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Chapter 8

Wet canopy evaporation

8.1 Introduction

In the previous Chapter the evaporation rate of a forest under dry conditions was

discussed. In contrast to shorter and aerodynamically smoother vegetations, the

evaporation rate of forests under wet conditions may be considerable. Under some

conditions this may even be as high as 50% of the gross precipitation (e.g. Dolman,

1988).

However, at present there is still no consensus on the best way to model and

measure the interception loss and more specifically the canopy storage C (e.g. Aston,

1979; Leyton et al., 1967; Klaassen et al., 1998; Bouten et al., 1991) as well as the

evaporation rate of the intercepted water Ei (e.g. Rutter et al., 1975; Gash, 1979;

Teklehaimanot et al., 1991; Hormann et al., 1996; Gash et al., 1999; Lankreijer et al.,

1999; Crockford and Richardson, 2000; Bosveld and Bouten, 2003; Van der Tol et al.,

2003).

The causes for this lack of understanding will be outlined below and the remainder

of this chapter will attempt to improve our understanding of how to best estimate

canopy storage and interception evaporation. The main questions to be addressed in

this Chapter are:

• What is the magnitude of the evaporation rate Ei and the interception water

storage capacity C under wet conditions?

• Do Ei and C change for different meteorological conditions?

• Are Ei and C different for different tree characteristics?

In this Chapter the differences in Ei and in C for the forest sites described in Chap-

ter 3 will be analysed, and an attempt will be made to derive improved parametriza-

tions for these sites. The basis for these parametrizations is both the water balance

of the vegetation cover (e.g. Rutter et al., 1971) and the energy balance (e.g. Gash

et al., 1995). These approaches will be applied to demonstrate the variability and
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magnitude of Ei and C at short time steps and to improve the present conceptual

ideas on Ei. These new concepts will be applied to derive parametrizations for the

sites studied. The main aim of the thesis is to develop a water balance model that

is applicable not only for the present well equipped research sites, but also for less

well monitored forested sites. Therefore the aim is to derive general physically-based

relationships. The applicability of these relations will be demonstrated for the oak

forest at the Edesebos site.

8.2 Precipitation characteristics, number of show-

ers per day

Most of the analysis of interception parameters is based on the characteristics of single

shower events. However, as the definition of a shower event, particularly its beginning

and ending is arbitrary, often daily data are being used, based on the assumption of

one single shower per day. To check the validity of this assumption characteristics

of daily rainfall data were compared with those of showers, defined as continuous

rainfall with intermittent dry periods of less than 30 minutes.

Applying this definition, Fig. 8.1 left panel shows that in only 50% of the cases a

single shower per day occurs. It also shows that in relatively dry years such as 1996

(P = 688 mm) this assumption appears more robust than in relatively wet years such

as 1998 (P = 1270 mm).

The right panel of Fig. 8.1 shows the frequency distribution of the length of the

dry periods in between the showers. In wet years there are more short dry periods

than in dry years. Dry periods longer than 5 days (not shown in Fig. 8.1) occur

more than 3 times as often in the dry year 1996 as in a wet year 1998.

It is generally assumed that a wet canopy needs 10 hours or more to dry up. For

the Loobos site more than 60% of the showers start within 5 hours of the previous one.

These numbers may change if an arbitrary start and end of the day, for example mid

night or 8 o’clock GMT is used, which will not only change the number of showers,

but will also create events that start with a wet canopy. For the relatively wet year

1998 this start has the highest impact and using daily data the number of showers is

decreased by 50%.

There is also a shift in the shower distribution: the number of showers between

0.2 and 3 mm are halved, while the frequency of showers greater than 5 mm is

almost doubled. The impact of these differences on the parameter estimation will be

discussed in Chapter 8.6.
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Figure 8.1: The frequency distribution of the number of showers occurring at one day

Nshowers per day (left panel) and the time between showers Ldry (right panel) measured at

the Loobos site in the years 1995 -1998. A shower is defined as one rainfall event with

intermittent dry periods of less than 30 minutes. Remark: in the right panel the ticks are

at irregular intervals.

8.3 Evaporation rate of intercepted rain

As suggested earlier, next to the amount of energy available, the rate of evaporation of

water from a wet surface Ei is primarily determined by the aerodynamic resistance

ra. The magnitude of ra is related to the roughness lengths z0 of the underlying

surface for vapour, heat and momentum transport (see Eqs. 2.41 and 2.43). In this

Section firstly the behaviour of z0H and z0M under dry and wet conditions will be

studied and secondly Ei.

8.3.1 Aerodynamic resistance

At all sites the general trend observed in z0H showed an increase at the start of a

shower, a decrease during the showers and an increase again just after the shower

ceased. the aerodynamic resistance z0M showed an increase during the shower. Using

Eq. 2.67 the behaviour of z0H and z0M is shown in Fig 8.2 as kB−1 for dry and

wet, i.e. P ≥ 0.4 mm 30 min−1 conditions. Here the assumption is made of equal

displacement heights d for momentum and heat.

To reduce possible differences between the radiative Ts and aerodynamic Ts, data

were selected for u∗ > 0.2 m s−1.

Fig. 8.2 shows for pine forest with its relatively open canopy under unstable

conditions that z0H and z0M do not differ much, i.e. kB−1 is close to zero. If the

stability corrections are applied, the horizontal part of the graph lowers on average
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Figure 8.2: Averaged values of kB−1 (not including the stability terms) as a function of

equidistant bins of the stability (z− d) / L for the pine stand at the Loobos site in 1997 for

both dry and wet conditions.

with 0.34, resulting in a slightly negative kB−1.

For dry stable conditions kB−1 decreases with increasing stability classes showing

the dependency on u∗. Often this relationship is reported as a function of the root

or a power close to 0.5 of u∗ or the Reynolds number Re (e.g. Garratt and Hicks,

1973; Mölder and Kellner, 2002) in combination with vegetation characteristics such

as the leaf width and LAI (e.g. Brutsaert, 1982; McNaughton and Van den Hurk,

1995).

For dry unstable conditions the relation with the friction velocity and kB−1 can

be modelled as a weak function of the Reynolds number. For the pine site this

relationship would result in kB−1 = 0.003Re0.54 − 1.55 (R2 = 0.25), where Re =

u∗z0M/ν with ν (m2s−1) being the kinematic viscosity. This equation resembles

similar equations as being derived for other vegetated surfaces (e.g. Mölder and

Lindroth, 2001). In view of the very weak dependency on u∗ however, a constant

value for kB−1 seems to be more appropriate. The value found for dry unstable

conditions at noon for the month July kB−1 = −0.43 corresponds well with the

value of -0.5 reported by Mölder and Lindroth, 1999) for a mixed pine spruce forest

with a LAI varying between 4 and 6 m2 m−2. Similar findings were obtained by Hall

(2002) for coppiced poplar and by Bosveld (1999) kB−1 for a Douglas fir plantation

with a LAI of 8-11 m2 m−2. These authors explain the negative value by the near

zero bluff body contribution of the very thin needles causing a high eddy diffusivity

for heat within the roughness sub-layer and in the canopy.

For wet conditions the atmospheric stability is mainly stable. For these conditions

the average kB−1 is distinctly lower as compared with stable dry conditions, but on
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Table 8.1: Average values for kB−1 for the years 1996 and 1997 for four sites. At the

Bankenbos, Fleditebos and Kampina sites the data used encompass the three summer and

winter months of each year. Dry conditions were defined as periods preceded by 12 hours

without rain, wet as periods with P ≥ 0.4mm (30 min)−1. σ denotes the standard deviation.

Site kB−1 (-) u∗ (m s−1)

Unstable Stable Unstable Stable

Dry σ Dry σ Wet σ Dry Dry Wet

Bankenbos s 0.39 0.98 2.47 2.58 1.56 2.24 0.72 0.41 0.58

(Larch) w 2.07 1.79 6.04 3.88 1.46 2.38 0.73 0.50 0.82

Fleditebos s 0.23 1.44 4.09 3.14 3.26 2.64 0.60 0.40 0.53

(Poplar) w 3.09 2.62 8.70 4.84 5.28 3.96 0.64 0.49 0.66

Kampina s -0.39 0.68 4.79 4.09 4.43 4.31 0.62 0.44 0.56

(Mixed) w 0.60 1.40 8.15 4.57 6.22 4.36 0.66 0.47 0.60

Loobos All -0.14 1.26 3.25 3.40 1.53 2.53 0.59 0.44 0.67

(Pine)

average higher if compared with unstable dry conditions. Similar trends were found

at all four sites (see Table 8.1).

The averages of Table 8.1 were calculated taking for unstable conditions (z −

d)/L < −0.01 and for stable conditions (z − d)/L > 0.01. The relatively large

standard deviation is mainly caused by values close to neutral. Overall the results

show a tendency for low kB−1 values during the foliated summer months and high

values during the non-foliated winter months. Comparison between sites shows high

values of kB−1 corresponding with sites having a high LAI for both dry and wet

stable conditions. For unstable conditions however such a trend is not clear. The

relatively small value for the mixed site during unstable conditions may be caused

by the presence of pine trees. The reason why this value does not hold under stable

conditions is not clear.

Differences in tree characteristics and u∗ may influence the magnitude of kB−1.

For wet conditions the sites can be split in two groups: needle leaf trees with a low

value of kB−1 ≈ 1.5 and broad leaf trees with a high value of kB−1 ≈ 3.2− 6.2. In

contrast to dry conditions, the presence of needles at the larch site for wet conditions

seems to have little effect. For wet conditions no relationship between kB−1 and u∗,

LAI and leaf length scale Lc (m) could be derived.

For dry unstable conditions using average values of u∗, LAI (and WAI for the non–

foliated season) and taking a typical value for Lc = 0.01 m, the following relationship



160 8. Wet canopy evaporation

(R2 = 0.88) could be established:

kB−1 = −1.32 +
36.2

LAI

√

Lcu∗ (8.1)

This relationship resembles the theoretical relation for a relatively open canopy

as given by McNaughton and Van den Hurk (1995) reasonably well. However the

uncertainty of this relation is large, for example omitting the data of the winter

period at the deciduous sites reduces the slope as well as the explained variance by

50%. Also differences between years can be considerable.

In conclusion: our results show that kB−1 changes with stability classes. In gen-

eral kB−1 is lower for wet conditions than for dry stable conditions. This behaviour

seems to be caused mainly by changes in z0H during showers. Under wet conditions,

only for rare occasions with relatively high atmospheric stability kB−1 approaches

0, while under these conditions ra is well defined by z0M . Applying a fixed value

kB−1 = 1.5 instead of kB−1 = 2.0 for the pine site changes an underestimation of

32% to just 8% in the calculated E as compared to the measured E. For this site

with kB−1 = 0.0 i.e. z0M = z0H , an average overestimation in E of 30% has been

found.

8.3.2 Evaporation rate of wet vegetation

Measurements of precipitation P, throughfall Tf and stemflow Sf and Eq. 2.66, i.e.

the Gash-model, can be used to derive E. The amount of water intercepted by the

vegetation and subsequently evaporated Ei is:

Ei = P − Tf − Sf (8.2)

Plotting the derived interception losses Ei against P for events large enough to

saturate the canopy gives the ratio E/P (Gash, 1979; Loustau et al., 1992). Table

8.3.2 shows the sensitivity of this method for the integrating time step being applied,

i.e. E decreases by a factor of 2 if the duration of showers is used instead of hourly

data. This sensitivity is primarily caused by the rainfall distribution as shown in Fig.

8.1.

Another method to derive λE is based on micro-meteorological techniques. How-

ever, particularly during and after showers, λE appears to be underestimated by

the direct measurements using a closed path gas analyser. For the open path, how-

ever, showers tend to cause many spikes in the measurements, resulting in data gaps.

Calculating λE as a residual of the energy balance is a good alternative under such

conditions. In Fig. 8.3a E measured above the canopy using the infra-red gas anal-

yser is plotted against E derived as the residual from the energy balance. During and
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Table 8.2: The ratio E/P and the average evaporation rate E for the period 1995 to 1998

at the pine forest of the Loobos site. With an average precipitation rate P of 1.54 mm h−1

(with a minimum of 1.31 and a maximum of 1.63 mm h−1) for P > 0.4 mm h−1. For the

hourly data the canopy was assumed being saturated for P > 0.4 mm h−1. Showers were

defined as a rainfall event preceded by a dry period of more than 10 hours.

Hourly Daily Shower

Mean R2 Mean R2 Mean R2

E/P (-) 0.19 0.30 0.13 0.41 0.10 0.25

E (mm h−1) 0.29 0.20 0.15

just after rainfall for the Loobos site sensible heat flux H above the canopy is often

negative with values ranging between −25 to −100 W m−2 (see Fig. 8.3b). This be-

haviour is caused by Ts < Ta above and below the canopy (±0.5 0C). During daytime

and under wet conditions H below the canopy is small but positive (±10 W m−2).

This situation, together with the negative H above the canopy causes the canopy to

act as a well-ventilated wet bulb and enhances the energy available for evaporation

of the overlying canopy layer. The average contribution of the undergrowth at the

pine forest for hours with P > 0.4 mm h−1 is 11% of the total evaporation and 14%

at the poplar forest for the months April and June.

Total duration of evaporation of intercepted water: From the sapflow measure-

ments it is clear that at least for the shower analysed in Fig. 8.3 there is no tran-

spiration taking place. For smaller showers during daytime also an abrupt although

delayed decrease in transpiration is observed. The lag in time of the transpiration as

measured by the sapflow compared to that measured by micro-meteorological tech-

niques is in general due to changes in the amount of water stored in the sapwood of

the tree (e.g. Swanson, 1994).

Kume et al. (2006) argued that the time needed to restore the sapflow to its

normal level may be considered as the time needed to dry the canopy. Using this

assumption shows that after a continuous shower started at 20h00 the day before

at the pine site, between 10 to 13 hours are needed before the sapflow is returned

to its normal level (see Fig. 8.4). Using the sapflow signal to indicate the moment

when the canopy is dry, and using the end of throughfall as the time the canopy is

saturated and drainage has stopped, makes it possible to estimate C and E during

this period. The thus derived C is 1.65 mm and E for this period is 0.19 mm h−1.

The latter is approximately twice as high as E during the hours with rain (0.11 mm

h−1 for P > 0.4 mm h−1).

A third alternative to estimate E of intercepted precipitation is the use of the

Penman-Monteith equation (see Eq. 2.35) with rs = 0. The results of this approach
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Figure 8.3: Panel A shows the evaporation rates E at the Loobos site for 21 and 22

August 1997: measured above the canopy using a Licor 6262 gas-analyser, as derived from

the energy balance, from sapflow measurements and measured below the canopy. The

vertical bar graph represents the precipitation rate P . Panel B shows net radiation Rnet

and sensible heat H flux densities both above and below the canopy.

are sensitive to the correct parametrization of ra, which depends on z0M and z0H .

For vegetation often the ratio between these roughness lengths is taken as kB−1 =

ln(z0M/z0H) ≈ 2.0 (Brutsaert, 1982). Fig 8.5 shows for the pine site the variation of

E under wet conditions, applying flux measurements and solving the energy balance.

Also depicted are E using Penman-Monteith with kB−1 = 2.0 depicted as raH and

kB−1 = 0.0 depicted as raM . Fig. 8.5 shows that in the first two years at this site the

use of a value kB−1 = 2.0 provides estimates of E best resembling the measurements,

however especially in the last year z0M = z0H gives best results. In conclusion: using
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Figure 8.4: Gross precipitation P , interception rate Ei (= P − Tf − Sf ), evaporation

rates as derived directly from the eddy-correlation system EEC , as the residue of the energy

balance EEB and transpiration from the sapflow measurements ESap at the pine forest of

the Loobos site on 2 September 1997.

a value for kB−1 based on measurements at a specific site gives a good estimation of

E as compared to E derived by flux measurements, i.e. differences are less than 10%

if a site and year specific average is used.

For the sparse canopy model the Penman-Monteith derived E is considered to be

per unit canopy cover and should thus be multiplied by the cover fraction cveg to

derive E per unit ground area (Gash et al., 1995). The measured monthly average

E for the 11 years of the pine site compared best with the canopy cover corrected

cvegEPM,raH
using raH (see Table 8.3.2).

At the mixed forest site with its almost closed canopy in summer and open canopy

in winter similar results were obtained (see Fig. 8.6). During the summer months

it is evident that the use of z0M gives an overestimation. E using z0H , based on

the kB−1 values of Table 8.1, and corrected for the canopy cover, resembles the best

measured E.
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Figure 8.5: Monthly averages of the evaporation rate under wet conditions (P ≥ 0.4

mm h−1) at the pine forest. The measured evaporation rate E is based on both flux

measurements and solving the energy balance. Also depicted are the Penman-Monteith

evaporation using kB−1 = 0.0 (E PM raM ) and kB−1 = 2.0 (E PM raH).

Table 8.3: The slope a of the regression line (Emeas = x0+aEPM ) using roughness length

of momentum EPM,raM
and the roughness length of heat EPM,raH

. Also shown are the

regression results for the canopy cover corrected E, i.e. cvegEPM,raM
and cvegEPM,raH

.

Where x0 = 0.05 mm h−1 and cveg is the fractional canopy cover. (R2 = 0.53 for raM and

R2 = 0.55 for raH).

EPM,raM
EPM,raH

cvegEPM,raM
cvegEPM,raH

a 0.44 0.60 0.63 0.86

E based on the ratio of E/P derived by regression analysis are relatively high

(0.15 - 0.29 mm h−1), if compared to E during showers (P ≥ 0.4 mm h−1) derived

from the measuredH and if compared to E calculated based on the Penman-Monteith

formulation. However, these high rates correspond reasonably well with E just after

a shower (see Fig. 8.4). The difference between the two rates may well be caused by

the fact that E based on throughfall totals per hour, day or shower include E taking

place after the throughfall has ceased. When using hourly data of E derived from

flux measurements for wet conditions (i.e. P ≥ 0.4 mm h−1) these relatively high

values of E after the rainfall has ceased are not included.
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Figure 8.6: Monthly averages of the evaporation rate E under wet conditions (P ≥ 0.4

mm h−1) for the mixed forest at the Kampina site. The Penman-Monteith evaporation rate

is given per unit canopy cover using the surface roughness length for heat Ec PM raH , as

well as using the surface roughness length for momentum per unit canopy cover Ec PM raM

and per unit ground area E PM raM .

Table 8.4: The water storage capacity C (mm) calculated for different periods and different

forest sites using daily totals and applying the analysis as outlined by Leyton et al. (1967).

Period Larch Oak Poplar Mixed Pine

Bankenbos Edesebos Fleditebos Kampina Loobos

Foli-

ated

Bare Foli-

ated

Bare Foli-

ated

Bare Foli-

ated

Partly

fol.

Foliated

1988 - - 0.7 0.2 - - - - -

1989 - - 0.5 0.2 - - - - -

1995 0.4 0.3 - - 0.6 0.2 - - 0.5

1996 0.5 0.3 - - 0.5 0.2 0.7 0.3 0.6

1997 0.4 - - - 0.5 0.3 0.8 0.4 0.5

1998 - - - - - - 0.8 - 0.5

8.4 Storage of intercepted precipitation

The capacity of a vegetation layer to store water i.e. C, plays a major role in most

models simulating interception losses.

Leyton’s analysis: The method commonly used to derive this storage capacity is

based on the work of Leyton et al. (1967). The results for the 5 sites using their

method are presented in Table 8.4.

Dependency of C on tree characteristics For these 5 sites an exponential model
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Figure 8.7: The water storage capacity C as derived by Leyton’s analysis using daily data

as a function of the Vegetation Area Index VAI . During the foliated period instead of VAI

LAI has been used.

describes best the C(VAI) relationship (see Fig. 8.7):

C(VAI) = 0.7(1− exp−0.67 VAI ) R2 = 0.75 (8.3)

For values of LAI > 3 the increase in C with increasing leaf area becomes less.

This exponential rise of C to a maximum is partly due to the fact that for LAI

> 3 the canopy cover of most forests in The Netherlands is almost 100%. These

results also show the amount of variation associated with these numbers. Hence care

should be taken when applying these results to different sites. Besides the leaf area,

other characteristics of the tree such as the angle of leaves and branches and the

distribution of the leaves also play a role in the relationship between C and LAI (see

e.g. Appendix F). For example adding the leaf angle or the gap fraction will increase

the variance explained by approximately 10% (R2 = 0.87).

The above mentioned strong link between LAI and canopy cover can be well

explained in analogy with radiative transfer models for canopies. To simulate the

extinction of radiation by a canopy often a Beer-Lambert type equation is used :

x = x0(1− exp−ϑLAI ) (8.4)

where ϑ denotes the extinction factor. This relationship is among others used by

the LAI-2000 sensor (LiCor) to estimate the gap fraction. For mid latitude forests
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Figure 8.8: The water storage capacity C as a function of the fractional vegetation cover

cveg. Broad leaf: oak, poplar and mixed forest (leaf bearing period). Needle: pine and larch

(leaf bearing period). Bare: poplar, oak, larch (non-foliated period).

ϑ usually ranges between 0.6 and 0.8. The gap fraction obtained by the LAI-2000

sensor gives a rough estimate of the fractional canopy cover cveg. With maximum

cveg set equal to 1 and combining Eqs. 8.3 and 8.4 shows that C depends linearly on

cveg, with Cmax = 0.7 mm. This is confirmed by our data. Fig. 8.8 shows the almost

linear relation (R2 = 0.86) found for the forests studied

C = 0.06 + 0.68 cveg (8.5)

where cveg is obtained by analysing digital photographs of the canopy cover using

image processing software.

It is evident that this linear relationship only holds for forest with relatively low

LAI and low cveg. Completely closed canopies often associated with high LAI will

most likely produce higher C than the maximum found for these mid latitude forests.

However, the scatter in the data of van Dijk and Bruijnzeel (2001a) on C for forests

with high LAI is such that it is impossible to obtain a unique relation between tree

characteristics and C. It should be kept in mind that part of the scatter in these

studies is due to the use of different methods to derive C. Hence when estimating

interception losses with non site specific estimates of C the large variation in C may

lead to erroneous results, especially for forests with LAI > 3 m2m−2.

Inverse model: As an alternative to the method of Leyton, C was also derived
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Table 8.5: Water storage capacity C on an areal basis (mm), average measured evaporation

E (mm h−1) and average precipitation rate P (mm h−1) for the three winter and the three

summer months.

Period Larch Poplar Mixed Pine

Bankenbos Fleditebos Kampina Loobos

C E P C E P C E P C E P

1995 w 0.10 1.01 - 0.10 1.26 - - - - 0.13 1.21

s 1.58 0.14 1.49 0.94 0.14 1.70 - - - 1.25 0.11 1.81

1996 w 0.60 0.08 0.60 1.43 0.10 1.28 0.65 0.06 0.73 0.92 0.09 1.22

s 2.16 0.12 1.95 0.90 0.13 1.45 1.52 0.11 1.63 1.88 0.11 1.87

1997 w 0.98 0.14 1.20 1.12 0.09 1.12 1.48 0.07 0.88 1.07 0.16 1.20

s 1.18 0.16 1.32 0.88 0.13 1.32 1.03 0.12 1.19 1.48 0.12 1.85

1998 w - - - 1.16 0.12 1.36 1.83 0.04 1.04 1.88 0.13 1.53

s - - - - - - 1.26 0.12 1.31 - 0.11 1.85

using the sparse canopy Gash model (see Eq. 2.68). To ensure saturated conditions

only daily data with P > 1.5 mm d−1 have been used. Average precipitation P

and evaporation E rates were calculated for those hours when P > 0.4 mm h−1 per

period of three months, i.e. summer: July-September and winter: January-March

(see Table 8.5). E was derived as the residual of the energy balance.

For all sites the highest P has been found in the summer months. To a lesser

extend this also holds true for E. At the pine site the differences in E between years

is relatively small, the continuous presence of the needles seems to keep E at the

same level. The trends in C are however less clear. The two sites with needle leaf

trees show a high C-value in summer, while for the poplar site and the mixed site the

highest values are found in winter time. In general the thus derived C is 2 to 4 times

as high as has been found using the Leyton analysis (Table 8.4); for the non-foliated

period the difference is even larger.

In Fig 8.9 the storage capacity on a canopy cover basis Cc for the pine site is

depicted as averages per three month period. Based on the measurements of P on

top of the scaffolding tower a threshold of P > 1.5 mm h−1 gave the best simulated

Ei for this 11 year period resulting in an average C of 1.67 mm (σ = 1.23 mm) and an

underestimation of measured Ei of 0.5% with a total RMSE = 0.54 mm and RMSE

= 0.84 mm for saturated conditions only.

Fig 8.9 shows a slow increase in Cc until the end of 2001, after that a slow

decrease. Although there is no significant correlation with P or E, the increasing

trend corresponds to a slightly increasing trend in both E and somewhat stronger in

P . This increasing trend in E and P is opposite to the trend observed in VAI , which

shows a small but continuous decrease after 1996.
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Figure 8.9: The average water storage capacity per season on canopy cover basis, i.e. Cc,

and the ratio of average measured evaporation rate and precipitation, i.e. E/P for the pine

site calculated applying the Gash-model (Eqs. 2.65 and 2.66).

Dependency of C on meteorological variables

To further investigate if there is any dependency between the amount of water on

the leaves and parameters such as u and P , two approaches have been used.

For the first approach showers were selected for which the canopy was not satu-

rated i.e. total P ≤ 1.5 mm, E was almost negligible i.e. total E < 0.1 mm. For

these showers (P − Tf − Sf ) should equal the amount of water on the leaves C.

These values of C were checked for correlation with wind speed u, standard devi-

ation of the wind speed σu, precipitation P , net radiation Rnet, evaporation E and

vapour pressure deficit eD. To minimize the effect of different LAI the data set was

split up in summer and winter months. For both data sets there was no correla-

tion found with any of these parameters, with the exception of P giving the highest

positive correlation (R2 = 0.20 in winter and R2 = 0.47 in summer).

As a second approach daily values of C derived by the Gash-model (Eq. 2.68)

have been used. As a consequence of the model concept used, showers less than the

saturation threshold contain no information on C. On a yearly basis, for showers

saturating the canopy, the strongest correlation of C found was with E and P (R2 =

0.3−0.4 depending on the year). There exists, however, neither significant correlation

with the daily averages nor with the averages being based on wet hours only of

available energy A, sensible heat H, air temperature Ta, vapour pressure deficit eD,

wind speed u and friction velocity u∗.

Selecting data on the basis of the size of rainfall events, showed that the correlation

between C and E becomes stronger for bigger showers especially during the summer

months (see Table 8.4). During the winter half year a negative correlation between C
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Table 8.6: Dependency of the storage capacity C on E, H, A, Ta, De, u and u∗ expressed

as R2 (significant at the 95 percent confidence level). The data set is split by different

intensities of P and seasons.

P > 1.5 1.5 < P < 1.7 2.0 < P < 4.0 P > 4.0

mm d−1 mm d−1 mm d−1 mm d−1

All year Summer Winter Summer Winter Summer Winter

E 0.4 <0.1 <0.1 0.23 0.3 0.39 <0.1

H <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

A <0.1 <0.1 <0.1 <0.1 0.3 <0.1 <0.1

Ta <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

eD <0.1 <0.1 <0.1 <0.1 0.3 <0.1 <0.1

u <0.1 <0.1 0.29 <0.1 <0.1 <0.1 <0.1

u∗ <0.1 <0.1 0.37 <0.1 0.15 0.21 <0.1

and u (R2 = 0.29) and u∗ (R
2 = 0.37) was found. For larger showers this correlation

weakened (R2 = 0.15; significant at the 95% confidence level, but not at the 99%

confidence level) and changed to a positive slope. For P > 4.0 mm d−1 there existed

no correlation with any of the parameters tested in winter time, while in summer

time the strongest positive correlation was observed with E (R2 = 0.39) and to a

lesser extend with u∗ (R2 = 0.21).

8.5 Verification of interception parametrization

8.5.1 Application of the interception parametrization to the

Edesebos site

To test the applicability to other sites of the above parametrizations for E and C, the

sparse Gash model i.e. Eq. 2.66 using daily P as input is applied to an independent

site.

As verification data the measurements of the oak forest at the Edesebos site are

used. This site is the same site as has been used by Lankreijer et al. (1993) and is

based on the work of Hendriks et al. (1990). The small differences in their results and

the present study are among others caused by the fact that, contrary to the present

study, in these other studies only part of the data set have been used.

It was assumed that besides information on ztree, cveg and the almost always

present automatic weather station variables no other information was available. As

for the year 1990 only precipitation data were available, the ratio E/P had to be

based on the data of 1989. For all model runs d and z0M were calculated based on

relations with tree height, ztree as found by Dolman (1986) for an oak forest in a
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different part of the Netherlands. In Table 8.7 the interception losses for the oak

forest at the Edesebos site are shown.

For the verification of E two options have been compared:

• Run 2 and 4 with E based on kB−1 = 0 corrected for the fractional canopy

cover following Gash et al. (1995), and

• Run 1 and 3 with E using kB−1 = 3 for the foliated months and kB−1 = 5

for the non-foliated months based on the values for stable wet conditions of the

poplar site (see Table 8.1).

For the verification of C two options have been compared:

• Run 1 and 2 with C based on C derived by the method of Leyton (see Fig.

8.8), and

• Run 3 and 4 with C obtained by inverting the Gash-model for the poplar site

(see Table 8.5).

The parameters used and the results of the model runs are summarized in Table

8.7.

For this data set measured E is best simulated using the values of kB−1 as

measured at the poplar site (run1 and run 3). If it is assumed that E with a kB−1 = 0

is on a canopy cover basis, E of run 2 and 4 is also close to the measured rates.

Consequently the differences in E between run 1 and 2 and run 3 and 4 are minor.

The main differences in E are caused by the different values of C. C based on the

values derived solving the Gash model for the poplar site (run 3 and 4) approach the

site specific values based on the use of Leyton’s analysis for the foliated months. For

the partly foliated months the storage capacity is much higher. As to be expected

the values of C based on the relation of Fig. 8.8 (run 1 and 2) resemble much better

the site specific C using Leyton’s analysis, especially for 1989.

The overall effect on the interception loss differs between periods and years. Run

1 and 2 give the best results for the foliated months of 1988 and 1990 and for the

partly foliated months of 1989. For this data set the use of kB−1 = 0 and assuming

all available energy is used by the evaporation of the wet canopy provides similar

good results as the use of kB−1 values of the poplar site. The value of C based on

the data of the poplar site (run 3 and 4) is clearly too high for the foliated period of

1988, although it is only 0.1 mm higher than the value derived by Leyton’s analysis,

C = 0.7 mm. For the partly foliated periods of 1988 and 1990 the results compare

fairly well with the measurements.
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Table 8.7: Interception parameters and total measured and modelled interception loss for

the oak forest at the Edesebos site. ”Fol.” stands for foliated period (July, August and

September), Part fol. represents the partly foliated period at the beginning and end of the

growing season (May, June and October). The symbol ∆ indicates the differences between

modelled and measured interception loss as percentage of the measured value.

Quantities 1988 1989 1990

Fol. Part fol. Fol. Part fol. Fol. Part fol.

d (m) 0.75ztree
z0M (m) 0.1ztree
c (-) 0.69 0.4 0.69 0.4 0.69 0.4

P (mm h−1) 1.90 1.87 2.33 1.73 2.33 1.73

Meas. E (mm h−1) 0.11 0.09 0.10 0.17 - -

C (mm) 0.7 0.2 0.5 0.2 - 0.2

Ei (mm) 41.6 26.1 27.2 18.6 4.0 16.3

Run 1 kB−1 (-) 3.0 5.0 3.0 5.0 3.0 5.0

E (mm h−1) 0.10 0.08 0.07 0.09 0.07 0.09

C (mm) 0.53 0.20 0.53 0.20 0.53 0.20

Ei (mm) 41.0 16.3 20.9 18.1 6.1 10.8

∆ (%) -1 -37 -23 -2 +53 -34

Run 2 kB−1 (-) 0 0 0 0 0 0

E (mm h−1) 0.21 0.24 0.13 0.25 0.13 0.25

C (mm) 0.53 0.20 0.53 0.20 0.53 0.20

Ei (mm) 47.1 17.4 22.0 17.8 6.4 11.0

∆ (%) +13 -33 -19 -5 +59 -33

Run 3 kB−1 (-) 3.0 5.0 3.0 5.0 3.0 5.0

E (mm h−1) 0.10 0.08 0.07 0.09 0.07 0.09

C (mm) 0.80 1.15 0.80 1.15 0.80 1.15

EI (mm) 59.0 26.0 27.2 29.3 8.6 17.4

∆ (%) +42 -0 +0 +57 +114 +7

Run 4 kB−1 (-) 0 0 0 0 0 0

E (mm h−1) 0.21 0.24 0.13 0.25 0.13 0.25

S (mm) 0.80 1.15 0.80 1.15 0.80 1.15

EI (mm) 64.6 27.0 28.3 29.2 8.7 17.6

∆ (%) +55 +3 +4 +57 +118 +8

8.5.2 Effect of temporal variation in E/P and water storage C

To know the behaviour of the model during the non-foliated period and to minimise

the differences caused by changes in E and P , the model has also been run using the

complete records of precipitation data and using monthly averages for E and P . For
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the months May until October these averages were based on calculations as described

above for run1 and run2. For the winter months no data were available to calculate

E, however from Table 8.1 it was concluded that the ratio E/P is fairly constant

for these months at the mixed forest and poplar site. Thus for the winter months

a fixed ratio E/P = 0.08 was used for the run using kB−1 of the poplar site and

E/P = 0.136 for the run using kB−1 = 0. For the storage capacity the values based

on the Leyton analysis for the site were used.

Fig. 8.10 shows the results if monthly values are used for E/P and seasonal values

for C. For all three years total P is 1392 mm, total measured Ei is 188.2 mm, simu-

lated Ei using the kB−1 values of the poplar site (run 1) gives a small overestimation,

192.4 mm (+2%) and using kB−1 = 0 (run2) there is a slight underestimation 184.0

mm (-2%). The model efficiency F expressed as:

F = 1−
1

N

√

∑

(xmeas − xsim)2 (8.6)

is 0.97 for both runs, indicating that the day to day estimates of the two runs are

equally good. However, on average over longer periods run1 has a positive and run2

a negative bias. The model runs behave similarly during the foliated months and

show an overestimation in 1988 and 1990 and an underestimation in 1989. During

the non-foliated period run1 has a tendency to overestimation while run2 tends to

an underestimation in all years. For 1989 the differences between the two model

runs are non existent, except after the end of October when run2 underestimates the

measured interception loss while run1 shows an almost equally sized overestimation.

In 1990 both, run 1 and run2 perform badly for the months April until July. However,

the underestimation by run1 for this period is compensated by the overestimation of

the three months before.

The differences between the two runs are caused by the different values for the

threshold required to saturate the canopy for the non-foliated period. The overesti-

mation during the foliated period in 1988 is caused by the relatively high C. The

latter in combination with the high E for run2 causes this run to even further over-

estimate Ei. During the foliated period of 1989 E for both runs is almost identical,

combined with a lower value for C than was used for 1988 gives the good modelling

results.

The differences between the runs change from year to year, indicating that fixed

parameter values may decrease the model’s daily performance considerably. These

differences are not because of the use of monthly averages of E and P , but mainly

because of the higher measured value of C used for the foliated period of 1988. These

higher C-values for the foliated period decrease the model performance by an extra

15% for both runs.
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Figure 8.10: Measured and modelled interception losses Ei for 3 years at the oak forest of

the Edesebos site. Monthly values values have been used for E/P , seasonal values for C.

8.6 Discussion

E, C and cveg are the most sensitive parameters of interception models (e.g. Gash,

1979; Loustau et al., 1992). Valente et al. (1997) introduced the sparse canopy

concept and showed that cveg is the most sensitive parameter of the sparse Rutter

and Gash model. In these concepts cveg is assumed to linearly influence C and E.

8.6.1 Evaporation rate

Several authors mention that evaporation measurements under wet conditions us-

ing micro meteorological techniques such as the Bowen ratio and eddy-correlation

methods can be used (Stewart, 1977; Gash et al., 1995; Grelle et al., 1997; Van der

Tol et al., 2003), there are still unexplained differences between the results of these

measurements and if compared with theoretical formulations such as the Penman-

Monteith equation. A possible explanation could be differences in the diffusivities for

heat and vapour during wet and dry conditions, caused by different location of the

sources of heat and vapour (e.g. Mizutani and Ikeda, 1994; Lankreijer et al., 1999;

Stewart, 1977; Van der Tol et al., 2003). Underestimation by the Penman-Monteith

equation can be attributed to the advection of H (negative), increasing the total

available energy (e.g. Stewart, 1977). Another but smaller contribution can come

from a positive H originating from the understorey, as occasionally happens during

showers at the pine forest of the Loobos site (see 8.3). An overestimation may be

caused by the use of z0H = z0M (Lankreijer et al., 1993).

As most experiments describe unstable dry conditions there is not much exper-

imental evidence supporting or rejecting the hypothesis z0H = z0M . The present
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study shows the logarithm of the ratio of the roughness length for heat and momen-

tum expressed as kB−1 is not constant, differs between sites, seasons and changes

between wet and dry conditions. For dry unstable conditions the values found are

in the same range as found in other studies (see e.g. Bosveld, 1999; Mölder and

Lindroth, 1999; Mölder and Lindroth, 2001). Although for wet conditions the scatter

in the data is large the following observations could be made:

• For the two needle leaf forests the average value for kB−1 is approximately 1.5

for wet conditions,

• For the poplar and the mixed forest site, kB−1 varies between 3 and 4 during

the foliated period and between 5 and 6 during the non-foliated period.

The relatively high values in winter time may be caused by the rigid structure

of the twigs and branches acting as a bluff rough surface when there are no leaves

present. In rare cases kB−1 may depend on the precipitation intensity, correspond-

ing to events with relatively high atmospheric stability. During such events kB−1

approaches zero (see Fig. 8.2).

Using the Penman-Monteith equation and a fixed long term average (11 years of

data) of kB−1 = 1.0 for the pine site, showed that the calculated wet evaporation rate

only underestimated the measured evaporation rate by 4% of the observed values.

Gash et al. (1999) showed that similarly good results can be obtained by using a

sparse canopy approach. To account for open spaces in a sparse canopy it is assumed

that all available energy is used to evaporate the water layer on the canopy surface,

i.e. there is no energy being used by the layer below the canopy. Although the re-

sulting evaporation rate per unit ground area compares well with the measurements,

redirecting Rnet and G only to the canopy seems a case of compensating errors. Since

measurements of Rnet and G are based on unit ground area, there is no reason to as-

sume that these will become zero under wet conditions for the lower layer. Moreover,

although a limited amount of data is available, the eddy-correlation measurements

below the canopy show that during rainfall E of the lower layer varies between 11

and 14% of total E for the pine and poplar site respectively. Indicating that indeed

almost all evaporation is coming from the wet canopy layer. Thus the elegant and

easy to apply assumption by Gash et al. (1995) and Valente et al. (1997), i.e. as-

signing all available energy to the canopy layer, does not seem valid, but provides

reasonable results as long as cveg compensates for the incorrect kB−1 value. Using a

correct value for kB−1 is physically more appropriate, and provides the same results,

i.e. a correct estimate of E on a unit ground area basis instead of a unit canopy area

basis. Following Gash et al. (1995) and Valente et al. (1997), calculating the wet

evaporation rate with kB−1 = 0, multiplying this by cveg to obtain the wet evapo-

ration rate per unit ground area shows that their sparse canopy concept works well
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Figure 8.11: The seasonally averaged measured wet evaporation rate E of 1996 and 1997

for the larch, pine, poplar and mixed site and the Penman-Monteith evaporation rate E PM

using the site dependent kB−1 values and the fractional canopy cover corrected Penman-

Monteith evaporation rate Ec PM using kB−1 = 0 for the spring and summer season

averages. The solid line represents the regression line of the site dependent kB−1 values,

the dashed line represents the regression line of the kB−1 = 0 values.

for the relatively open larch, poplar and pine forest during the foliated season (see

Fig. 8.11). The outliers in the figure are the data points of the mixed forest with

its closed canopy, for which the sparse canopy concept does not seem to work and

overestimates E per unit ground area by almost double. For the non-foliated period

of the larch and the poplar site the sparse canopy concept underestimates E.

This study largely supports Gash’s discussion (Gash et al., 1999), and at the same

time explains why Lankreijer et al. (1993) obtained good results for the closed canopy

site Ede. Good agreement can be obtained when these two approaches are combined.

Site and tree specific kB−1 values in combination with C per unit canopy cover,

improve the applicability of the interception models. The kB−1 values presented

here, may well be used for similar forests under roughly the same conditions. More

experimental data is needed to enable parametrization of the differences between

sites, before the current results can be generally applied to different regions.
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8.6.2 Storage capacity

The other important quantity that determines the magnitude of Ei for each shower is

C. The size of C depends on the leave characteristics and the surface tension forces.

Grelle et al. (1997) show that by using a water balance and eddy-correlation

measurements the resulting maximum C was 2 to 3 times as high in comparison to

the values derived by applying the method of Leyton. These high values for C support

the conclusion by Klaassen et al. (1998). They attributed the underestimation by

Leyton’s method to the neglect of drainage of a partly saturated canopy. However,

in my opinion it is a combination of errors, where the selection of data points with

a saturated canopy and negligible evaporation has the biggest impact. In case daily

data are used, also the inclusion of data points with wet canopies at the start of the

day have a strong impact. For example, using measured E to select data points with

almost no evaporation and showers defined as continuous rainfall events (P ≥ 0.2

mm 30 min−1) preceded by at least 10 hours without rain, provided estimates of C

between 0.9 and 2.1 mm for the pine site of our study. Of this 4 year data set only 10

data points remained after applying these selection criteria. This low number for a 4

year record in combination with the large scatter shows the sensitivity of the results

to measurement errors. However, these values correspond well with the average value

of C (see Table 8.5) derived using the Gash model for sparse canopies with measured

E to estimate E under wet conditions. These values for C are also in the same range

as the values presented by Lankreijer et al. (1999) applying the same method. The

high degree of variation in C suggests, as remarked by among others Hormann et al.

(1996), Calder et al. (1996), Lankreijer et al. (1999), Price and Carlyle-Moses (2003),

Keim (2004) and Carlyle-Moses (2004), that a variable value for C may improve the

modelling performance. However, no clear dependency on for example wind speed or

rain intensity could be retrieved from the sites of this study (see Table 8.4).

More common approaches attribute differences in C to tree characteristics. The

most widely used tree characteristic to explain differences in C is LAI . An ideal

situation would be to compare C at the same site for different LAI . However, the

changes in maximum or average LAI between years are in general to small to establish

any relation between LAI and C. Also for deciduous forest changes in LAI due to

leaf fall are difficult to use as the branches of the trees play an important role by

acting as preferential flow paths in the (partly) non-foliated period. Better relations

are found when comparing results between sites with more pronounced differences in

LAI . For the present study, comparing C based on Leyton’s analysis of all sites with

LAI does not support the often used assumption of a linear relation, but showed an

exponential relation with LAI , and an even better linear relation with cveg (see Fig.

8.8).
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Fleischbein et al. (2005) found a similar relation for their montane forest in

Ecuador with the free throughfall fraction as the better predictor for differences

in C. Considering the good relation with cveg, an exponential relation with LAI is

to be expected, as it is known that cveg and LAI often have an exponential relation.

It should be noted that this is not necessarily the case for sites with LAI greater

than 5 m2m−2. At LAI values above 5 m2m−2 the canopy cover will be closed in

most forests and the linear relation between C and cveg will no longer be valid. A

possible better option to derive C from tree characteristics would be to have a linear

relation with cveg < ≈ 0.8 and for (almost) closed canopies a relation with LAI .

This last part is not straightforward and the uncertainty for a specific site will be

large due to the large scatter in the data. This becomes clear when combining our

dataset to those from other studies such as provided by Turner and Lambert (1987)

and Deguchi et al. (2006). The resulting data set shows a relationship (significance

level p > 0.05) between C with LAI and cveg, but with a large scatter respectively

R2 = 0.31 (C = 0.48 + 0.11LAI , N = 53) and R2 = 0.15 (C = 0.23 + 0.88cveg,

N = 66). Thus C seems to vary between sites and this variation is globally not well

described by tree characteristics such as LAI , cveg or basal area.

Dependency of C on parameters such as P and u are even less evident. Tekle-

haimanot and Jarvis (1991) found a good relation between Ntree and the throughfall

fraction. However, their relation is questionable for low Ntree. Turner and Lam-

bert (1987) compared 18 studies on Pinus radiata in different parts of the world

and derived a similar relation between interception and Ntree expressed as basal

area (R2 = 0.61). Adding P to the relation improved the regression by almost 10%

(R2 = 0.67). That such general relations may have limited value for individual sites

becomes clear when comparing individual data points: the site with the highest basal

area (57 m2ha−1) has the lowest interception loss (10%) while the site with the lowest

basal area (22.5 m2ha−1) has the second lowest interception loss (13%).

At the study sites for showers not saturating the canopy P < 1.5 mm, a positive

correlation was found between C and the precipitation intensity for the summer

months (R2 = 0.47). This increasing C with increasing P is in contrast to the

findings of Calder (1986), Calder et al. (1996) and Price and Carlyle-Moses (2003).

who found a decreasing C with increasing drop size. However, the experiments by

Calder were made with a rainfall simulator, where the lowest rainfall rate was almost

as high as the highest rate observed in the eleven year period at the Loobos site,

which makes it doubtful if these results can be compared. Also differences in tree

characteristics may play a role in this relation (e.g. Pook et al., 1991).

The negative correlation of C and u∗ for showers just saturating the canopy

(1.5 < P < 1.7 mm) as observed at the sites during the winter half year can be

attributed to the loss of water on the canopy due to movement of the leaves and
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branches. This supports the findings of Hormann et al. (1996), however it seems that

this effect is most of the time overshadowed by the positive correlation between E

and u∗. This may be enhanced by the fact that in most cases the layer of water

on the leaves concentrates in drops at the edges of the leaf (see e.g. Butler, 1985).

This forming of drops will conserve energy by reducing the evaporative surface and

will thus reduce E. Higher u will not only enhance the evaporation process, but

will also shake the drops off the leaves, reducing C as observed by Hormann et al.

(1996). Efforts have been made to model these drops or patches of wet leaf area and

the exchange of energy between these surfaces (Shuttleworth, 1976, Butler, 1986,

Bosveld and Bouten, 2003), however due to lacking information on the size of the

wet patches these models are difficult to apply.

For the time being, the relation between C and cveg found for the 5 sites supports

the sparse canopy concept introduced by Gash et al. (1995) and Valente et al. (1997).

This implies that the applied LAI dependent storage capacity used in among others

GCM’s (General Circulation Models) can be improved if cveg is taken into account. It

also suggests that for the study sites, based on Leyton’s analysis, for cveg < 0.9 a fixed

value of Cc = 0.7 can be used, including the non-foliated period for deciduous trees.

Including sites from other studies (e.g. Marin et al., 2000; van Dijk and Bruijnzeel,

2001a; Price and Carlyle-Moses, 2003; Bryant et al., 2005; Loescher et al., 2005;

Deguchi et al., 2006), this value will increase to Cc = 0.9. It should be taken into

account that this increase is possibly due to the lack of data in non-foliated periods.

The relatively large scatter when plotting Cc against LAI in this and other studies

shows that besides the leaf area other factors determine the size of C. For forest with

cveg ≈ 1 it seems more appropriate to select values that resemble the site tree species

best. In this respect, it is unfortunate that Breuer et al. (2003) lack information on

cveg, the only temperate forest ecosystems distinguished are deciduous and coniferous

forests. No distinction is made between needle dropping species such as larch with

its relatively low LAI and species with a high LAI such as Douglas fir. The latter

causing relatively high mean values for coniferous forest C = 1.8 mm. Although this

value corresponds with the average value found for the pine site Loobos C = 1.65

mm, it is doubtful if these two can be compared due to the different methods used.

Using the average C = 1.4 mm for European deciduous forest as supplied by Breuer

et al. (2003) overestimates Ei for the oak stand at the Edesebos with 80% and 44%

for the summer months in 1988 and 1989 respectively. The overestimation reduces to

45% and 16% if we assume that the value for C corresponds to a closed canopy and

is adjusted according to cveg of the site. This decrease in Ei supports the suggestion

that improvements can be made if besides tree species and total precipitation also

cveg is reported as well as precipitation intensity.



180 8. Wet canopy evaporation

8.7 Conclusions

Attempts have been made to improve the estimates of wet evaporation Ei and canopy

water storage C, two of the most important parameters to simulate interception loss.

Measurements show that, both the roughness length for heat z0H and for momen-

tum z0M are subject to changes under wet conditions. Use of a value for kB−1 = 1.0

to express the ratio between the aerodynamic resistance for heat and momentum (see

Eq. 2.67) seems more appropriate for the pine site of this study. The use of the value

kB−1 = 1.0 changes a 30% underestimation of the calculated evaporation rate using

Penman-Monteith with kB−1 = 2.0 and an 30% overestimation with kB−1 = 0.0 to

an underestimation of 4%.

The magnitude of kB−1 differs per site, is in general higher for the winter period

and is different for wet and dry periods. For the sites studied only for relatively rare

occasions kB−1 approached zero under wet conditions. These events were associated

with large storms. Based on the data available for this study as a rule of thumb

kB−1 = 1.0−1.5 may be used for needle leaf forests and kB−1 = 3.0−4.0 in summer

and kB−1 = 5.0− 6.0 in winter for broad leaf deciduous forests (see Table 8.1).

Estimates of the evaporation rate E during wet conditions based on regression

analysis using measured throughfall Tf , stemflow Sf and precipitation P are approx-

imately twice as high as E derived from the energy balance closure during showers.

Possible causes for this are the systematic underestimation of measured P , but also

for hourly data not having taken into account the drip taking place after the end

of the time step. For event based data the use of measured Tf implicitly includes

the amount of water left on the leaves at the end of the shower and thus also the

relatively high E taking place after the shower has ceased (see Fig. 8.4).

Although the use of daily data instead of an arbitrary definition of a shower

reduces the total number of showers in a year by 50%, the consequences for the

magnitude of the ratio E/P are minimal.

The fact that events without E are very rare or non existent are the main cause

for the often found low values of C when using techniques based on the method of

Leyton et al. (1967). Using the sparse canopy model of Gash et al. (1995) and E

derived from the energy balance closure to calculate C gives values 3 times as high as

when using the method of Leyton. The largest differences occur especially during the

winter months. The relatively good modelling results obtained with the Gash model

using different parameter sets for the same location, exhibit the trade off between

C and E. Thus, although in my opinion the lower values of E for wet conditions

presented in this study are physically more consistent, it is even more important to

assure that the parameters to be used to simulate interception losses are consistent
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with one another and with the concept used.

For the sites and years of this study there is a clear relation between the fractional

canopy cover cveg and C. For sparse canopies, i.e. cveg . 0.9, cveg is a better proxy

for C than Leaf Area Index LAI (see Fig. 8.8 and 8.7). C seems not only to depend

on vegetation characteristics such as LAI , cveg and the tree density Ntree, but also

on the precipitation regime. This implies that parameters derived for a specific tree

species at a specific site will only be applicable to other sites having the same climatic

conditions. As a consequence parameter estimations based on tree species only (or

more specifically land cover and LAI) are not sufficient to provide accurate values for

water balance studies if climatic differences between sites are not taken into account.

Fixed parameter values can decrease the model’s daily performance considerably.

For the Edesebos site this was mainly caused by differences in C.

Using site and tree specific kB−1 values in combination with C per unit canopy

cover, will improve the general applicability of the interception models. The pre-

sented kB−1 and C values may well be used for similar forests under approximately

the same conditions. More experimental data, however, will be needed to enable

parametrization of the differences between sites, before the present results can be

generally applied to regions with different climatic conditions.


