 98.9% for the validation  For the seasonalyg of different uniform forests (oak-
plots. For oak forests, Cedk et al. (1982) and Nizinski peech and ash), calculated from basal sap flow density mea-
et al. (1989) found a transpiration ratio of 80%. Ladekarl syrements usingAl as a scaling factor, Samson (2001) re-
(1998) found a ratio of 90%, corresponding well with the horts annual values of 376 and 188 mm, respectively. This
values listed in Table 2. author also cites Peck and Mayer (1996) who concluded
The water balance data of the calibration and validationa mean annual’z¢; of 363 mm based on data of evapora-

3.3.4 Water use componentSTact, Tact, Eact INT)

plots for 2000 and part of 200R&infall, Tact, EactandINT) Meiresonne et

are given in Table 3. al. (1999) found by applying the WAVE model a seasonal
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Fig. 3. Average yearly water use components of 10 forest stands in__ i
Flanders. ETact is the sum ofTact, Eact andINT (period: 1971— Fig. 4. Averaged yearly water use components of 10 agricultural
2000). fields in Flandersl{olium perennel.: Lo; Triticim aestivumL.:

Tri; Zea mayd..: Ze; Hordeum vulgard..: Ho andBeta vulgaris
L.:, Be). ETactis the sum offactand Eact (period: 1971-2000).

Tact Of 311 mm for a mature hybrid poplar stand. A Scots

pine stand showed a higher annaak; when the growing

season was dry and warm (295 mm) in comparison with a3 in the totalWU is too small compared to thEt because

wet and cold summer (226 mm) (Meiresonne et al., 2003). of the highLAl of the forest stand in this plot. On the other
Larcher (1995) reported interception losses in temperatdand, in order to obtain modellefc values which are sim-

zone deciduous woodland typically ranging between 15 andlar to the measured using sap flow sensors/themust be

30% of the precipitation. If the interception losses are calcu-Smaller than 3. Meiresonne et al. (1999) carried out sap flow

lated as a percentage of the topdU, values of 18.5% forthe ~Measurements in plot 3 in the period 8 August-3 Septem-

poplar stand (plot 3) and 29.1% for the pine stand (plot 1) ard?er 1997, and found at maximal developiedll a correla-

found. These values are acceptable with a maxirhéwnof ~ tion between the transpiration measured with sap fityf)
1.8 for plot 1. andET, of Tsap=0.86x ET, with a correlation coefficient of

For the pine stand (plot 1) the contributions B, INT 0.77. The same cor_relation was deriyed when the simulated
and Eqq in the totalWU for dry months (rainfall of 61.8—  ZactWas plotted againsfT, for the period 1 July—31 August
51.8 mm) with highET. demand (96-90 mm) in 2000 (June) 2090 with a correlatlon coeff|C|e.nt of_ 0.78. If these corre-
and 2001 (June) are respectively 53, 12 and 35% for Jundgtions are applied, the underestimation of the measured sap
2000 and respectively 54, 11 and 36% for June 2001. Ifflow versus th_e simulated transpiration in 2000 is probably
the monthlyET, is low (7 and 8mm in January 2000 and due to up-scaling errors.

2001) thelNT/ETy¢; ratio varies between 88 and 98%. For

the poplar stand (plot 3) for dry months (rainfall amount of 3.4 Scenario analysis

26 and 43mm) and higik 7. demand (109 and 119 mm),

e.g. August 2000 and June 2001, the contributions of thelhe annualWU components for each plot averaged over 30-
Tact INT and Eactis 91 and 84, 3-8 and 6-9%, respectively. years are depicted in Fig. 3 for forests and Fig. 4 for agri-
Schaap et al. (1997) reported an average contributidgiygf ~ cultural crops. Notice that the same species can have differ-
of 11% (range: 7-13%) in a Dutch Douglas fir forest. If ent WU amounts despite the same atmospheric conditions.
the monthlyET. is low (6 and 14 mm in January 2000 and This is due to different soil and environmental character-
2001) thelNT/ETac ratio becomes 97-81%. With a water istics. Stand characteristics can be highly variable for the
use of 567 mm for plot 3 in 2000, tHET ¢ Of poplar stand ~ same tree species as shown in Table BAIl, TF and SF
was considerably larger than the evaporative water loss of thare stand-specific in contrast to crops, which are much more
pine stand of plot 1 (471 mm). uniform. Ty values of the forests vary between 248.1 and

Sap flow measurements carried out on plots 1, 2 and 3 irf00.5mm,INT values between 44.5 and 195.3 mm dng
the period 28 May—15 September 2000, using the sensors d&alues between 12.8 and 175.6 mm. The average yearly rain-
veloped by Cerrak and Nadezhdina (1998), resultedZip;  fall amountis 819.2 mm. The ratio of these values to rainfall
values of 132, 113 and 201 mm, respectively (Verstraeten ets comparable with reported ones. For agricultural vegeta-
al., 2001). WAVE simulations foTsc for the same plots and  tion, WAVE simulated average@act values between 184.7
period were 136, 111 and 280 mm. For plot 1 and 2 bothand 287.8 mm and’sct values between 85.3 and 259.2 mm.
methods yielded similar values, in contrast to plot 3. A pos- For the period 1997-2000, thM#U values of respectively
sible explanation could be that the contributiorfgg:in plot 10 forest and 10 agricultural plots were averaged (see Fig. 5).
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600 Table 4. Average, standard deviation and the 5 and 95 percentiles

500 ] of the yearly water balance components for an average forest stand
Average ET,of forest and agricultural field, calculated for the period 1971—2000.

3
E
a2
$ 400 Average ET,, of cropland -
g Rainfall ET act Tact Eact INT
g 3001 Average T, of forest (mm)  (mm) (mm) (mm) (mm)
o
pt Average T, of cropland Forest N(0, 1) i Ho Ha Ho
g 2007 mean  819.2 4910 3148 47.1 1256
5 Merage E._ of cropland stdev 1239 56.58 57.71 4852 51.23
g 1001 0.05% 418.0 248.1 128 445
st et s Average E,, Of forest 0.95% 587.6 400.5 1756 195.3
0+ T T T T T
1971 1976 1981 1986 1991 1996 Agriculture  N(0,1) H Ho Hy, /
Years mean  819.2 3975 2612 1314 [
stdev 123.9 82.30 36.30 48.09 /
Fig. 5. Yearly variation of the actual evapotranspiration, crop tran- 0.05% 3021 184.7 853 !
0.95% 567.9 308.7 259.2 /

spiration and soil evaporation, averaged for 10 forest stands and 10

agricultural fields in Flanders, for the simulation period 1971-2000. )
Hg null hypothesis

H, alternative hypothesis

TheET,ctand Tyt time series indicate some evidence of par-

allelism. However, the time series for forests depict more andance show that the assumption of equal meanETag, Tact

sharper peak values while agricultural fields respond less tnd Eact of forests and agriculture in Flanders is rejected at
variations in the atmospheric water demand. From the "®the 95% level (Table 4)

sults of the Multiple Analysis Of Variance (MANOVA) (Pro-
file Analysis method) and the F-statistics it is concluded that
the hypothesisof no land use effect on the EI;,” does not 4 Conclusions
apply in favour of the alternative hypothesis. Clearly, this
means that forests show different water use behaviour thaimhe paper presented the calibration and validation results of
agricultural crops. For the sake of completeness one has tthe WAVE model applied to temperate lowland forests in
be aware that no interception evapotranspiration of the agriFlanders. The water use components of forests and agri-
culture crops has been taken into account (3—10%). In adeultural plots were derived from a 30-year scenario analy-
dition, the statistical analyses revealed that the assumptiosis. Manual calibration of the most sensitive parameters of
“of no overall effect of the different years (30 condition&” the WAVE model resulted for most plots to acceptable multi-
not valid. Again, this means that different years influence thecriteria statistics. However, the variations$MCin some
water use. This is consistent with the results obtained withvalidation plots were not accurately simulated mainly due to
the Mixed General Linear Model method; see Wolfinger andplot specific factors. Statistical analysis of the simulated and
Chang (1995) for more details on the technique. This studyobservedSMCat different depths of the soil profile leads to
clearly shows that the overall water use is higher for forest.the conclusion that an accurate description of the root water
This is in concordance with results as reported by Ladekarkextraction function remains a bottle-neck.
(1998), Bosch and Hewlett (1982), but not with results re-  Poplar stands consumed more water than pine stands, but
ported as by Bastiaanssen et al. (2001). This might be due tfor the latter in contrast to the former the contribution of in-
the snapshot sample of water use during summer (maximuneerception was much smaller. During periods with a high
crop growth), not integrated on annual basis. Soil evaporaatmospheric water demand (summer) the contribution of the
tion is considerably lower in forests compared to cropland.canopy interception evaporation to the total amount of the
It is important to note that the results of these analyses wer@ctual evapotranspiration was lower, while the actual tran-
carried out irrespective of the precondition of normality for spiration became a larger fraction of the actual evapotranspi-
all time series. ration. Furthermore, it has been shown that the simulBigd
AverageE, distribution of forests and agricultural fields for two plots corresponded well with the results of sap flow
in Flanders is not normally distributed. Additional analy- measurements.
sis shows that the distribution is lognormal, primarily due A central question investigated in this paper was whether
to the extremes observed in plot 1, a very sparse pine forestr not simulated water use time series of forest and crop-
(PAImax is 1.80) with anEac; which is much larger than for land are similar. Based on the results of the Profile Anal-
the other forest sitePflmax ranges from 3.20 to 5.46). The ysis method the assumption that the water use components
results of the t-test for the assumption of two distributions of forest and agricultural vegetation are equal must be re-
having the same variance (homoscedastic), or unequal varjected, and th&/U components seems to be dependent from
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the atmospheric conditions of the year (wet versus dry years)Appendix A

The study also reveals that the time-land use interaction af-

fects theWU components. The average annual simulatedAbbreviations used throughout the text

ETactis 491 mm for forest stands and 398 mm for crofigi
is respectively 315 and 261 mm. The annbgd;under forest
vegetation is estimated at 47 mm and 131 mm for cropland.
The average annudNT in forest is 126 mm. The intercep-
tion of agriculture crops is assumed to be very small and is .
set to zero although literature applied values state that inter- cp
ception losses of agricultural crops can vary between 25 and Eqct
82mm. E,
Although the study yielded a good picture of the ratio be- ¢a
tween the annual water fluxes in forest stands and cropland,®s
future research should focus on the experimental determina-£70
tion of the different contributing mass fluxes in evapotran- at
spiration, as to improve current modelling tools. Sap flow Go
measurements provide accurate daily tree transpiration esti-HO
mates, whereas measurements of soil heat fluxes could bey,
used to measure soil evaporation. The Bowen Ratio method
(Verma, 1990) applied on fluxes measured in and above the o
canopy together with footprint analyses, and scintillometer 7.
experiments (De Bruin et al., 1995) are all useful methods
to collect time series of th&VU components necessary for
model development, calibration and application. Determina- ° ©

a(h)

c

C

tion of the temporal variation af 7 must also proceed with ”\‘#
the modelling of its spatial variation. .
Concerning the effect of land use ®U, further studies Ksat

should focus also on the regional scale, either by using a GIS- L
modelling approach or applying remote sensing techniques LAI
(Verstraeten et al., 2005). Nevertheless as illustrated in this ME
study stand scale models can deliver major support to the
interpretation of remotely sensed derivéfl values, both in

space and time.

0;

PA

PAI
RMSE

SF
S(h, z)

Smax
SMC

Tact
TF
TDR

uz
WAVE

wu
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Root water reduction function [-];

Slope of the vapour pressure curve [Kiex!];
Psychometric constant [kPE€1];

Shape parameter [-];

Vegetation solar radiation interception [-];
Coefficient of determination [-];

Actual soil evaporation [mm];

Potential soil evaporation [mm];

Actual vapour pressure [kPa];

Saturation vapour pressure [kPa];
Reference crop evapotranspiration [mm];
Actual evapotranspiration [mm];

Potential crop evapotranspiration [mm];
Soil heat flux [MJ nT2 d~1];

Null hypothesis;

Alternative hypothesis;

Soil pressure head [m];

Moisture tension when water extraction starts [-];
Moisture tension when water extraction
starts to reduce [-];

Hemispherical Digital Photograph imagery
Moisture tension at field capacity [m];
Moisture tension at wilting point [m];
Canopy interception evaporation [mm];
Crop factor [-];

Saturated hydraulic conductivity [nTd];
Maximum soil depth [m];

Leaf-Area Index [ m~2];

Model efficiency [-];

Amount of available measurements in the
considered time interval [-];

Average of the observed soil moisture values
[cmd em™3];

i”" measured soil moisture value [émm3];
i simulated soil moisture value [¢hem3];
Profile analysis;

Plant Area Index [rAm~—2];

Root Mean Square Error [chem3];

Net radiation [MJ nT2d—1];

Stemflow [mm d1];

Actual root water extraction function
[mmd1];

Maximum root water extraction function
[mmd1];

Soil moisture content [cAtm3];

Air temperature 2 m above the surfac€f;
Actual plant transpiration [mm];
Throughfall [mm d1];

Time domain reflectometry;

Potential plant transpiration [mm];

Wind velocity 2 m above the surface [m;
Water and Agrochemicals in Vadose
Environment;

Water use [mm];

Soil depth [m];
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