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Abstract

Rainfall interception losses were monitored for twelve months and related to vegetation and rainfall characteristics at the Wanariset
Sangai on the upper reaches of the Mentaya river, Central Kalimantan. The rainfall interception losses were quantified for one
hectare each of unlogged and logged humid tropical rainforests. The results show that interception loss is higher in the unlogged
forest (11% of total gross rainfall) than in the logged forest (6%). Interception loss was also simulated by the modified Rutter
model and Gash’s original and revised models. Both the Rutter and revised Gash models predicted total interception loss over a
long period adequately, and resulted in estimates of the interception loss that deviated by 6 to 14% of the measured values, for

both the unlogged and logged plots.

Introduction

Most investigations of rainfall interception loss have been
confined to comparisons of the magnitude of interception
loss from closed canopies of different species of trees, in
temperate as well as tropical forests, usually with little
variation in tree spacing or with forest gaps resulting from
forest logging. There have been just a few studies to ascer-
tain the effects of different intensities of thinning and
pruning on interception loss in temperate forests (e.g.
Teklehaimanot and Jarvis, 1991; Whitehead and Kelliher,
1991); as far as the authors are aware, there has been no
previous investigation of the effects of logging practices on
interception loss in tropical rainforest.

Many previous studies of the interception and evapora-
tion of rainfall have been expressed in the form of empir-
ical regression equations between interception loss (/) and
gross rainfall (Pg). Such an equation or model can be used
either to describe sets of storm data or, if it is assumed that
there is only one rainfall event per day, to describe daily
interception loss as a function of daily gross rainfall (Gash,
1979). This assumption may contribute a large part of the
error in the simulated interception loss (Lloyd ez al., 1988;
Hutjes ez al., 1990). The empirical regression model has
also been criticised for taking no account of such variables
as rainfall intensity and duration (e.g. Jackson, 1975) and
drop size (Calder, 1996).

In contrast to the empirical regression approach, Rutter

* Corresponding author

et al. (1971, 1975) developed a process-based model which
uses inputs of rainfall and the meteorological variables
controlling evaporation to calculate a running water bal-
ance of a forest canopy, including an estimate of the inter-
ception loss. This approach led to the development of an
analytical model by Gash (1979), a numerical model by
Whitehead and Kelliher (1991), and a stochastic model by
Calder (1996). One computerised representation of the
Rutter model, known as WATMOD, has been used suc-
cessfully to investigate the effects of thinning (Whitehead
and Kelliher, 1991) and tree spacing (Teklehaimanot and
Jarvis, 1991) on interception loss of temperate forests. In
this study, WATMOD and the original and revised ver-
sions of the analytical model by Gash ez al. (1995) were
tested and adapted to predict interception loss in both
unlogged and logged-over tropical rainforest areas in
Central Kalimantan, Indonesia.

Study site

The study site is located in the rainforest area of Central
Kalimantan, Indonesia (1° 17" 46” S and 112° 22’ 42” E)
and lies in the headwaters of the Mentaya river in a hilly
area with altitude ranging from 100 to 300 m above sea
level. Slopes are variable but can be as steep as 35°. The
climate of this region is determined primarily by the East
and West monsoons and by movement of the intertropical
convergence zone. The site is ¢4 250 km from the sea so
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that there is little oceanic influence on the climate (cf.
Dykes, 1997, 25 km from the sea). The average monthly
rainfall collected during the study period from November
1993 to June 1995 was 239 mm with annual rainfall of 3563
mm. At this research site, rainfall is seasonally distributed,
with the maximum mean monthly rainfall of 305 mm
occurring in November and the minimum of 154 mm in
July. Most of the rain is convectional in origin with storm
sizes that can exceed 100 mm on occasion, and intensities
that can average 20 to 25 mm per hour for considerable
periods.

The research area is a typical lowland dipterocarp rain-
forest, which contains a large number of species.
Kartawinata et al. (1981) reported that a typical lowland
rainforest of Kalimantan contains between 138 to 180 tree
species per hectare. The average height of the topmost tree
layer is between 40 to 55 m and there is an understorey
that usually consists of shrubs of 2 to 8 m in height. The
average depth of canopy is about 10 m. The density of
trees (diameter at breast height (dbh) over 10 cm) in the
unlogged forest is 581 trees per hectare, while in the
logged forest the number of trees remaining with dbh over
10 cm is 278 trees per hectare. The basal areas per hectare
in the unlogged and logged-over areas are 38.6 and 13.8
m? ha™!, respectively. Logging resulted in canopy gaps of
about 38% of the total coverage per hectare and reduced
the average height of the topmost tree layer to about 20 m.

Modelling

THE RUTTER MODEL

The Rutter model (Rutter ez al., 1971, 1975) calculates a
running balance of the amount of water on the canopy and
tree trunks, with inputs of hourly rainfall and the hourly
meteorological variables of net radiation, windspeed, air
temperature and water vapour pressure, that control evap-
oration. These meteorological variables are used to calcu-
late the boundary layer conductance, g,, and evaporation
of intercepted rainfall when the canopy is saturated, E,
using the Penman equation (see Monteith and Unsworth,
1990 pp 186-187) (Asdak et al., 1998).

The model requires the following parameters: canopy
storage capacity, S, which is the depth of water left on the
canopy in conditions of zero evaporation when rain and
throughfall have ceased; free throughfall coefficient, p, the
proportion of rain which falls to the ground without strik-
ing the canopy; trunk water storage capacity, S;; and the
proportion of rain diverted to the trunks, py.

Components of the water balance model are rainfall rate,
Pg; throughfall rate, T; stemflow rate, F; drainage rate D;
and evaporation rates, E: ZPg, T, LF, D and XE are the
summed total amounts of each of these component rates at
a given time. The interception loss, /, in a storm, i.e. the
water intercepted and evaporated between the time when
rain begins to fall on a dry canopy and the end of the rain-
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fall event when the canopy is again dry, is (Rutter ez al.,
1971, 1975):

, [=3E=3P,—XT-%F. (1)

The water balance of the canopy for any period within a
storm may then be written as:

(1-p—-pJZPy =ZE+ ID £AC; )

where AC is the change in the amount of water stored on
the canopy, C.

Similarly the water balance for the trunks (subscript t)
may be written as:

PEPg = ZE + EF £ AC; . 3)

It is assumed that there is a minimum quantity of water
required to wet all the canopy surface. This corresponds
to the canopy storage capacity, .5, of Leyton et al. (1967).
The amount of water stored on the canopy, C, may be
larger or smaller than S. The rate of drainage from the
canopy is calculated when C > .S by:

D=[(1-p—p)Pg—E.+ d(C - S)/ds]. 4

unless values are negative in which case D is assumed to
be zero, and summed to give £D (Whitehead and Kelliher,
1991). :

Another assumption made in the Rutter model is that a
potential evaporation rate, Epo, is obtained when all
canopy surfaces are wet, i.e. when C = S. The model also
assumes that when C < S (indicating a partially wet canopy
with no drainage), the rate of evaporation of any rainfall
intercepted by the canopy is set equal to a proportion
(C/S) of the wet canopy evaporation rate, Epo
(Shuttleworth, 1988; Lloyd ez al., 1988), so that: E. = Epo
x C/S, where E. is the actual evaporation rate from the
wet tree canopy. The validity of this assumption was con-
firmed by Teklehaimanot and Jarvis (1991). As the surface
temperature of the canopy is usually not measured, Epqy is
calculated from the Penman equation for a saturated
canopy.

Initially, the value of C is set to zero, appropriate for a
dry canopy. The change in canopy storage through time is
obtained by rewriting Eqn. 3 so that it operates as a run-
ning water balance (Rutter ez al., 1971, 1975):

dC/dt = Pg(1 — p — pr) — E(C/S) — D. 3
Similarly for the trunks:

dC/dt = Pgp, — EAC/S) - F. (6)

THE GASH MODEL

The Gash model is a storm-based simplification of the
Rutter model in which the mean evaporation rate £, and
the mean rainfall rate, R can be used as daily values, if it
is assumed that there is only one storm per day (Gash,
1979). Consequently, daily records of rainfall data and the
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forest structure are sufficient to provide the inputs to the
model, in contrast to the hourly inputs required by the
Rutter model. If one rainfall event per day is assumed,
then E/R ratios can be applied to other sites where only
rainfall data are available. Lloyd ez al. (1988) argued that
such an assumption is reasonable in the humid tropics
because of the short and intense storms.

The Gash model requires the same state variables of
canopy and stand structures (S, p, St and p;) in addition to
the predicted ratio of the mean evaporation rate to the
mean rainfall rate, £/R, for hours when rain is falling on
a saturated canopy. The model considers rainfall to occur
in a series of discrete storms each of which comprises a
period of wetting-up, a period of saturation and a period
of drying-out to empty the canopy storage. In previous
applications of the Gash model in tropical rainforest areas
(e.g. Rao, 1987; Lloyd ez al., 1988; Hutjes ez al., 1990), sat-
urated canopy conditions were defined arbitrarily as occur-
ring when the hourly rainfall exceeded 0.50 mm. For this
experimental site, the rainfall necessary to maintain
saturation was calculated as 0.30 mm, using the formula
E, /(1 = p — py), where E is the mean evaporation rate for
the saturated canopy, calculated using the Penman equa-
tion for different sets of micrometeorological and weather
data (Gash, 1979). As a compromise, an hourly rainfall
quantity of 0.40 mm was used to define a saturated condi-
tion. The average evaporation rate and rainfall rate onto a
saturated canopy were then used to estimate the total evap-
oration for each day and month. Evaporation from the wet
canopy was assumed to occur at a fixed rate (Pearce and
Rowe, 1981) equal to that calculated using the Penman
equation. It was also assumed that all rainfall on a day falls
in a single storm, which may or may not be large enough
to saturate the forest canopy.

Later (Gash ez al., 1995), it was realised that the origi-
nal Gash model tends to overestimate the interception loss
from sparse canopy forests because of the assumption that
the evaporating area extends over the whole plot area,
whereas in sparse forests the actual evaporating area is
much reduced to the individual tree crowns. This led to a
modification of the original model, which now requires an
estimate of the evaporation per unit area of canopy rather
than per unit ground area. Thus, the parameter ¢ is intro-
duced to represent the fractional projected crown area rel-

ative to the total ground area of the plot, so that S; = .5/¢ -

(Gash et al., 1995). With the revised model, more open
canopy structures can be taken into.account, making the
model more suitable for calculating evaporation of inter-
cepted water in sparse forest stands. The stemflow sub-
model has also been modified so that water is diverted to
the trunks only after the canopy is saturated. For a more
detailed elaboration of the revised analytical model, see
Gash et al. (1995) and Valente ez al. (1997).

Measurement principles

GROSS RAINFALL, NET RAINFALL AND
INTERCEPTI/ON LOSS

Gross rainfall was measured using three 0.2 mm tipping
bucket raingauges (ARG100, Campbell Scientific (UK)
Ltd., Loughborough, UK) and two simple raingauges,
comprising a combination of an 18.3 cm diameter funnel
and a 5 dm3 plastic container. Two tipping bucket rain-
gauges were erected in a large gap at a height of 15 m
above the ground surface to reduce effects of disturbance
caused by their surrounding environment. With this rain-
gauge arrangement, the angle between the zenith and the
top of the trees nearest the gauge was greater than 45°.
One tipping bucket and two simple raingauges were
installed 1 m above the ground for comparison.

In the unlogged plot, the error on the measured
throughfall was ¢ca 0.7% of Py and, in the logged plot,
errors ranged from 0.5 to 0.9% of Py for the closed
canopy, partial canopy and canopy gap, respectively
(Asdak et al., 1998).

Measurement of throughfall was based on the sampling
scheme of Lloyd and Marques (1988). In the unlogged
plot, throughfall was measured in a 100 X 40 m plot along
five parallel transects of 100 m in length separated by 10
m. Each transect contained 101 sampling positions at 1 m
intervals giving a total of 505 sampling positions. Fifty
throughfall gauges were distributed equally in the five
transects in which, for each transect, 10 throughfall gauges
(each a combination of a 5 dm3 plastic container and an
18.3 cm diameter funnel) were relocated randomly after
every rainfall event. In the logged plot, a simple stratified
sampling technique was utilised, based on a grid map of
canopy cover. This map was produced for 2 100 X 100 m
plot in which canopy cover was assessed on a three point
scale of closed canopy, partial canopy and canopy gap. The
grid map of the canopy was produced by dividing up the
100 X 100 m plot into 10 X 10 m sections. Each section
was further divided into a 5 X 5 m grid from which a grid-
ded map of the canopy was drawn using the three point
scale. The distribution of 55 throughfall gauges was based
on the proportion of the area occupied by each canopy
cover in the one hectare plot. Within these three different
canopy cover conditions, the throughfall gauges were relo-
cated randomly after every rainfall event.

Stemflow for large trees was collected using composite
aluminum (0.5 mm thick) building material. For small
trees, a half-section plastic tube was used as a collar to
channel the stemflow water down to a collector. The
sampling of trees for stemflow measurement was stratified
by the size class of the trees in each plot. Thus, stemflow
was measured on sixteen sample trees in five diameter
classes scattered within the area of the transect lines in
the unlogged plot and on twenty sample trees in four
diameter classes in the logged plot. The data from the
sample trees were integrated up to a stand basis (one
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