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Summary This paper reviews the development of the sto-
chastic interception model from the original, single-layer,
drop-size-dependent model to the two-layer model that recog-
nizes that vegetation canopies are wetted through both the
primary impact of raindropsto the top layer of the canopy and
secondary impacts from drops faling from the vegetation to
lower layers of the canopy.

It is shown that drop volumes of primary raindrops can be
caculated from the Marshall-Palmer distribution and drop
volumes of secondary drops can be estimated from disdrome-
ter measurements of the characteristic volume appropriate to
the particular vegetation species. It is recognized that, in addi-
tion to the volume-dependent stochastic wetting effect, thereis
also another drop-size-dependent wetting effect that isrelated
to the kinetic energy of the raindrops, which reduces the
maximum storage that can be achieved on the canopy.

The predicted wetting functions for canopies of different
density are described and compared with observations made
with the use of a rainfall simulator. It is also shown that the
species-dependent model parameters can be determined from
measurements made with therainfall smulator. The improved
performance of the model compared with conventiona inter-
ception models is demonstrated for a tropical forest in Sri
Lanka. Application of the two-layer model may explain why
interception losses from coniferous, fine-leaved forests in the
temperate, low-intensity rainfall climate of the uplands of the
U.K. are among the highest in the world, whereas interception
losses from tropical broad |eaved forest in high-intensity rain-
fall climates of the tropics are among the lowest.

Keywords. canopy wetting, drop volume, kinetic energy, Mar-
shall-Palmer distribution, rainfall simulator.

Introduction

Arguably, the processes controlling the retention and sub-
sequent evaporation of water droplets on vegetation, com-
monly known as interception, are among the most extensively
studied, but most poorly understood, in hydrology. An under-
standing of the processes controlling interception is of consid-
erable interest to hydrologists because, in wet climates, this

component of the total evaporation can be the dominant term
and can explain why evaporative losses from forests can
greatly exceed those from grassland (Calder 1990). An under-
standing of the processes that determine interception is aso
relevant to studies of splash-induced erosion (Morgan 1985).

Thesingle-layer stochastic inter ception model

Theimportance of drop sizein determining interception |osses
from canopieswasfirst established through experimental stud-
ies of the rainfall interception process in the tropical climates
of Indonesiaand India(Calder et a. 1986, Hall et al. 1992) and
by theoretical development of the stochastic interception
model (Calder 1986). This model used Poisson probability
statistics to describe the manner in which elemental areas of
vegetation are wetted by raindrop strikes of different drop size.
Themodel predictsthat for stormswith the sasmetotal rainfall,
interception losses will be greater for those with smaller drop
sizes (Calder 1986, Calder 1990, Hall et a. 1992). A brief
description of this mode is given below.

It was proposed that the manner in which vegetation sur-
faces are wetted by raindropsis arandom process governed by
Poisson statistics. If the surface of vegetation is considered to
be composed of elemental areas, each of which has the same
probability of being struck by raindrops it can be shown that
the mean number of drops retained per elemental area of the
canopy, n, can be calculated from the mean number of drop
strikes per element, m, and a parameter ¢, defined as the
maximum number of drops that could be retained per elemen-
tal area of the canopy.

The basic equation of the model gives the mean number of
drops retained per element as:

n=q- em+emd (- A, @

i=1

wherer isthe truncated value of q.

The depth of canopy storage per unit ground area, C (mm),
and the depth of rainfall striking the canopy per unit ground
area (excluding the free throughfall component), P (mm), are
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related to the model parameters (Table 1) through the relation-
ships:

C=nw, %)
and
P=mvL, 3

where v (mm?) is the volume of the raindrops and L is the
number of elemental surfaces per unit ground area (mm ?).
The maximum storage capacity can then be defined as:

ax = QuL. @

If Chax IS invariant and independent of v, which is not a
prerequisite of the stochastic hypothesis, then the drop reten-
tion number, g, has asimple inverse relationship with v, i.e.:

q = Crac/VL. ®)

Thus, for small drops the drop retention number, g, becomes
large and, in the limit, as drop size decreases, q approaches
infinity; for this special case the wetting function predicted by

the stochastic model isidentical with that implicit in the Rutter
interception model (Rutter et al. 1971).

The normalized wetting functions, expressed in terms of the
normalized canopy storage, C/C, and normalized rainfall,
P/C., for different values of drop retention number g, pre-
dicted by the stochastic model, are shown in Figure 1.

Stochastic Model Wetting Functions
Single Layer
For different drop retention numbers, q

P/Cmax
0126 025 0.5 1 2 4 8

Figure 1. Normalized wetting functions showing C/C s against nor-
malized rainfall P/Cx, for different values of drop retention number
q, predicted by the original stochastic model.

Table 1. Summary of stochastic model parameters, input data and state variables. For the two-layer model the same names apply but a subscript 1
or 2 is used to denote the top or bottom layers for the parameters and state variables Cryax, Ciy» C, Q, L, L*p, m, n,vandP.

VEGETATION PARAMETERS
Primary parameters

Crmax Maximum canopy storage for zero kinetic energy drops, = gvoL, (mm)

ve0 Elemental volume for zero kinetic energy drops, (mm

Ve Characteristic volume of drops falling from vegetation, (mms)

L'p Projected leaf areaindex (dimensionless), = rL*, wherer isrelated to leaf angle and L” = leaf areaindex

Ka, Ko, ke Parameters governing the kinetic energy dependence of Cm/Cmax as afunction of v

Derlved parameters

L' pl Projected |eaf areaindex (dimensionless) of top layer, Lp1 =1 - exp( L' p)

L*p,z Projected leaf areaindex (dimensionless) of bottom layer, L p2= =L p- L' pl

Crmx Maximum canopy storage achievable for the two-layer formulation with zero kinetic energy drops incident on the top layer,
Cmx = Cmax (L p2/L p) + Cmax (L p2/L " p)(ka + ko exp(- kevc))

Cm Maximum canopy storage achievable for the two-layer formulation with non-zero kinetic energy drops incident on the top layer,
Cm = Crmax (L p1/L p)(Ka + kp exp(- kev) + Crnax(L” p2/|_ p)(Ka + kb exp(keve)

Ve Elemental volume for non-zero kinetic energy drops, ve = (Cim/Cmax)Veo, (mm )

q Mean maximum drop retention number per element for non-zero kinetic energy drops, g = ve/v

L Number of elements per unit ground area, L = Cmax/Veo for the two-layer formulation, Ly = (L D, JL p)(Cmax/Ven)
and L2 = (Lp, 2L p)(Cmax/Veo) .

f1 Fraction of rain striking the top layer =L p1

f2 Fraction of the shed rain from the top layer striking the bottom layer of the canopy = 1 - exp(- L*p,z)

INPUT DATA

P Depth of precipitation, (mm); R, Precipitation intensity, (mm h” l)

Ew™ Evaporation rate estimated from the Penman-M onteith equation for awet surface (mm)

STATEVARIABLES

\Y Median volume of drops, (mm3)

m Mean number of raindrop strikes per element

n Mean number of drops retained per element

C Canopy storage = nvL, (mm)

S Shed rainfall (mm)
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Evaporation can beincorporated explicitly into the model by
redefining m as the effective mean number of raindrop strikes
per element. Thus, m has the same effect on canopy storage as
the combined effect of the actual number, due to rainfal, and
evaporation. The evaporation increment isnormally calculated
from the Penman-Monteith equation with the surface resis-
tance term equated to zero to represent wet canopy surface
conditions.

Development of the two-layer stochastic interception
model

The two-layer stochastic model (Calder 1995) considers the
canopy to be composed of two layers, the top layer receiving
primary raindrops and the bottom layer receiving secondary
drops falling from the top layer. A brief description of this
modéd is given below.

Dependence of g on drop volume and kinetic energy

Previous applications of the single-layer stochastic model con-
sidered qto befixed for aparticular vegetation type and rainfall
regime. The two-layer model (Calder 1995) takes into account
the dependence of q on three factors: (1) the variation of
raindrop volume with rainfall intensity; (2) the dependence of
the drop retention number g not only on drop volume but aso
on drop kinetic energy; and (3) thevolumesof dropsfalling off
higher levels of the canopy.

To incorporate the dependence of g on both drop volume and
drop kinetic energy within the stochastic interception model, a
new model parameter wasintroduced, specific to the particul ar
vegetation type, termed the maximum elemental volume, Ve.
For drops impacting the surface with zero kinetic energy, the
maximum elemental volume was defined as:

Veo = QVo, (6)
where subscript 0 denotes zero kinetic energy.
The term Co can then be redefined as the maximum stor-

age capacity that is obtained when the canopy is wetted with
drops of zero kinetic energy, i.e.:

Cmax = VeOL = quL. (7)
Further, a new model parameter, C,, can be defined as the
maximum storage capacity obtained with non-zero kinetic
energy drops:

Cm = VeL. (8)

For drops of non-zero kinetic energy, the maximum elemental
volumeisgiven by:

Ve= (Cm/Cmax)VeO- (9)

The maximum drop retention number for drops of non-zero
kinetic energy, g, can be calculated from

q=VelV, (10)
thatis
4 = (Cm/Crnac)Veo/V. (11)

To operate the model for a particular vegetation type requires
values for two vegetation specific parameters Cnoc (wWhich
definesL), and vg. Also required isthe functiona relationship
between C, /C and v. Preliminary measurements with a
rainfall smulator (Calder et a. 1995), suggest the empirical
exponential relationship:

for v < 0.065
forv 3 0.065. (12)

CnlCrax =1
Cm/Cmax = 0.5 + 0.73exp(- 5.5v)

Estimation of drop volume

Primarydrops Marshall-Pamer (1948) established an em-
pirical relationship between the volume of raindrops and rain-
fal intensity. Following on from this work, Torres and
colleagues(Torreset al. 1994) have provided agenera formula
for raindrop size distribution. With this genera formula, and
from field observations, they have shown that the median-vol-
ume diameter, Do (cm), of raindrops is related to rainfal
intensity, R (mm h™2), by the equation:

D, = 0.087R%9%%8 (13)

Secondary drops  Hall and Calder (1993), from measure-
ments made with an optical disdrometer, showed that that the
size spectrum of drops falling from tree canopies is charac-
teristic of the particular tree species (Figure 2). Secondary
drops, falling from thetop layer, are therefore considered to be
of the characteristic volume V..

"Characteristic" Spectra for P. caribaea
T. grandis & E. camaldulensis

0.8 |-

0.6 |-

0.4 —

Normalised cumulative volume

Drop diameter (mm)

Pinus caribaea Tectona grandis Eucalyptus camaldulensis

Figure 2. Cumulative frequency distribution of throughfall drop spec-
tra for three tree species subject to spray with median volume drop
diameter of 3.2 mm. Median volume drop diameter (the characteristic
volume) was 2.3 mm for Pinus caribaea Morelet., 2.8 mm for Euca-
lyptus camaldulensis Dehnh. and 4.2 mm for Tectona grandisL. f.
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Layer partition

Partitioning of the number of elemental areas between layers
can be achieved from a knowledge of the projected leaf area
index of the canopy, L",. Assuming that leaves are distributed
randomly within the canopy space, the projected leaf area
index of the top layer of the canopy, L",1, which receives
incident, verticaly faling, primary raindrops is given by
Beer'sLaw as:

L'p1=1- exp(-Lp), (14)

Theprojected |eaf areaindex of the bottom layer of the canopy,
L"p.2, which receives secondary drops, is given by:

Lp2=L"p- L pa. (15)

Note that, with the above definitions, as the projected |eaf
area of the canopy increases, the projected leaf area index of
thetop layer approaches unity, implying that no primary drops
fall through the canopy without astrike; the projected leaf area
of the bottom layer then approaches that of the total projected
leaf area index of the canopy less one. Partitioning of the
number of elemental areas per unit ground is assumed to be
proportional to these projected leaf areaindex values.

Rain and shed-rain strike fractions  Partitioning of rainfal
between the top layer of the canopy and the ground, and
partitioning of shed-rainfromthetop layer, between the bottom
layer and the ground, can aso be achieved from a knowledge
of the projected leaf areaindex of the two canopy layers, i.e.,
rainfall striking the top layer of the canopy, P, isexpressed as
aproportion of total rainfal, P:

Pi=fiP=L"p1P. (16)

Theinput to the bottom layer of the canopy, Py, resulting from
adepth of water, S, shed from the top layer is given by:

P,=1,S=(1- exp(- L*p,Z))S- (17)

Operation of the two-layer stochastic model

The stepsin the operation of the model are essentially the same
as those described for the original stochastic model (Calder
1986) except that raindrop volume, v, is now calculated from
rainfall intensity, and q for the top layer is calculated from the
elementa volume, ve, divided by v. For the bottom layer, g is
caculated from v, divided by v.. In the two-layer modedl,
evaporation is considered to occur only from the top layer
while it retains water. When the top layer is completely dry,
evaporation is considered to deplete the bottom layer. Further
details of the operation of the model are given in Calder 1996.

Predicted wetting functions

Themanner in which theincorporation of thetwo-layer formu-
lation alters the predicted wetting functions can best be under-
stood by comparing wetting functions obtained with varying

valuesof projected |eaf areaindex, L",, while holding the other
canopy parameters constant.

The wetting functions obtained with thetwo layer stochastic
model with aprojected leaf areaindex, L, = 0.45, an elemental
volume, ve, of 4 mm®, acharacteristic volume, v, of 11.5 mm®
and incorporating the g dependence on kinetic energy speci-
fied by ky= 0.5, k, = 0.73, k. = 5.5, are shown in Figure 3 for
different values of rainfall intensity, (based on the Torresrela-
tionship between drop size and rainfall intensity).

Thewetting functions obtained with similar canopy parame-
ter values but with drop volumes appropriate to those used with
arainfall simulator on studies of Eucalyptus camaldulensisare
shown in Figure 4. The matching of predicted wetting func-

Layer Stochastic Model Wetting Functions
Ve =4,Vc =115, L*p = 0.45
for different rainfall intensities

256 64 16 4 1 25 .061

Figure 3. Normalized wetting functions showing C/Cyx against nor-
malized rainfall P1/Cy, predicted by the two-layer stochastic model
for different rainfall intensities with L*p = 0.45, depicting a sparse
canopy, Ve = 11.5 mmS, Ve = 4 mm®, ko = 0.5, k= 0.73, and k. = 5.5.

Wetting Functions for E. camaldulensis
Ve=4,Vc=11.5,Lp=0.598

20

P/Cmx
Fs, 27 Sep Cs, 27 Sep D, 27 Sep Fs, 30 Oct Cs, 30 Oct D, 30 Oct

Figure 4. Normalized wetting functions, determined on September 27
and October 30, 1993, for Eucalyptus camaldulensis, showing C/Cp
against normalized depth of water applied P1/Cy, for different sizes
of drops obtained with a fine spray (Fs), coarse spray (Cs), and the
dripper system (D) with median volumes of 0.065, 0.27 and 73 mmd,
respectively. Also shown, as solid lines, are the wetting functions
predicted by the stochastic model for these drop sizes with elemental
volume, ve= 4 mm?®, v = 11.5 mm° and L",, = 0.598.
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RAINFALL INTERCEPTION AND DROP SIZE 731

tions with those observed with the rainfall simulator provides
ameans of determining the elemental volume appropriateto a
particular species.

For forests with even greater L*,, the dependence of the
wetting function on the size of raindrops will be further re-
duced. The wetting response will be determined principally by
the volume and kinetic energy of the “characteristic” drops.
Figure 5 shows the type of wetting response that might be
expected for a forest with a dense canopy, such as a humid
tropical rainforest with an L", = 2.7. For dense canopies, the
wetting response convergesto that expected withasingle-layer
formulation with a drop retention number equal to the ratio of
the elemental to the characteristic volume, i.e., g = Ve/V.. Itis
interesting to note that the g value obtained for tropical rain-
forestin Indonesia (Calder et a. 1986) by means of the single-
layer formulation of the stochastic model indicated ave/v, ratio
that was less than unity.

Implementation and assessment of the two-layer model

Thetwo-layer stochastic model has been implemented and run
with climate and interception data collected in Sri Lanka for
tropical forest (Hall and Calder 1995). Comparison of the
performance of the two-layer stochastic model with that of the
Rutter model is demonstrated by Figure 6. Although both
models relied on parameter optimization, the Rutter model is
clearly unable to reproduce the onset of net rainfal at the
beginning of the storm.

Discussion and conclusions

The two-layer stochastic modd allows predictions, based on
Poisson probability statistics, of the rate at which vegetation
canopies are wetted in relation to drop size. Studies carried out
with the rainfall simulator have verified the predictions made

Layer Stochastic Model Wetting Functions
Ve=4,Ve=115L*p =27
for different rainfall intensities

1
0.8 l —
E I I ——————————————————————
,,,,,, —
l T et
G os T ]
© I //// e
04 > P
T e
02 /’ .
0 a | ] ‘ ’
0 : * ° 8 10
P1/Cmx

256 64 16 4 1 25 061

Figure 5. Normalized wetting functions showing C/C,x against nor-
malized rainfall P1/C, predicted by the two-layer stochastic model
for different rainfal intensities with L*p = 2.7, depicting a dense
canopy, Ve = 11.5 mm®, Ve = 4 mmS, ky= 0.5, ky = 0.73, and ke=s.5,
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Figure 6. A comparison of the gross (bottom) and net rainfall observed
and predicted by the Rutter model (middle) and two-layer stochastic
model (top) for a storm recorded on May 28, 1993 at Dodongolla, Sri
Lanka.

by the stochastic wetting hypothesis with respect to the rate at
which canopieswet in relation to drop size. These studies have
also established that the maximum storage value is not a
constant, as has been assumed in previousinterception studies,
but that it is strongly dependent on drop size through an
assumed kinetic energy dependence.

Application of the model to areal situation, using intercep-
tion data collected from asitein Sri Lanka, has shown that the
model is better able to describe theinitial wetting-up phase of
the storm than conventional interception models that do not
incorporate a drop size dependence. The two-layer stochastic
model may provide insights into some of the reasons why
forest interception varies so much worldwide, and may help to
explain why interception losses from coniferous temperate
forests are so much higher than those from tropical forests.

Themodel showsthat canopy wetting will be achieved most
rapidly and maximum canopy storage will be highest, leading
to high interception losses overall, when both raindrop volume
is small and the characteristic volume of drops draining from
the canopy isalso small. These conditionsapply for coniferous
forestsin the low-intensity, small rain drop size climate of the
uplands of the U.K. By contrast, when both rain drop volumes
and characteristic volumes are large, canopy wetting will be
achieved much more slowly and interception losses are likely
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to be much reduced. This situation is typified by tropica
rainforest experiencing high intensity convective storms of
large drop size.
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