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Abstract 

Four distinct approaches, that vary markedly in the spatial and tempora! resolution of their measurement and process-level 
outputs, are used to investigate the daily and seasonal water vapour exchange  in a 70-year-old Belgian Scots pine forest. 
Transpiration, canopy interception, soil evaporation and evapotranspiration are simulated, using a stand-level process model 
(SECRETS) and a soil water balance model (WAVE). Simulated transpiration was compared with up-scaled sap flow 
measurements  and simulated  evapotranspiration  to eddy covariance  measurements. 

Reasonable agreement in the tempora) trends and in the annual water balance between the two models was observed, however 
daily and weekly predictions often divcrged. Most notably, WAVE estimated very low, to no transpiration during late autumn, 

winter and early spring when incident radiation feil below 50 W m - 2 while SECRETS simulated low (0.1 -0.4 mm day  1 
) 

fluxes during the same period. Both models exhibited similar daily trends in simulated transpiration when compared with sap flow 
estimates, although simulations from SECRETS were more closely aligned. In contrast, WAVE over-estimated transpiration 
during periods of no rainfall and under-estimated transpiration during rainfall. Yearly, total evapotranspiration simulated by the 
models were similar, i.e. 658 mm (1997) and 632 mm (1998) for WAVE and 567 mm (1997) and 619 mm (1998) for SECRETS. 

Maximum  weekly-average  evapotranspiration  for  WAVE  exceeded  5 mm day  1 
,  while  SECRETS  never  exceeded 

4 mm day   1 
•   Both  models,  in  genera),  simulated  higher  evapotranspiration  than  that  measured  with  the  eddy  covariance 

technique. An impact of the soil water content in the direct relationship between the models and the eddy covariance measurements 
was found. 

The results suggest that: ( 1)different model formulations can reproduce similarresul ts depending on the scale at which outputs are 
resolved, (2) SECRETS estimates of transpiration were well correlated with the empirica) measurements, and (3) neither model 
fitted favourably to the eddy covariance technique. 



 
1. Introduction 

 
Transpiration and evaporation of water by veg- 

etation are important components of the energy 
exchange at the  earth's surface. Forests contribute 
substantially to the total energy budget, as they cover 
large areas of the planet. Analytica! studies of forest 
evapotranspiration, in conjunction with modelling, 
are therefore important (Rutter et al., 1975; 
McNaughton and Jarvis, 1983; Stewart, 1984, 1988; 
Jarvis, 1985). Many different disciplines (e.g. plant 
physiology, ecology, meteorology, hydrology and soil 
science) have been developing models to estimate 
water vapour exchange in forests. Different 
approaches and methodologies are often used, 
depending on the focus and interest of each discipline 
varies. The variety of approaches has generated the 
development of many different forest water flux 
models. In addition to discipline-specific infiuence 
on model development, other factors infiuenced 
model structure and design such as the modelling 
objectives, the spatial and tempora! scales of interest 
and the availability of data to parameterise the models 
used (Dekker et al., 2000). Single-layer, multi-layer 
and three-dimensional models have been developed 
over the past decades, simulating transpiration and 
evaporation at local, regional and global scales 
(Raupach and Finnigan, 1988). As interception and 
evaporation of rainfall are also important hydrological 
processes in forest ecosystems, several physically 
based (Rutter et al., 1971; Gash, 1979; Loustau et al., 
1992a,b) and stochastic models (Stewart, 1984; 
Calder, 1986) have been developed to simulate 
throughfall, evaporation and canopy storage. 

In addition to this wide variety of models, other 
techniques can be used to estimate the exchange of 
water vapour between canopies and the atmosphere. 
Reliable, direct measurements of forest transpiration 
are, however, lacking. Direct measurements of sap 
flow can be scaled up from the individual tree to the 
stand level using biometrie sealing factors such as 
projected crown area, leaf area, basal area, timber 
volume and others (Cermák, 1989; Cermák and 
Kucera, 1990). However, these stand-level transpira- 
tion rates are strongly dependent on the up-sealing 
process. Presently, canopy level evapotranspiration by 
forests is measured with the eddy covariance 
technique at many sites around the world (Baldocchi 

 
et al., 1996; Valentini et al., 2000), but these 
measurements are also subject to large uncertainties 
(see further). 

In this contribution four different approaches-from 
the meteorological, ecophysiological and soil science 
disciplines-to estimate forest transpiration, evapor- 
ation and evapotranspiration are compared. These 
include eddy covariance and scaled-up sap flow 
measurements, as well as two very different modelling 
approaches, i.e. a soil-related model and a physio- 
logical process model. The objectives were: (i) to 
quantify water vapour exchange between a 70-year- 
old Scots pine ecosystem and the atmosphere by 
estimating the various component fiuxes in the 
forest's water balance, (ii) to compare multiple 
approaches to estimate water fiuxes, and (iii) to 
identify and evaluate the strengths and short-comings 
associated with each approach. 

 
 

2. Materials and methods 
 

2.1. Experimental  site and stand description 
 

This study is based on experiments conducted 
during 1997 and 1998  in  an  even-aged  (70-year- 
old), 150-ha mixed coniferous/deciduous forest-De 
Inslag-in Brasschaat (51°1813311N, 4°3111411E), in the 
Belgian Campine region. The area surrounding the 
study site is urban (north and west)  and  rural, 
partially forested  (south  and  east).  The  study  stand 
is part of the  European  CARBO-EUROFLUX 
network and is a level II observation plot of the 
European programme for intensive monitoring of 
forest ecosystems (EC regulation No 3528/86), 
managed by the Institute for Forestry and Game 
Management (Flanders, Belgium). Mean annual long-
term temperature at the site is  9.8 °C,  with mean 
temperatures of the coldest and  warmest months, 3  
and 18 °C. Mean annual precipitation  is 767 mm and 
is not seasonal. Apart from some small-scale terrain 
undulations of less than 1 m (trenches and mounds), 
the study site is fiat (0.3% slope),  and  at  16 m  
elevation. 

The forest consists of various patches with a wide 
variety in species composition and structure (de Pury 
and Ceulemans, 1997) (Fig. 1). The dominant 
overstory    tree    species    are    Scots    pine    ( Pinus 
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Fig. 1 . Map of the studied area: a 150-ha even-aged (70-year-old) mixed coniferous/deciduous forest in the Belgian Campine region, Northern 
Belgium deciduous, §§! coniferous, mixed,   f '. :::::::j grassland, e measuring tower.. 

 
 
 

sylvestris L) and pedunculate oak ( Quercus robur L.). 
In 46% of the area the understory consists of various 
trees and shrubs (mainly Prunus serotina Ehrh. and 
Rhododendron ponticum L.), in 18% there is an 
understory of grass (Molinia caerulea (L.) Moench), 
and in 36% no undergrowth is present. The forest stand 
is equipped with a 39 m meteorological tower situated 
within the now 72-year-old Scots pine stand. In the 
vicinity of the tower no undergrowth is present as all 
understory bas been removed three years before the 
study period. Average tree height is 21 m with a 3.7 m- 
canopy depth in this stand (Cermák et al., 1998). The 
stand bas an open canopy with a 35% gap fraction (Van 
Den Berge et al., 1992)  and  a  tree  density  of 
560 trees ha - 1 • 

The upper  soil  layer  ranges  from  1.2 m  to  over 
3 m in depth and has  been  described  as  a 
moderately wet sandy soil with a distinct humus 
and/or  iron  B-horizon;  texture  varies  from  sand  to 

 
loamy sand (Meiresonne and Overloop,  1999). The 
soil type bas been classified as a Psammentic 
Haplumbrept (U.S.D.A. classification) or a Umbric 
Regosol (F.A.O. classification) (Van Slycken et al., 
1997). The soil  was  ploughed  to  a  depth  of  50- 
60 cm prior to the establishment of the forest in 
1929. The topsoil lies on a substrate  of  Campine 
clay of the interglacial Pleistocene (Tiglian) at 
variable  depth. 

Because of its coarse texture, the topsoil has a high 
hydraulic conductivity and is rarely saturated, but due 
to the presence of a clay layer, the site is poorly 
drained. Spatial heterogeneity in the position of the 
underlying clay layer and in topsoil texture signifi- 
cantly influence the depth of the water table and water 
availability. More detailed information on the soil and 
on local climatic conditions can be found in Roskams 
et al. (1997), Janssens et al. (1999) and Kowalski et al. 
(1999). 
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2.2. Description of the model.1· 
 

2.2.1. WAVE model: simulation of the water balance 
The soil water model Water and Agrochemicals in 

 

Table 1 
Parameters of the soil moisture retention curve and the hydraulic 
conductivity model for the whole profile of the 70-year-old Scots 
pine ( Pinus sylvestris L.) stand in the Campine region, Northern 
Belgium 

soil,  erop  and  Vadose  Environment  (WAVE)  (Van-             
clooster  et  al.,   1994)  describes  the  transport   and                                                              
transformations of matter and energy in the soil, erop 
and vadose environment. Although the water transport 
module of WAVE was originally developed for 
agricultural  crops,  it  has  also  been  calibrated  and 
validated for forest conditions (Hubrechts et al., 1997; 3 1 

Meiresonne et al., 1999; Verstraeten et al., 200 l ). This 
model describes one-dimensional soil water transport 
based on the soil hydraulic properties, according 
Richards ( 1931). These include soil moisture reten- 
tion, using a power function model (van Genuchten, 
1980) Eq. (2.2.l.l ), and hydraulic conductivity 
(Gardner,  1958) Eq. (2.2.1.2). 

                                (2.2.1.l ) 

where fh is  the volumetrie soil water content at 
pressure head h (m3 m -·\ (}, the saturated volumetrie 
soil water content (m3 m -3 

, (}, the residual volu- 
metrie soil water content (m3 m-·\ a is the inverse of 
the  air  entry  value  (m - J ),  n  and  m  are  shape 
parameters. 

                                  

(2.2.1.2) 

where K(h ) is the hydraulic conductivity at pressure 
head h (cm day- 1 

), Ksat the saturated hydraulic 
conductivity (cm day - 1

), B and N are shape 
parameters. 

The values of the parameters are listed in Table l. 
The  soil  profile  is  divided  into  a  number  of 

compartments  of  50 mm  thickness,  and  the  total 
time period into discrete time increments of unequal 

IJ, is the saturated volumetrie soil water content (m  m  · ), IJ" the 
residual volumetrie soil water content ( m3 m ·\ a is the inverse of 
the air entry value (m 1 

), K"'' the saturated hydraulic conductivity 
(cm day   1 

), n, m, B and N shape parameters. 

 
calculated according to the Penman -Monteith 
equation  (Monteith,  1965).  For  these   calculations 
the meteorological data measured on top of the tower 
are used (39 m above ground, 18 m above forest 
canopy). Wind speed and vapour pressure deficit 
could be inftuenced by the canopy cover, but 
comparison of the obtained ET0  values with those of 
a standard weather station at 37 km distance, revealed 
no significant difference. As there are no erop 
coefficient values available in literature for forest 
stands, Kc is obtained by dividing the monthly means 
of the potential  evapotranspiration  of  coniferous 
forest by those of grass. These were calculated by 
Gellens-Meulenberghs and Gellens ( 1992) with data 
from a standard weather station at about 40 km from 
the experimental site, using a twenty year reference 
period ( 1967-1986). The Kc values used in this study 
are listed in Table 2. 

The potential transpiration (T1101) and evaporation 
(E1101) are obtained by splitting ET1101 using the leaf 
area index  (L) as splitting factor. 

Epot = e-o.6 L ET"'" (2.2.1.3) 

lengths  (time  steps  smaller  than  one  day),  for  the 
numerical  calculation  of  the  soil  water  ftuxes.  The 

Tpot = ETpot - Epo! - E; (2.2.1.4) 

conductivity and the differential moisture capacity are 
linearised. 

The potential stand evapotranspiration (ET1101) is 
calculated by multiplying the potential evapotran- 
spiration of a reference surface (ET0) with a erop 
coefficient Kc· The reference surface is short cut grass 
with roughness length 0.0015 m, zero plane displace- 
ment 0.08 m and canopy resistance 70 s m ··l . ET0  is 

E; is the interception and is calculated as the minimum 
of precipitation and interception capacity. The inter- 
ception capacity is determined by the method of 
Leyton et al. ( 1967). For a number of showers, gross 
precipitation measured on top of the tower is plotted 
against the  net precipitation. Ignoring gross precipi- 
tation values of less than 2.5 mm canopy interception 
capacity is estimated from a line drawn through these 

Depth (cm) IJ,   n   N 

 
0-40 

 
0.045 

 
0.40 

 
0.0177 

 
0.98 

 
215 

 
0.283 

 
2.034 

40-55 0.049 0.40 0.0144 1 .57 Il 0.023 2.717 
55-125 0.049 0.40 0.0140 2.00 17 0.032 4.039 
> 125 0.250 0.48 0.0024 0.71 2 0.043 1.329 

 



 

 

Table 2 
Monthly values of the erop coefficient Kc for a coniferous stand, based on data from a weather station at about 40 km from the experimental site 

 

January February March April May June July August September October November December 
 

 

Kc- 1.09 1.12 1.15 1.14 1.13 1.14 1.16 1.16 1.15 1.18 1.17 1.07 
 
 

points of maximum net rainfall. Extrapolated back to 
zero net precipitation, the intercept with the X-axis 
(gross precipitation) is a measure of the interception 
capacity and was estimated 1.9 mm in the experimen- 
tal plot. Transpiration is calculated as the integral of 
root water uptake over the entire profile. 

For each compartment, the root water uptake is 
calculated by multiplying the maximal root water 
uptake (Smax) with a sink term a( h ) (0 < a( h) < 1), 
which is based on the critica! soil water pressure heads 
(h ). Smax was highest in the top layer and the maximal 
total  water  uptake  per  day  by  the  roots  reached 
2.8 mm over the first 20 cm. Smax diminished very 
quickly with depth so that the total water uptake under 
optimal    conditions    reached    a    total    level    of 
3 mm day- 1 over the entire profile. Water uptake is 
reduced  at high-pressure  head  associated with  anac- 
robiosis (near saturation) and becomes optimally at 
h = 10 cm. At a low evaporative demand roots can no 
longer extract water optimally at h = 1000 cm, and at 
a high evaporative demand at h = 20 cm. Roots cease 
water uptake at low pressures (h = 1600 cm) due to 
soil moisture stress. In the case of the pine forest 
stand, the presence of a groundwater table determined 
the bottom boundary condition. The ground water 
table was during the dry year of 1997 and the first part 
of 1998 rather low (1.3-1.7 m). Due to high rainfall in 
September 1998 the ground water table rose up to 
30 cm. The model was calibrated by comparing the 
modelled and the simulated soil moisture profile of 
1997. Mainly the maximal root water uptake and the 
sink terms were subject to calibration. Smax was based 
on the pattern of the root mass density of fine roots 
(< 1 mm)  as  a  function  of  depth  (Janssens  et  al., 
1999). Critica! pressure heads were derived from 
literature (Vanclooster et al., 1994; Item  1978). 

The WAVE model requires daily climate data as 
precipitation, reference potential evapotranspiration 
and interception capacity. The model produces daily 
and  cumulative  values  of  soil  evaporation   (E,_w), 

 
 

evaporated interception  (Ei.w ), transpiration (Tw) and 
evapotranspiration (ETw). Additional outputs include 
the integratcd upward and downward water ftuxes, 
changes in water storage at the bottom of the profile 
and at the bottom of any selected compartment, and 
the moisture content and the soil water pressure head 
(and root water extraction) for each soil layer. 

 

2.2.2. Process-based SECRETS . model (all 
mathematica/  equations can be found  in Appendix A) 

The process model SECRETS is a sequentia!, multi- 
species and multi-structure simulator (Sampson and 
Ceulemans, 1999; Sampson et al., 2001). It simulates 
stand scale carbon and water ftuxes using established 
process algorithms adapted from several sources. 
Namely, the model uses maintenance respiration and 
water balance  formulations adapted from BIOMASS 
(McMurtrie and Landsberg, 1992), with photosyn- 
thesis modelled using the Farquhar formulation found 
in the sun/shadc model (de Pury and Farquhar, 1997). 
Soil carbon (C) and nitrogen (N) pools and ftuxes were 
coded from the GRASSLANDS DYNAMICS surface 
and soil sub-model (Thornley, 1998). Soil water 
holding capacity is calculated from the soil sand and 
clay fractions following Saxton et al. (1986). The 
model simulates on a daily time step, except for 
photosynthesis that runs on an hourly time step. 
Mctcorological inputs to the model, measured on the 
site (see under Section 2.3.1), include daily incident 
short-wave radiation, daily maximum temperature, 
daily minimum temperature, daily maximum relative 
humidity, daily minimum relative hurnidity, average 
relative humidity, and precipitation. A detailed 
description of the mathematica! equations and func- 
tions of SECRETS, as well as the list of parameters 
used in the present application, can be found in 
Appendix A, but a synoptic description of the strategy 
and concepts of the model are given below. 

Evapotranspiration in SECRETS includes tran- 
spiration, canopy interception of precipitation, surface 



 

 

 

litter interception, and  soil evaporation.  Interception 
of precipitation by the canopy includes foliage and 
sterns (tree boles) intf(rception. All of these water flux 
components are driven, or inftuenced, by Penman- 
Monteith heat transfer biophysics. 

Transpiration in SECRETS (Ts) is determined by 
incident radiation (using Penman-Monteith) and leaf 
stomatal conductance to water vapor (gs) (empirically 
estimated from photosynthesis). Therc are a series of 
equations used in the Penman -Monteith approach to 
calculate Ts. 

The heat transfer equations used in the Penman - 
Monteith approach depend, in part, on canopy 
conductance to estimate the imposed rate of transpira- 
tion. Canopy conducance is derived from g, and leaf 
area index (LAi). The Ball and Berry approach (Ball 
et al., 1987) is used as adapted by Leuning (1995) to 
estimate g, from hpurly photosynthesis. Canopy 
conductance (Ge, mol m- 2 ground s- 1), then, is 
integrated over the canopy as: 

                                                   (2.2.2.l) 

where L is LAi (m2 m-2; projected area basis). LAi is 
a daily input into the model and was estimated for this 
site using the LI-Cor LAI-2000 Plant Canopy 
Analyzer (as detailed further). The instantaneous 
rate of canopy transpiration ( Ts( t ); mm h- r ) depends 
on the equilibrium rate of transpiration, the imposed 
rate of transpiration, and the extent to that transpira- 
tion is determined by incident radiation versus canopy 
conductance (Jarvis, 1985). The coupling coefficient 
(il) describes the extent to which T8(t ) depends net 
radiation Kn (MJm-2d- 1 

) versus Ge and is estimated 
as: 

                       
(2.2.2.2) 

 
where Gh is canopy boundary layer conductance 
(mol m-2 s 1), s is the slope of saturation vapour- 
pressure/temprature curve and -y the psychrometric 
coefficient (pa0c- 1 ) (see Table Al ). 

The instantaneous ratc (mm h - 1 
)  of canopy 

transpiration (Ts(t )) is calculated as: 

                        
(2.2.2.3) 

where: Tseq = equilibrium rate of transpiration (see 
Appendix A) 

Tsimp = imposed rate of transpiration (see Appen- 
dix A) 

Finally, daily transpiration  (mm day- 1 
)  is calcu- 

lated as: 

Ts =IE f T8(t)dt (2.2.2.4) 

where fr; is the reduction of transpiration when canopy 
is partially wet. 

Canopy interception in  SECRETS  is  determined 
by LAi, average tree diameter at breast height, and 
incident radiation. For days with precipitation events, 
the interception of precipitation by foliage is calcu- 
lated as the minimum estimate between that derived 
empirically, and that estimated from Penman-Mon- 
teith, as shown in Appendix A. As mentioned, the 
model also uses an empirica! estimate of the amount 
of precipitation intercepted by individual tree boles. 
This equation was adapted from Loustau et al. ( l 992a) 
and is defined as: 

Stem Flow = Precip X B X dbh (2.2.2.5) 

where Precip is the precipitation (mm d- 1 
), B the 

empirica! coefficient ( l/m), dbh is the diameter at 
breast height (m). 

The total amount of daily precipitation (for 
precipitation events) intercepted, thcn, is the sum- 
mation of that intercepted by foliage and sterns. 

Evaporation of precipitation from the surface litter 
(mm day- 1 ) is derived in a similar way as that from 
the wet foliated canopy. Evaporation of  water  from 
the soil profile depends on the Penman -Monteith 
equations described above with  obvious  changes  in 
the input parameters. Namely, dependencies of il use 
soil aerodynamic conductance (Gs) and soil diffusive 
conductance (Gct) instead of the comparable canopy 
parameters. In a similar fashion, the imposed rate of 
evaporation also depends on Gct. 

Parameters and parameter estimates used in the 
equations discussed above may be found in Table Al. 

 
2.3. Measurements 

 
2.3.1. Supporting  measurements 

Climatological parameters, i.e. global radiation 
(Kipp and Zonen CM6B, the Netherlands), incoming 
photosynthetically  active  radiation  (PAR;  400- 
700 nm;  JYP-1000  sensor,  SDEC, Tours,  France), 



 

 

temperature and relative humidity (Didcot Instrument 
Co Ltd, Abingdon, United Kingdom DTS-5A), wind- 
speed (Didcot DWR-205G) and precipitation (Didcot 
DRG-51 ) are continuously measurcd and recorded 
half-hourly at the top of the tower. An ultrasonic 
anemometer (Gill Instruments Solent Research, UK) 
measured 3D windspeed (Overloop and Meiresonne, 
1999). 

Soil moisture content was measured twice a week 
with two series of TDR-sensors (Time Domain 
Reflectometry), placed every 25 cm down to a depth 
of 175 cm  (cabeltester: Tektronix l 502B, Redmond, 
USA). The net precipitation was determined by 
measuring the throughfall collected by 6 m2  of gutter 
by a flowmeter (Didcot DFM-250), and the stemflow 
collected by spirals along 4 representative trees. Data 
on net precipitation are available for only a limited 
time period (second half 1998). Water table fluctu- 
ations were recorded continuously down to a depth of 
2.2 m by a pressure sensor (Didcot DWL-10) 
(Meiresonne and Overloop, 1999). LAi was measured 
on eight days during the year with a pair of light 
sensing instruments (LAI-2000, Li-Cor Ine., Lincoln, 
NE, USA) (Gond et al., 1999). The LAI-2000 
measurcs half of the total surface leaf area and 
necessary corrections were made according to Sten- 
berg ( 1996). LAi changed significantly during the 
growing season and values ranged from 1.7 to 3.0. 
These values were used in the consequent modelling 
exercises. 

 
2.3.2. Eddy covariance flux  measurements 

The eddy covariance system is described by 
Kowalski et  al. ( 1999). Turbulent fluctuations were 
measured at 41 m above the ground with a 3D sonic 
anemometer (winds and 'sonic' temperature) and an 
infrared gas analyser (C02 and H20 gas concen- 
trations; LiCor LI-6262, Ine. USA). The EDISOL 
program (Moncrieff et al., 1997) logged data and 
calculated fluxes in real time. Turbulent fluxes were 
defined as half-hour means of deviations from an 
approximation to a 200-s running mean filter, utilising 
three-dimensional co-ordinale rotations  as described 
by McMillen ( 1988).  This is the standard EURO- 
FLUX methodology (Aubinet et al., 2000). The eddy 
flux data have gaps of several weeks due to equipment 
failure during May 1997  (pump),  September  1997 
(gas  analyser),  May  1998 (anemometer  electronics) 

and December 1998 (gas analyser). Half-hour periods 
with raw data that failed statistica! quality control 
(Vickers and Mahrt, 1997) were removed from  the 
data set, introducing more gaps. 

The eddy correlation instruments measure atmos- 
pheric fluxes directly. However, Jinking these fluxcs 
to ecosystem exchange depends on numerous assump- 
tions. To facilitate a simple interpretation, many 
atmospheric processes that can affect the fluxes are 
ignored. These include phase change (e.g. evaporation 
of rain or fog, and fog formation), moisture advection 
(such as in frontal passage), and mixing against local 
gradients associated with terrain outside the forest. 
Ecosystem water vapour exchange is estimated from 
half-hour covariance's assuming the existence of a 
well-defined spectra! gap between the synoptic flow 
and turbulent motions (Galmarini and Thunis, 1999). 
The turbulence is assumed to be homogeneous and 
stationary, based on flow over a flat and homogeneous 
upwind surface. Finally, surface exchange processes 
under consideration exclude formation and evapor- 
ation of dew at the canopy and litter surfaces. 

The measured eddy fluxes are thus interpreted as 
representing total forest evapotranspiration (ETEC). 

Because rainfall greatly influences the reliability of 
the eddy flux data, the correlation between the models 
and the eddy flux has only been examined on days 
without precipitation. 

 
2.3.3. Measurement of sap flow  rates 

 
2.3.3.1. Theory and methodology. The sap flow was 
measured by the heat field deformation  (HFD) 
method (Nadezhdina et al., 1998). Briefly,  the 
method is based on the obscrved changes of artificial 
heat field around the linear heater in sterns depending 
on the sap flow rate and xylem tissue properties 
(Nadezhdina and Cermák, 1999). The heat field is 
almost circular around a linear heater inserted in the 
xylem along stem radius under zero flow, hut is 
getting asymmetrical (prolonged in  axial  direction 
and shortened in tangential direction) under con- 
ditions of usual flow rates as verified in situ using the 
network of miniature thermometers (Nadezhdina, 
1999) and the infra-red camera (Nadezhdina et al., 
2000). The main points of the heat field were 
characterised by temperature  differences,  measured 
by a series of thermocouples  inserted in the stem at 



 
 

the axial  direction (up and down the heater, dT,ym) 
and at the tangential direction (on the sides of the 
heater, dTasy111).  Such input data are basically  related 
to calculate the sap flow as: 

           (2.3.3.l ) 

where Fgcom and Fmatrix are terms including sensor 
geometry and matrix properties, described by  a 
number of additional equations (Nadezhdina and 
Cermák,  1999). 

The new combined sensor (Nadezhdina et al., 
1998; Nadezhdina and Cermák, 1999) applies two 
pairs of thermocouples situated in the stem  around 
the linear needle-like (linear) heater. One pair of 
thermocouples is installed symmetrically with both 
ends in axial direction up and down the heater (it 
measures the temperature difference dT,ym) and 
another pair is installed  asymmetrically  on the  side 
of the heater with the reference end at the same 
height as the reference end of symmetrical pair of 
thermocouples (it measures the temperature differ- 
ence dTas)· Two asymmetrical thermocouples  on 
both sides of the heater could be used to get better 
averaging of flow over twice as much wide directly 
measured stem segment. All thermocouples and the 
heater are placed in stainless  steel  hypodermic 
needles ( 1.2 mm in outer diameter). When using a 
sensor for measurement of the radial pattern of sap 
flow, two pairs of long needles with series of 
thermocouples in each of them arranged at different 
distances (from 5 to 15 mm) are applied. Heating 
power P is rather low, usually  below  0.1 W  per 
unit  length  (1 cm)  of  the  heater. 

Data of temperature gradients near the heater were 
used to characterise the shape of the heat field around the 
heater. Changes in the shape of such heat field under 
different sap flow rates are measured by the set of 
thermocouples situated at different distances in axial 
and tangential directions. The shape of heat field 
changes significantly with increasing and/or decreasing 
sap flow, when different amount ofheat ismoved axially 
along tree axis and at the sametime tangentially towards 
both sides of the heater. The shape of heat field in 
addition to sap flow depends on wood structure, density, 
water content and wood thermodynamic properties 
determined by the above parameters. 

Changes  of  heat  field   around   the   heater 
due  to   moving   sap  and  varying   properties   of 

the conductive system can be presented using  the 
ratio  of  temperature  differences  dT,ym  and  dTa,: 

                                             (2.3.3.2) 

                                              (2.3.3.3) 

where Tu, Tm, Td are temperatures of the upper, 
middle and lower thermometers (i.e. ends of 
thermocouples),   respectively.   Experimentally    it 
was confirmed, that the ratio of both the above 
mentioned temperature differences (dT,yn/dTa,) is 
proportional  to  sap  flow  rate: 

                                               (2.3.3.4) 

where kp is a physical constant, including basically 
geometry of the measuring point and physical 
properties of the conductive system. 

                                     (2.3.3.5) 

where k,1 is heat conductivity of stem and cw is 
specific  heat  of  water. 

Because of the asymmetrical pair of thermocouples 
in the HFD sensor, dTas is not sensitive under very low 
flows (similarly like in the THB and similar sensors). 
Thanks to the practically constant value of dT"" the 
dT,ym can be involved alone in this range of flows, 
where it is very sensitive to flows in both directions. 
Therefore the HFD sensor can indicate zero flow but 
also reversed flow (e.g. at night after long rain or 
during fog), providing that such flow is low. 

 
2.3.3.2. Validiation of the methodology. The approach 
and methodology outlined above have already been 
extensively  validated  in  the  field  at  the  tree  level: 
( 1) through comparison  with volumetrie measure- 
ments on several lime trees,  (2)  through  compari- 
son with the heat balance method (Nadezhdina and 
Cermák, 1999) and  (3)  during  various  root  to 
branch  communication   experiments   (Nadezhdina 
and Nadezhdin, 200 l ).  At  the  stand  level,  the 
results of the HFD method (stand transpiration 
estimates based on series of measured sample trees) 
were validated in contrasting (wet and dry) forest 
stands: ( 1) by comparing with  results  obtained  by 
the micro-meteorological method and (2)  using 
models which  applied  remote  sensing  data  (Chiesi 
et  al.,  2002). 



 
 

2.3.3.3. Sealing-up to tree and stand levels. The up- 
scaling of the sap flow to the whole tree level as well 
as an analysis of the possible  errors that could arise 

Table 3 
Overview/summary  of the output and the  symbols of the four 
different approaches for the quantification of the evapotranspiration 
used in this study 

during  the  flow  integration  or up-sealing  procedure    
from single-point measurements to whole trees have 
already been described (Nadezhdina et  al.,  2002). 
The up-sealing of data from a series of sample trees to 
the stand level was done on the basis of selection of 
representative size of sample trees using quantils of 
total and using forest inventory data (basal area) as a 
biometrie background (Cermák and Kucera, 1987, 
1990; Cermák and Michalek,  1991). 

 
2.3.3.4. Uncertainty analysis. Uncertainties are 
usually associated with fundamental methodological 
problems of sap flow, with natural variation at 
different levels of  biologica! organisation,  and  with 
the uncertainties involved in up-sealing. In summary 
the uncertainties  can be described as follows. 

Methodological and integration problems of 
different sap flow methods were reviewed by 
Lundblad et al. (2001) and Kostner et al. (1998). 
Additional errors could be associated with the 
possible non-parallelism of inserted needles, indi- 
vidual   differences   in   xylem  heat   conductivity   in 
axial  and  tangential  directions,  tempora!  variations, 

Technique/ 
method 

 
WAVE: water 
balance model 

 
 
 
 
 
 

SECRETS: process- 
based model 

 
 
 
 
 
 
 

Eddy covariance 
flux measurement 
Sap flow 
measurement 

Output Symbol 
 
 

Transpiration Tw 
 

Evaporation of E;.w 
intercepted water 
Soil evaporation E,.w 
Evapotranspiption ETw 
= T + E; + E, 

 
Transpiration Ts 

 
Evaporation of E;.s 
intercepted water 
Soil evaporation (including E,.s 
litter evaporation E1.sl 
Evapotranspiration ETs 
= T + E; + E, 

 
Evapotranspifation ETEc 

 
Transpiratio 7'.F 

etc. 
Variation at the tree level includes (1) non- 

uniformity of sap flow along the radius. This is most 
important and may cause problems when the radial 
pattern of the flow is neglected (as is done in most 
studies); (2) determination of the sapwood depth; (3) 
the positioning of sensors beneath the cambium; (4) 
variation of the sap flow around the stem, etc. 

Variation at the stand level includes variation 
between trees (even trees  of the  same size) and the 
corresponding representative size and number of 
selected sample trees. 

flux  estimates  and two  of  the Jour  approaches  took 
place during different periods. Accordingly, not all 
cross-method comparisons at the measurement, or 
simulation, scale examined were available (or war- 
ranted). In this study two years are considered: 1997 

 
 

Table 4 
Availability (period) of the experimental or simulated data 
(transpiration, interception evaporation, soil evaporation and 
evapotranspiration) and resolution of the fluxes for the 70-year- 
old Scots pine ( Pinus sylvestris L.) stand in the Campine region, 
Northern Belgium, used in this study 

The  up-sealing  procedure  from  the  tree  to  stand 
level  depends  on  the   application   or   selection   of 
suitable biometrie  variables. 

Technique/ 
method 

Period Flux N 
resolution 

Terms and abbreviations used in this comparative 
study are provided in Table 3. 

 
2.4. Inventory of data availability 

 
Each   approach   examined   in  this   study  had   a 

separate tempora! scale in the resolution of the water 

WAVE: water 111197-31/12/98 Daily 730 
balance model 
SECRETS:  process- 1/1/97-31/1'2/98 Daily 730 
based model 
Eddy covariance 1/1/97-31/12/98 Half hourly 223 
flux measurement 
Sap flow measurement 1517/97 -31/8/97 15 min 

 49 N is the number of days with 

reliable data. 



 

0 

 
and 1998.   Table   4   provides   a   summary   of 30 

the measurement and simulation periods examined, "O 

and the time scale associated with each approach. Sap 20 

flow measurements  were made continuously from  15 c:
 

July to 31 August during 1997. The eddy covariance 
measurements were available throughout 1997 and 
1998, however data gaps were common due to 
instrumentation and software problems. The sap 
flow and the eddy covariance measurements had a 
similar time measurement basis; measurements were 
done on a half-hourly basis. 

 
 

3. Results 
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Date 
3.1. Meteorological conditions during this study 

 
Despite similarities in mean annual temperature, 

1997 and 1998 had substantially different meteorolo- 
gical conditions. In 1997 Belgium experienced 
continental (as opposed to the typical maritime 
conditions) conditions, including a very cold, dry 
January and a hot August compared to 1998 (Table 5). 
There was considerably more sunshine in 1997 and 
annual precipitation (672 mm) was only 88% of the 
long-term mean. In  1 contrast, precipitation in 1998 
exceeded local rairtfall records (1042 mm were 
recorded in Brasschaat), particularly extreme during 
autumn (September: J280 mm, October: 139 mm, and 
November:  118 mm). 

 
 
 
 

Table 5 
Meteorological conditions during  the  two  research  years  of 
this study, 1997 and  1998, at the 70-year-old Scots pine (Pinus 
sylvestris L.) stand in the Campine region, Northern Belgium. 
Temperatures shown are the means of average daily atmospheric 
temperatures 

 
 

Meteorological parameters 
 

 

 
Mean  annual temperature 
Mean  temperature  of coldest 
month 
Mean temperature  of warmest 
month 
Annual precipitation 
Mean daily  incoming radiation 
sum 

 
Fig. 2. Incident global radiation (top panel) and seven day running 
mean of transpiration simulated by the models WAVE (Tw: solid 
line) and SECRETS (Ts: dashed line) (lower panel) in a 70-year-old 
Scots pine ( Pinus sylvestris L.) stand in the Campine region, 
Northern Belgium for 2 consecutive years (1997, 1998). 

 
 

3.2. Transpiration 
 

Both models (WAVE and SECRETS) exhibited 
similar seasonal trends in simulated transpiration that 
corresponded to incident global radiation. However 
broad separation between the two was apparent during 
markedly low and high incident global radiation 
(Fig. 2). During this weeks WAVE simulated an 
increased amplitude in transpiration (Tw) and a 
corresponding increased departure from the transpira- 
tion simulated by SECRETS (Ts). In addition, WAVE 
estimated very little to no Tw during late autumn, 
winter and early spring when SECRETS simulated 
slight (0.1 -0.5 mm day- 1 ) Ts  fluxes (Fig. 2). The 
direct correlation between simulated transpiration and 
global radiation for the  models indicated a lower 
coupling for WAVE with asymptotic responses for 
low and high radiation periods (Fig. 3). Overall, this 
resulted in a lower total annual Ts estimate for 
SECRETS (18%) in 1997, but a slightly overestimate 
in 1998 (5%) (Table 6) when compared to WAVE 
(Tw). 

At first view the global pattern of the transpiration 
simulated with the models (Tw and Ts) and those 
estimated from sap flow shows similarity (TsF) during 
the 1997 period comparison (Fig. 4). In fact, 
SECRETS fits very well, with maximum  differences 

A 0 J A 0 

Unit  1997 1998 

oc   
10.4 

 
10.7 

oc  -0.7 4.1 

oc   
20.6 

 
17.3 

mm  672 1042 
MJ m 2 day- i 10.17 8.89 

 



 

• 

 
 
 
 
 
 
 

 
 

Global radiation (W m·2
) 

 
Fig. 3. Daily total transpiration simulated by the models WAVE 
<Tw ; open circles) and SECRETS ( Ts; black circles) versus global 
radiation in a 70-year-old Scots pine ( Pinas sylvestris L) stand in 
the Campine region, Northem Belgium for 1997 and 1998. 

 
in Ts of 0.4-0.5 mm day- 1 when compared to the sap 
flow measurements, but more commonly within 0.1- 
0.3 mm day- 1 

•     Simulated   Tw   from   WAVE   was 
consistently lower than Ts from SECRETS and TsF 
measured from sap flow during days of precipitation 
events, and higher (up to 58%) when rain was absent 

 

Table 6 
Precipitation values (mm) and simulated components of the 
evapotranspiration  (mm)  of  the  70-year-old  Scots pine  (Pinas 

Date (1997) 
 

Fig. 4. Precipitation (upper panel) and daily totals of transpiration 
(lower panel) of a 70-year-old Scots pine ( Pinas sylvestris L) stand 
in the Campine region, Northem Belgium during the sap flow 
measurement campaign of 14 July to 31 August 1997. Transpiration 
estimates by the sap flow method (7'.w; dashed line), the WAVE 
model (Tw; solid line), and the SECRE'FS model (Ts; pointcd line) 
are being presented. 

 
(Fig. 4). For the relationship, between simulated 
transpiration Tw and measured transpiration TsF, a 
linear model is not appropriate, however a sigmoïdal 
course is observed (Fig. 5). For Tw = 0.0 mm day- 1 , 

TsF varies between 0.0 and 1.2 mm day - i. From Tw 
0.1 to 2.0 mm day- 1   there  is nearly  no  change in 

 
i {l:,O oo 

ÇZo O 
sylvestris L) stand in the Campine region, Northem Belgium, 
during three different periods: complete year 1997, complete year 
1998 and the period of the sap flow campaign (14/7/97-31/8/97) 

 
 

Period  1/1/97- 111/98-  1417/97-- 
31112/97 31112/98  31/8/97 

WAVE Precipitation      672 1042 115 
E,_w 206 200 50 
E;.w 157 206 31 
Tw 295 226 83 
ETw 658 632 164 
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SECRETS E,.s 211 219 35 
E;.s 113 162 21 
Ts 243 238 69 

Results of the WAVE and SECRETS models, as weII as the 
scaled-up sap flow have been presented. AII values are in mm water. 
Symbols and abbreviations are as in Table 3. 
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Sap flow (mm da/) 
 

Fig. 5. Simulated daily totals of transpiration of a 70-year-old Scots 
pine ( Pinas sylvestris L) stand in the Campine region, Northem 
Belgium, by the models WAVE (Tw: open circles) and SECRETS 
(T8 ; black circles) versus transpiration estimated by the sap flow 
method (7'.sFl during the sap flow measurement campaign of 14 July 
to 31 August 1997. 
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the average TsF hut with a large variation around the 
mean. Then from Tw 2.0 to 3.0 mm day- 1 therc is a 
very  stcep  slope  up  to  a  horizontal   asymptote  at 
Tw = 3.0 mm day- 1 

•  The SECRETS model performs 
much better than the WAVE model.  This visual 
assessment is confirmed by a more formal (linear) 
regression analysis. This regression has R 2 of 0.874 
with standard error (noise around the regression line) 
of 0.204. The slope is 1.31 with standard error of 
0.0725. However, when integrated  over the  summer 
of   1997,  both  models  over-estimated   transpiration 
(Ts = 69 mm   [11%],  Tw = 83 mm   [34%])  when 
compared to the empirical estimates (TsF = 62 mm). 

 

3.3. Evaporation 
 

3.3.1. lnterception evaporation (E) 
As expected,  increased precipitation resulted in 

increased canopy evaporation (Ei) in the model 
comparisons (Fig. 6). Both models had a clearly 
delincated threshold response to precipitation when 
rainfall was less than 4 mm day- i; both models 
exhibited a similar lope when simulated daily Ei 
was one mm or less (Fig. 6). However, whereas 
WAVE (Ei,W) reached an asymptote at 1.9 mm day···J 

(potential   interception   capacity   of   the   canopy), 

estimates  from  SECRETS  (Ei_s)  diverged  at  about 
1 mm day- 1 

• This corresponded to a reduced trajec- 
tory in simulated Ei ,S with increased precipitation for 
SECRETS (Fig. 6). The reduced slope resulted in 
higher daily estimates of Ei ,w from WAVE when 
precipitation was less than about 10 mm day- 1 • This 
was reflected in the annual estimates of Ei , with 
WAVE simulating 39% greater interception in 1997 
and  27%   greater  in   1998  (Table  6).  There   was 
a preponderance of days at or near maximum 
interception  for both models. 

 
3.3.2. Soit evaporation (E,) 

Annual estimates of soil evaporation are, con- 
versely, very similar between the two models. Annual 
E,_s simulated by SECRETS was only marginally 
(2%) higher than that simulated by WAVE (E,,w) in 
1997 and only 10% higher in 1998 (Table 6). 
However, similarity in the annual estimates did  not 
correspond to similarity in the direct comparison of 
daily values between the two models (Fig. 7). 
Although there was reasonable correlation in simu- 
lated     soil     evaporation     between     WAVE     and 
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Fig. 7. Comparison of daily totals of soil evaporation simulated by 
10 20 30 

1 

80 90 the WAVE model (E,.w) and the SECRETS model (E,.s) in a 70- 
year-old  Scats pine  ( Pinus  sylvestris  L.)  stand  in  the  Campine 

Precipitation (mm day" )  

 
Fig. 6. Daily totals of canopy evaporation simulated by the WAVE 
model (E;.w ; open circles) and the SECRETS model (E;.s; black 
circles), versus daily total precipitation in a 70-year-old Scats pine 
( Pinus sylvestris L.) stand in the Campine region, Northern Belgium 
for 1997 and 1998. 

region, Northern Belgium for 1997 and 1998. Days with drought 
stress (soil water content (SWC) at 25 cm depth below 10 vol.%) 
are indicated by black circles, days without soil water stress (SWC 
between 12.5 and 20 vol.%) are indicated by open squares, days 
with saturated soil (SWC more than 25 vol.%) are indicated by grey 
triangles. 
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3.4.  Evapotranspiration 
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Seasonal trends in evapotranspiration (ET) of the 
two models are not consistent and were both poorly 
correlated with the eddy-covariance measurements 
(ETEC) (Fig. 8). The models over-estimated ET 
throughout most of 1997 when compared  to  ETEc, 
but did marginally better during the autumn of 1997 
and during most of  1998. 

Larger differences in simulated ET between the 
two models were apparent during low and high soil 
water content days (Fig. 9a and ?). There is an impact 
of  the  SWC  on the relation  between  measured  and 
simulated  ET.  On  low  soil  water  content  days 

Fig.  8.  Daily  totals  of  the  evapotranspiration   (lower  panel), 
measured by the eddy covariance technique (ETEc; open circles) 
on dry days, and seven day running means of evapotranspiration as 
simulated by the models WAVE (ETw; solid line) and SECRETS 
(ETs; dashed line) in a 70-year-old Scots pine (Pinus sylvestris L.) 
stand in the Campine region, Northem Belgium for 2 consecutive 
ycars (1997, 1998). 

 
 

SECRETS, this relationship was non-linear, with 
SECRETS often simulating greater  E,,s  throughout 
the comparison. Overall, higher daily estimates of E,,s 
were offset by many days of zero E,_ 5, simulated by 
SECRETS. Zero values corresponded to days when 
volumetrie soil water content dropped below about 
10% (Fig. 7). 

(SWC < = 10%) there is no relation between 
measured and simulated values with a insignificant 
slope  of  linear  regression   ( p' = 0.1  and  0.4  for, 
respectively, WAVE and SECRETS). In fact except 
for two points in  the  left  bottom-the  simulated 
values remain ftuctuate around a constant. For the 
WAVE    model    the    constant    (the    average)    is 
3.225 ± 0.212 standard error (s.e.) and for SECRETS 
1.654 ± 0.094  (s.e.).  Also  R 2  is very  low  (0.1  and 
0.03 for, respectively, WAVE and SECRETS). On 
days with high soil water content (SWC > 10%) there 
is a relationship. For WAVE,' except at very low 
values of the measured ETEC·  the moving regression 
line lies higher than the one for the SECRETS model. 
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Fig. 9. Comparison between daily totals of evapotranspiration of a 70-year-old Scots pine ( Pinus sylvestris L.) stand in the Campine region, 
Northem Belgium, as simulated by the models WAVE (ETw; open circles) and SECRETS (ETs; black circles) and as measured by the eddy 
covariance technique (ETEcl on dry days during 1997 and 1998. (a) Presents data obtained on days with low soil water content (less then or 
equal to 10% at 25 cm depth); the dotted line represents the mean value estimated by WAVE and the dashed line represents the mean value 
estimated by SECRETS. (b) Presents data obtained on days with high soil water content (more then 10% at 25 cm depth); the dotted line 
represents the best linear fit for WAVE; the dashed line represents the best quadratic fit for SECRETS. 
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On average, for both the estimate of ET is higher than 
the measured value. For Secrets a quadratic model 
holds (the p-value for the third order term of the 
polynomial is 0.646, while for the second order term it 
is 0.000). This is an indication that the higher values 
of the measured ETEC become again very similar to 
the simulated values of SECRETS. For the WAVE 
model a fairly good linear regression line fits. Only 
three outliners are present. The regression coefficient 
is 1.44 ± 0.079 (s.e.). This makes clear that the 
simulated ETw is about a half higher than the 
measured ETEC· Annual budgets for the ETEC were 
not available due to data gaps, however both models 
were relatively similar in their annual ET estimates. 
Simulation results were 658 mm (1997) and 632 mm 
( 1998) for ETw of WAVE and 567 mm ( 1997) and 
619 mm ( 1998) for ETs for SECRETS. 

 
 

4. Discussion 
 

4.1. Four methods  to assess ( evapo)transpiration: 
strengths and weaknesses 

 
There are many ways to estimate water vapour 

exchange in forest ecosystems. Cross-method com- 
parisons highlight the strengths and weaknesses of 
often-disparate approaches and, in principal, provide 
clues as to where improvements can be made (Calder, 
1977; Stewart, 1984; Wilson et al., 2001). The four 
methods examined in this study differed substantially 
in their formulation and approach. Essentially, these 
four methods spanned cellular to ecosystem scale 
resolution in their rheasurement inputs and in their 
process-level formuliation of water flux outputs. Yet, 
overall, reasonably good agreement was found among 
several of the comparisons made when outputs were 
resolved at comparison-specific time scales. In 
particular, daily estimates of transpiration simulated 
by SECRETS were well correlated with those 
estimated by the sap flow technique. And, especially 
considering the diametrically opposed formulations 
between the WAVE and SECRETS models, daily 
estimates of transpiration and soil evaporation (data 
not shown) differed by up to 1.2 mm depending on the 
absolute flux. Moreover, the annual sums for tran- 
spiration and soil evaporation were very similar. 
Neither model performed very well when compared to 

the eddy covariance approach. lt should be mentioned 
that the SECRETS model had been fine tuned and 
calibrated for the experimental forest site using the 
carbon pools and fluxes (Sampson and Ceulemans, 
1999; Sampson et al., 2001), but that no specific fine 
tuning or improved calibration was made with regard 
to the water fluxes. 

Model behaviour can, beneath the parameterisation 
technique, be explained by the algorithms used to 
estimate the components of water flux and the driving 
forces considered. The WAVE model simulates the 
transpiration of trees on a ground area basis  using 
point measurements of soil characteristics, soil water 
availability and water balance components (e.g. 
through-fall, rainfall). In WAVE, the soil substrate 
determines how the trees can meet the atmospheric 
demand of water (ET0), with fine root biomass and 
rooting depth determining a threshold potential for 
water movement through, in this case, trees. The 
model is thus very specific in the soil characteristics 
determining simulated water fluxes; spatial variation 
in soil texture and soil physical properties are thus 
important in simulating water fluxes. In this formu- 
lation the soil itself drives water  vapour  exchange 
with the atmosphere, irrespective of the direct, 
instantaneous biological aspects pertaining to plant 
growth. Conversely, SECRETS is a mechanistic 
process model. Transpiration is estimated by imitating 
the biologica! process of water vapour exchange 
through stomata on individual leaf surfaces. In 
addition, canopy interception of water  is determined 
by the LAI in conjunction with the energy required to 
evaporate water on the leaf surfaces, taking into 
account boundary layer resistance to water vapour 
exchange and leaf energy balance. In this formulation 
the plant system drives water exchange with the 
atmosphere. 

Much of the variability in water fluxes between the 
models can be explained by the manner in which 
precipitation and global radiation impact flux esti- 
mates. The soil driven WAVE model responds to 
threshold changes in soil water inputs immediately 
following precipitation events. Canopy interception in 
WAVE is calculated as the minimum between 
precipitation and the potential interception capacity. 
This formulation can lead to some spurious results at 
low precipitation levels, especially when gaps are 
present  in  the  forest  canopy,  as is  the  case  in  this 



 

 
 
 
 
 
 

1 
study.  However,   since  evaporation   of   intercepted 
water reduces the amount of transpiration, a relatively 
large error in interception leads to only a relatively 
small error in the final calculation of 
evapotranspiration. 

The sap flow method provides a direct estimate of 
the upward water movement inside individual trees in 
the stand. However, many assumptions are required 
in the up-sealing approach that introduces bias and 
error, in the half-hourly estimates. Sampling errors 
result from sealing-up processes that occur at small 
scales to larger spatial and tempora! scales (Jarvis, 
1995). In this case the transpiration estimates depend 
on a sub-sample of trees that is assumed representative 
of the population of trees within the stand. Errors can 
also occur if the radial pattems of sap flow in the tree 
trunks are not considered (Hatton et al., 1995; Cermák: 
and Nadezhdina, 1998). In addition, up-sealing from 
the sample trees to the whole stand requires an accurate 
estimate of the distribution of suitable biometrie 
parameters of the stand (Cermák and Kucera, 1990; 
Cermák 1989). Linear regression between the daily 
tree sap flow and the tree basal area, as used in this 
study, was also found by Martin et al. (2001) for a 220- 
year-old Ahies amabilis forest. Systematic errors 
include instrument bias and those that result from the 
measuring system/physical environment interaction 
(Goulden et al., 1996). The estimate of the forest 
transpiration from sap flow measurements thus 
depends not only on the accuracy of the sap flow 
measurement, but also on the proper integration and 
up-sealing procedure used (Nadezhdina et al., 2001), 
and the stem frequency distribution (sapwood area) 
throughout the forest. Regardless, the sap flow 
approach to estimate forest transpiration has clear 
advantages. The approach is relatively simple, it is 
based on the sound biologica! premise that sapwood 
area (xylem wood) conducts water movement through 
trees, and the individual measurements needed in the 
up-sealing process be easily assessed. In addition, it 
can be easily applied for long-term studies in any 
terrain and climatic conditions (Cermák et al., 2001; 
Cermák and Kucera 1987; Cienciala et al., 1997; 
Jimenez et al., 1996). Comparing results of the sap flow 
approach to results of micro-meteorological methods 
and hydrological models confirm that it can be reliably 
applied in large-scale studies, however more often in 
the qualitative sense (Wilson et al., 2001 ). 

The  eddy  covariance  fluxes  represent  direct 
measurements of water  fluxes that can be correlated 
to the total evapotranspiration of the entire forest (a 
mix of both pine and oak trees). However, based on 
energy balance calculations, eddy covariance 
measurements appear to underestimate forest-atmos- 
phere exchange, typically by about 25%  (Baldocchi 
and Vogel, 1996). Several possible explanations have 
been proposed for the apparent 'loss of flux' at the 
Brasschaat site, which  approaches  30%  (Ceulemans 
et al., 2002). The exclusion of motions on time-scales 
longer than 200 s necessarily eliminates large eddy 
transport; this could imply underestimation of canopy 
exchange, particularly during summer periods of high 
transpiration, when large convective motions are most 
likely. The EUROFLUX methodology (described in 
the material and methods) is adhered,  because low- 
frequency fluxes are very difficult to isolate from the 
effects of atmospheric non-stationarity. In Brasschaat, 
the combination of a high tower and a small forest calls 
into question the adequacy of fetch at this site ( 100 m). 
This problem, however, may be less important during 
periods of high transpiration, and this is unlikely to be a 
large source of error in the estimates presented here. 
This question remains a subject of ongoing research. 
Finally, the closed-path system used in this study likely 
loses some of the high frequency eddy fluctuations due 
to tube mixing and filtration. In particular, accumu- 
lation of hydrophilic material at the sample inlet filter, 
which was changed weekly, provides a deliquescent 
water buffer, which may reduce the measured vari- 
ations. Accumulation of rainwater at the inlet, and 
subsequent aspiration by the pump wets the filter; this 
is one reason why closed-path systems have difficulties 
during periods of precipitatioa. However, simple 
accumulation of particulate matter can also result in a 
wet filter. The correction of such effects by spectra! 
techniques was examined and found to be small and 
highly uncertain, and therefore was abandoned. 

 
4.2. Comparison with published  observations 

 
Similar comparisons between various methods to 

determine forest (evapo)transpiration as the one 
presented here, have been made, among others, on 
maritime pine in Portugal (Berbigier et al., 1996; 
Loustau et al., 1996),  on  beech  in  France 
(Granier et al., 2000), on Sitka spruce in Scotland 

 

(Milne et al., 1985), on mixed deciduous forest in the 
South-eastem United States (Wilson et al., 2001). 
Measured and modelled stand transpiration were in 
good agreement in the beech study (Granier et al., 
2001) and Berbigier et al. ( 1996) reported that also the 
comparison between estimations of canopy evapor- 

ation by eddy covariances and sap flow was 
satisfactory in maritime pine. Qualitative similarities 
between sap flow and eddy covariance estimates on a 
daily basis were found in the mixed deciduous forest 
(Wilson et al., 2001). However, none of the 
comparisons reported in literature showed perfect 



 

agreement. 
Comparable estimates of transpiration and evapo- 

transpiration from the literature for Scots pine stands 
of similar structure, climate, and growing season are 
few, with those from the United Kingdom and 
Germany most applicable. The results of the present 
study were consistent with regional simulations for 
Scots pine stands across Europe over a latitudinal 
range of over 20° (Beminger, 1997). A stand of 
similar latitude and LAi, but lower average tempera- 
ture (8.7 °C) in Germany had nearly identical year- 
end estimates of transpiration ( 250 mm yr- 1 

) 

(Berninger, 1997) as that simulated with SECRETS 
for both years and with WAVE for 1998, but slightly 
lower than that estimated by WAVE for 1997 
(Table 6). Our yearly estimates from both models lie 
within the regional average simulated by Beminger 
(1997). Transpiration of a more northerly stand in 
Scotland  with  similar  LAi  and  stocking  reached 
2 mm day- 1 , exhibiting a similar seasonal depression 
during summer as that found in Brasschaat (lrvine 
et al., 1998). Their estimates were slightly lower than 
those simulated in this study (Fig. 2), but closer to that 
found in the sealing-up approach (Fig. 4). However, 
they observed a higher than usual hydraulic resistance 
in their study which reduced transpiration, and 
average temperatures (and most likely  incident 
radiation) at their site were somewhat lower (lrvine 
et al., 1998). 

Several studies permitted a comparison of evapo- 
transpiration. Waring et al. (1979), in a sealing-up 
exercise, found close coupling between sapwood 
water deficit and ET . for Scots pine stands in North- 
eastern Scotland. Tb.ere, evapotranspiration varied 
from  about  0.5-4 mm day- 1 ,  with  ET  exceeding 
6 mm day 1   at one occasion. Present estimates of ET 

varied over a similar range, however those from 
WAVE (ETw) were, on occasion, 30% higher than 
SECRETS and those found by Waring et al. (1979) 
(Fig. 8). However, some of the differences between 
this study and Waring et al. (1979) can be attributed to 
differences in stand structure, climate and soil 
hydraulic properties between Brasschaat and the 
Scottish forest. For  example,  although  basal  area 
was roughly similar for the two study sites, the 
Scottish pine stand was younger (42 years old) and 
had a higher LAi. Also solar radiation during their 
study period is not known. Twenty years of water 
balance data from a younger (37 years old) Scots pine 
stand of similar basal area, higher LAi, but slightly 
lower radiation in central Germany had results similar 
to  those  reported  here  (Jaeger  and  Kessler,   1997). 
From their monthly averages, a mean daily ET of 
almost 1 mm day - 1 was calculated in January to a 
little over 3 mm day 1 in July. These estimates were 
similar in magnitude to simulations from SECRETS 
(Fig. 8). 

 

4.3. WAVE versus SECRETS 
 

Evapotranspiration estimates from WAVE were 
often, but not always, higher than those simulated by 
SECRETS (especially during high water flux periods) 
and certainly those estimated from the eddy covari- 
ance approach (Figs. 8 and 9). A possible explanation 
why the WAVE estimates were generally higher is the 
fact that the depth of the clay substrate at the 
calibration point was rather shallow (125 cm). Tuis 
likely created locally a more favourable soil moisture 
profile for root water uptake. Previous research on the 
diurnal courses of transpiration measured by sap flow 
(Meiresonne et al., 1999) has indicated that the 
amount and timing of rainfall affect WAVE estimates 
of transpiration. WAVE often estimated zero tran- 
spiration when rainfall was more than 1 mm d- 1 and 
fell during a non-transpiring period (evening, night, 
early morning). The  same  phenomenon  occurred 
when rainfall occurred during the day, but in a shorter 
period, so that the radiation sum was not affected. 
Meiresonne et al. (1999) also observed that simu- 
lations for rainy days were not as affected when the 
rainfall originated from a brief shower or when the 
rainfall  persisted  during  the  major  part  of  the  day. 



 

 
 
 
 
 
 
 

  
 

Because the WAVE model uses daily values, it could 
not reproduce  such events. 

For days  with  any  measurable  rainfall, 
SECRETS  always  estimates  canopy   interception 
(or evaporation)  by  foliage  and  sterns/branches 
(data not shown). And, some interception or 
evaporation from the soil surface litter often occurs 
(depending on whether rainfall exceeds  interception 
and the potential evapotranspiration).  Evaporation 
from the bare soil or transpiration may, or may not, 
occur during days with rain, depending on 
photosynthesis for the day (and thus canopy 
conductance),   and   long-wave   radiation   reaching 
the soil surface. Radiation at the  soil  surface 
depends on LAi, solar angle and,  of  course, 
incident radiation  above  the  canopy.  In  SECRETS, 
at low to moderate ET, the water flux attributed to 
canopy interception (or evaporation) was propor- 
tionally higher than  the  other  fluxes,  while  at 
higher ET, transpiration and, to a lesser extent, soil 
evaporation contributed proportionally more to ET 
(data not shown). Thus, the convergence between 
SECRETS and WAVE for  days  with  rainfall  to 
days without rain  can  be,  at  least  partially, 
attributed  to  the  closer   correspondence   between 
the two models  for transpiration  when  transpiration 
is the dominant water flux from the forest. It is not 
known to what extent soil evaporation may have 
contributed  to  these  results. 

 
4.4. Eddy covariance versus the models  WAVE and 
SECRETS 

 
The curvilinear relationship  in evapotranspiration 

as observed between  the  model  SECRETS  (ET5) 

and the eddy covariance measurements (ETEC)  for 
days without rain (Fig. q)  was  not  entirely 
unexpected. Results from a joint modelling effort 
showed, in genera!, similar trends (P.G. Jarvis, 
personal communication). At low soil water  content 
the low estimate of ET by SECRETS  can  be 
attributed to the low soil evaporation.  Higher 
estimates of ET at low fluxes for  both  models, 
when compared to  the  eddy  covariance  fluxes,  can 
be explained by 'selective'  underestimation  of  the 
flux during calm periods (Goulden et al.,  1996). 
When compared to the eddy data for SECRETS, 
reduced    ET    at   higher    fluxes   is   attributed    to 

decreased transpiration and canopy interception/ 
evaporation as ET  increasea. A reduction in 
transpiration as ET increased may be a biologica! 
feed-forward response to increasing water loss. 
However  interception/evaporation  from  the  canopy 
is strictly due  to  the  physical  structure  of  the 
canopy (LAi and light transmission) in relation to 
incident radiation. When soil water content is 
suflicient  (> 10%)  estimates  of   evapotranspiration 
by WAVE  (ETw)  are  not  reduced,  as  the  soil 
driven  transpiration  (Tw)  is not  affected. 

 
 

5. Conclusions 
 

The   four   approaches   used   in   this   study   to 
estimate   the   water   fluxes   contributing   to   evapo- 
transpiration  from  a Scots pine forest differ in their 
process   formulation   and/or   measurement   scale  in 
their  flux  estimates.  Yet,  the  convergence  between 
measured  and  modelled  fluxes  was  interesting  and 
often close, depending  on the time resolution  of the 
flux  comparison  made.  Namely,  the  two  simulation 
models  had  similar  seasonal  trends  in  transpiration; 
they  had  similar  annual  estimates  of  transpiration 
and   soil   evaporation.   Evaporation   in   SECRETS 
generated   more   zero   values, .   in   drought   events. 
Daily   estimates   of   transpiration   from   SECRETS 
were  well  correlated  with  the  sap  flow  estimates, 
but further fine-tuning  and calibration  of this model 
could   be   made.   Estimates   of   transpiration   from 
WAVE   showed  more  over-and  under  estimations, 
as  this  model  was  more  sensüive  to  rain  events. 
The  eddy  covariance  flux  measurements  (for  days 
without  precipitation)  yielded  lower  evapotranspira- 
tion   (ET)  values   then  both   models.  The  WAVE 
model  simulated  highest  ET  during  summer,  with 
peaks    of    nearly    5 mm d- 1 ,    while    SECRETS 
estimated  higher ET during  other times of the year. 

Each   of   the   four   approaches   has   their   own 
specific  benefits  and  shortcomings  for  the  assess- 
ment of water fluxes of a stand. The WAVE model 
needs   easy   to   generate   weather   data   and   the 
knowledge  of  the  soil  properties  as  input.  On  the 
other  hand,  the  modelling  output  is  only  a  point 
simulation.   The   model   SECRETS   also  relies   on 
weather   data,   however   canopy   measurements   are 
also required.  The  sap  flow  method  offers  a  direct 

measurement of the itranspiration, but the up-sealing 
process can cause bias and  error.  The  eddy 
covariance measurement is also a direct  measure- 
ment of evapotranspiration ftuxes, but it requires a 
tower infrastructure and  it  introduces  uncertainty 

about  the  measured  surface. 
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where: Ea is the em1ss1v1ty of atmosphere, Ev the 
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The  apparent  emissivity  of  atmosphere  (Ea)  is 
calculated from hourly  temperature  as: 

Ea = 1 - 0.261 exp(-7.77 X 10-4 temp2 ) (A3) 

The heat transfer equations used in the Penman- 
Monteith approach depend, in part, on canopy 
conductance to estimate the imposed rate of transpira- 
tion. Canopy conductance is derived from g, and LAi. 
We use the Ball and Berry approach (Ball et al., 1987) 
as adapted by Leuning (1995) to estimate g, from 
hourly photosynthesis. Specifically, g, (mol m-2 s- 1 

) 

is estimated as: 
 

 
where:  80   is  the  minimum  cuticular  conductance 

Appendix A. Description of the process model (mol m-  2 s - 1 ),B the empirica! coefficient (µmol- 1 
- 

SECRETS (Sampson and Ceulemans 1999; m2 s), A the  net  photosynthesis  (µmol C02 m  2 
- 

Sampson et al. 2001) 
 

( l ) Transpiration 
Transpiration in SECRETS (Ts) is determined by 

incident radiation (using  Penman-Monteith)  and 
leaf stomatal conductance to water vapor (gs) 
(empirically estimated from photosynthesis). There 
are  a  series  of  equations  used  in  the  Penman- 

s-i), I' is the C02 compensation point (Pa), D the 
vapour pressure deficit (Pa), D0 the saturation 
pressure (Pa), C02c is the C02 concentration in the 
canopy air (µmol mol- 1 

). 

Details on the photosynthesis module may be 
found in  de Pury and Farquhar ( 1997). The vapour 
pressure deficit is calculated hourly from  tempera- 
ture   and   relative   humidity.   Canopy   conductance 

2 
Monteith approach to calculate T5 . Net radiation 
(Kn; MJ m -2 day  1 ) incident to the canopy surface 
is  calculated  from  daily  incident  shortwave  radi- 
ation. The equation to estimate Kn is: 

(Ge, mol m - 
the canopy as: 
Ge = f 

ground  s-1), then,  is integrated  over 

                                           (Al ) 

where: K, is the daily value of total short-wave 
radiation (MJ m -2 day 1

), Kin the net long-wave 
radiation (MJ m -2 day- 1

) and a is the albedo 
(proportional). 

g, dL (A5) 
 

where L is LAi (m2 m-2
; projected area basis). 

LAi is a daily input into the model and was 
determined for this site using the LI-COR LAI- 
2000 Plant Canopy Analyzer adjusted to account 
for  the  self-shading  of  foliage  elements  within 

1 

11 



 

 
 
 
 
 
 
 

  
 

shoots  (shoot  silhouette  area < actual  needle  area 
of the shoot) (Stenberg  1996). 

The  instantaneous  rate  of  canopy  transpiration 
( Ts(t ); mm h- l) depends on the equilibrium rate of 
transpiration, the imposed rate of transpiration, and 
the extent to that transpiration is determined by 
incident radiation versus canopy conductance (Jarvis 
l 985). The equilibrium rate of transpiration (T8c4 ; 

mm h-l) is calculated as: 

Tseq = sKnl( (s + y)À) (A6) 

where: s is the slope of saturation vapour-pressure/ 
temperature curve, y the psychrometric  coefficient 
(Pa °C- 1 ), À is the latent heat of vaporization of water 
(J g-1). 

The imposed rate of transpiration (Tsimp; mm h- 1), 

then, is calculated as: 
 

                                         (A7) 

where: p is the partial pressure of dry air (kPa), Cr the 
specific  heat  capacity   of  air  at  constant  pressure 

 
 

Table A l 
Parameter list for soil water balance in SECRETS version 4.0 

(J g- l °C- l), Äe is the saturation Vapour deficit Of air 
(kPa). 

The coupling coefficient (fl) describes the extent 
to  which  Ts(t )  depends  on  K1i  versus  Ge  and  is 
estimated  as: 

                             (A8) 

where Gb is canopy boundary layer conductance 
(mol m- 2 s- 1 ) (see Table Al ). 

We calculate the instantaneous rate (mm h-1  
)  of 

canopy transpiration ( Ts(t )) as: 

                             (A9) 

Finally, daily transpiration (mmday- 1 
) is calculated 

as: 

Ts =fE J Ts( t) dt (AlO) 

wherefE is the reduction of trans]1>iration when canopy 
is partially  wet. 

(2) Canopy (and tree hole) interception 
Canopy interception in SECRETS is determined 

 
 

Parameter Symbol Units Value Reference 
 

 

 
erg (1992) 

 
 
 
 
 
 
 
 
 
 
 
 
 

LAi evaporation coefticient EVAP1. mm m2 m 0.5 Swank et al. (1972) 
1 0.1835 Loustau et al. (l992a) 

0      -1 
- g 38.6 Smolander and Stenberg (1996) 

 
 

Parameter estimates listed here include those used in the Penman- Monteith equations provided in the appendix text above as well as those 
pertaining to the stand soil characteristics. Parameters not listed here but found in the appendix text above were either estimated by the model 
during simulations or were constants. 

" Assumed proportional to soil water content of the top soil layer. 
 

by LAi, average tree diameter at breast  height  (dbh; 
m) and incident radiation. For days with precipitation 
events, the interception of precipitation by foliage is 
calculated as the minimum estimate between that 
derived empirically, and that estimated from Pen- 

man-Monteith. 
The empirica! estimate, from LAi, is: 

 
                                            (Al 1) 

 

Stem flow coefficient B m 
Specific leaf area psla cm 

 

 
Canopy aerodynamic conductance 
Soil aerodynamic conductance 

 

Gh 
Gs 

mol m -2 s  l 6.027 Adapted from McMurtrie and Landsb 
mol m - 2 s  l 0.5 Monteith (1973) 

Soil diffusive conductance" Gd mol m- 2 s - 1 0.4 Monteith (1973) 
Albedo a Proportional 0.1 Default 
Emissivity  of vegetation Ev  0.95 Monteith  and Unsworth  (1990) 
Minimum  cuticular  conductance 80 mol m- 2 s   1 0.02 Medlyn and Jarvis (1999) 
Stefan Boltzmann constant CT 10-8 W m  2 K  4

 5.67 Monteith  and Unsworth  (1990) 
C02 compensation point r Pa  3.69 de Pury and Farquhar (1997) 
Slope coefficient for stomata! conductance BI µmol i m2 s 4.8 Medlyn and Jarvis (1999) 
Surface litter evaporation coeff. a mm  0.05 Adapted from Swank et al. (1972) 
Profile sand content-top profile (0.2 ml N.A. %  78 Meiresonne and Overloop (1999) 
Profile sand content-total profile (1.3 ml  N.A %  83.9 Meiresonne and Overfoop (1999) 
Profile clay content-top profile (0.2 m) N.A. %  10 Meiresonne and Overloop ( 1999) 
Profile  clay content-total  profile  ( 1.3 m) N.A. %  6.7 Meiresonne and Overloop (1999) 
Total profile depth N.A. m  1.3 Meiresonne and Overloop (1999) 
Depth first layer N.A. m  0.2 Meiresonne  and Overloop ( 1999) 

 



 

where EVAPL is the species evaporation coefficient 
(mm m2  m-2 ). 

As mentioned, the model also uses an empirica! 
estimate of the amount of precipitation intercepted by 
individual tree boles. This equation was adapted from 
Loustau et al. (1992a) and is defined as: 

Stem Flow = Precip X B X dbh (A l 2) 

where Precip is the precipitation (mm day- 1 
), B the 

empirica! coefficient (m ·I), dbh is the average tree 
diameter at breast height (m). 

The total amourt of daily  precipitation (for 
precipitation events) intercepted is the summation of 
that intercepted by foliage and sterns. 

(3) Evaporation 
Evaporation of precipitation from the surface litter 

(mm day- 1 ) is derived in a similar fashion  as  that 
from the wet foliated canopy. Namely, it is defined as 
the minimum between that estimated empirically, as 
determined by the mass of surface litter, and that 
estimated  from  the  Penman- Monteith  equations. 

The empirica! estimate is: 
 

E1.s = (LITsurf X psla)/10 X ll' (A13) 

where LITsurr is the surface litter (kg m-2
), psla the 

projected specific leaf area (cm2 g- 1), a is a constant 
(mm). 

Evaporation of water from the soil profile depends 
on the Penman-Monteith equations described above 
with obvious changes in the input parameters. 
Namely, dependencies of D use soil aerodynamic 
conductance (Gs) and soil diffusive conductance (Gct) 
instead of the comparable canopy parameters. In a 
similar fashion, the imposed rate of evaporation also 
depends on Gct. Parameters  and parameter estimates 
used in the equations discussed above may be found in 
Table A l . 
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