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Abstract. A three-dimensional physically based stochastic model was developed to 
describecanopy rainfall interception processesat desired spatial and temporal 
resolutions.Such model development is important to understand these processes because 
forest canopy interception may exceed 59% of annual precipitation in old growth trees. 
The model describes the interception processfrom a single leaf, to a branch segment, and 
then up to the individual tree level. It takes into account rainfall, meteorology, and 
canopy architecture factorsas explicit variables. Leaf and stem surface roughness, 
architecture,and geometric shape control both leaf drip and stemflow. Model predictions 
were evaluated using actual interception data collected for two mature open grown trees, 
a 9-year-old broadleaf deciduous pear tree (Pyrus calleryana "Bradford" or Callery pear) 
and an 8-year-old broadleaf evergreen oak tree (Quercus suber or cork oak). When 
simulating 18 rainfall events for the oak tree and 16 rainfall events for the pear tree, the 
model over estimated interception loss by 4.5% and 3.0%, respectively, while stemflow 
was under estimated by 0.8% and 3.3%, and throughfall was under estimated by 3.7% for 
the oak tree and over estimated by 0.3% for the pear tree. A model sensitivity analysis 
indicatesthat canopy surface storage capacity had the greatest influence on interception, 
and interception losseswere sensitive to leaf and stem surface area indices. Among 
rainfall factors, interception lossesrelative to gross precipitationwere most sensitive �o 
rainfall amount. Rainfall incident angle had a significant effect on total precipitation 
interceptingthe projected surface area. Stemflow was sensitive to stem segment and leaf 
zenith angle distributions. Enhancedunderstandingof interception loss dynamics should 
lead to improved urban forest ecosystem management. 

1. Introduction IL = S + Ket, (�) 

Natural forests' canopy interception ranges from 15% to 40% while Kittredge [1948] used 
of annual precipitation in conifer stands and from 10% to 20% in 
hardwood stands [Zinke, 1967], while it may exceed 59% for old 

ST = b� P- a I , (2)growth forests [Baldwin, 1938]. Canopy interception is 
controlled by widely variable meteorological and canopy 

and Helvey and Pattic [ 1965] used architecture factors [Crockford and Richardson, 1990]. 
Empirical, physically based, and stochastic models have been 
used to study the role of different factors that influence TH = b 2 P- a2, (3) 
interception. Empirical and statistical models are first-order 
approximations that use linear formulas to determine rainfall where IL is total interception loss, S is canopy storagecapacity,K 
interception, stemflow (ST), and throughfall (TH) as constant is the ratio of evaporation surface to projected area, e is 
proportionsof gross precipitation (P) [Horton, 1919; Kittredge, evaporationrate, t is time, and a�, b�, a2, and b2 are site-specific 
1948; Helvey and Pattic, 1965; Zinke, 1967]. For example, empirical (i.e., regression) parametersobtained from long-term 
Horton's [ 1919] model is: rainfall interception measurements.This type of model fails for 

small rainfall depths that do not fill the surface storagecapacity. 
The empirically derived coefficients do not account for the 
influence of the magnitude of the rainfall event (i.e., rainfall 
intensityand duration) and canopy architectureon interception. Copyfight2000 by the American Union.Geophysical 

The first physically based interception models [Rutter et al., 
Paper number 2000JD900343. 1971, 1975; Rutter and Morton, 1977] relied on water balance 
0148-0227/00/2000JD900343509.00 calculations for canopy surface water storage. This model 
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considered canopy surface storage as a function of gross simulatesthe mean number of raindrops (n') retained on the 
precipitation falling on the canopy surface, drip from the canopy, canopysurfaceelementand the mean numberof raindrops (m') 
and evaporation from the canopy surface and can be written striking the canopy surface element through 

dC 

dt - (1 -fg -fs) P- Do exp (b (C- S))- e, (4) 

where C is canopy water storage, fg is a gap fraction that controls 
the precipitation contributing to free throughfall, fs is the 
precipitationfraction contributing to stemflow, and p and e are 
precipitationand evaporation rates, respectively. The exponential 
term of equation (4) represents canopy surface drip rates where 
Do and b are empirical drainage parameters and S is the canopy 
storage capacity. This model has been widely used in wildland 
forests [Eltahir and Bras, 1993], especially in tropical rain forests 
[Jetten, 1996], and has been modified for urban water and energy 
balance studies [Grimmond and Oke, 1991; Xiao et al., 1998]. 
Massman [1983] incorporated rainfall rate into the drip 
component of the model using 

C 

d = (O0 + d0 p) T, (5) 

where p is rainfhll rate, d is drip rate from crown leaves and stem 
surfhces,drip parameter Do is an empirical drainage constant,and 
the drainage parameter do is determined for each event. Neither 
model represented by equation (4) and (5) considers canopy 
architectureeffects on interception losses. 

Gash [1979] modified the Rutter model by describing rainfall 
as a series of events such that the time lag between events is 
sufficientto dry the canopy surface. Gash [ 1979] further assumed 
that rainfall and evaporation rates are constant during the storm 
and that there is only one rain event per day. For M rainfhll 
events that are insufficient to saturate the canopy surface 
completely, and N events that are large enough to completely 
saturatethe canopy surface, Gash's model can be written 

N+M , � N 
Z [gj= S (l-fg -fs) P +'�'Z(Pj-P') 
j=l j=l 

M 

fg 
j=l 

M+N-J 

Et,,o,k=JSt +fs Z ej, (6) 
j=l 

p,_ RS ln(l- E ),
E R(1-fg -fs) 

where E and R are mean evaporation and rainfall rates, St is 
trunk storage capacity, and J is the number of events above the 
critical rainfall (St/fs). Several applications of this model to 
interception losses in natural forests [Pearce and Rowe, 1981; 
Gash et al., 1995; Llorens, 1997] yielded satisfacto� agreement 
between predicted and field measurements. However, in the 
west� United States, winter cyclonic precipitation can occur 
several times through the day and the shoff time inte�als 
between events allow only a small �action of canopy surface 
storage to be removed through evaporation. 

A stochastic model developed by Ca[der [1986, 1996] used the 
Poisson distribution to model wetting and d�ing of the canopy 
surface. Hall [1992] inco�orated condensation to improve 
model peffo�ance for high-intensity sto�s. Raindrop size was 
introduced to simulate canopy surface wetting. The model 

i i 
n =J ( 1 - exp(-B)) + exp (-B) (i - J ') � 

i=1 

(7) 

P 
B-

whered' is the maximum of raindrops canbe retained number that 
on the canopy surface element, M 

, 

is the largest integer number 
that is less than is the volume andJ', Vp mean of the raindrop, L' is 
the number of surface elements per unit ground area. 

More recently, Liu [1997] presented a combined physical- 
empirical model that estimates rainfall interception loss using 

(8)
R 

where DRY0 is initial canopy dryness before rainfall, DRY is a 
canopy dryness index, and T is rainfall duration. Throughfall and 
stemflow are estimated from linear relationships with rainfall. 
However, the rainfall incident angle and canopy architecture were 
not considered. 

It is difficult to apply event-based approachesto simulate the 
dynamic process of rainfall interception because of the large 
spatial and temporal variation in processes. For example, event- 
based models do not consider the gradual flow of water along tree 
stems, yet models that incorporate such factors can enhance our 
understandingof how interception processesimpact storm runoff. 
An ideal interception model for tree rainfall interception should 
consider both meteorological and tree architectural factors that 
influence the interception process. The results from the model 
simulations, in addition to providing accurate estimation of tree 
interception, should be capable of distinguishing the influence of 
tree factors (e.g., species, architecture, dimension, shape, and leaf 
and stem surfhce roughness), rainfall factors (e.g., intensity, 
magnitude, and duration), and meteorological factors (e.g., wind 
speed, wind direction, solar radiation, and air temperature) on tree 
interception processes. 

Nearly 80% of the United States population lives in 
metropolitan areas and, on average, tree canopies from about 75 
billion trees cover 33% of this land area [Johnson, 1998; Dwyer 
et al., 1998]. The impact of urban forests on runoff and possible 
flood control is of growing interest as part of efforts to protect 
water quality within urban watersheds. Tree planting is one of 
several best management practices (BMPs) demonstrated at a 
residential retrofit in Los Angeles ICondon and Moriarty, 1999]. 
The site has been converted into a "miniwatershed" that retains 

runoff on site and stores roof runoff for summer landscape 
irrigation. Policymakers are considering implementing this type 
of decentralized approach to urban watershed management, but 
lack quantitative data on the effectiveness of different BMPs. For 
instance, one need is a better understanding of how different 
species of trees and their spatial configuration impact runoff 
timing and volume at the scale of an individual tree and 
developmentparcel. Because many urban trees are open grown 
and relatively isolated from each other, interception data from 
natural forest stands may not be directly transferable to urban 
trees. Another need is for data to scale up from the development 
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site to the urban watershed. Understanding and accurately 
estimating rainfhll interception processesat the single-tree level is 
key to understanding rainfall interception in the urban forest, 

Existing rainfall interception models have limitations to their 
application for estimating single-tree interception in urban 
environments. The primary constraint is insufficient attention to 
tree crown shape and structure. For example, actual rainfall 
interception depends less on crown projection area as seen from 
above than on "effective crown projection area" as seen from the 
angle of incoming rainfall. Effective crown projection area is 
influenced by tree shape. For example, Italian cypress 
(Cupressus sempervirens "stricta") is a columnar tree. Its 
effective crown projection area is least when the rainfall incident 
at zenith angle is at 0 ø, but increases quickly as the incident zenith 
angle increases to the maximum at 90 ø . In contrast, profusion 
crabapple (Malus fioribunda "profusion") is umbrella-shaped. Its 
effective crown projection area is largest when the zenith angle is 
0 ø and decreases as the incident zenith angle increases. Existing 
rainfall interception models do not incorporate tree crown shape 
or effective crown projection area. 

Rainfall interception processes also depend on tree structure or 
architecture. For example, stemflow is greater for species with 
smooth bark and vertically oriented branches than for species 
with rough bark surfaces and horizontally oriented branches. 

In this paper we present a physically based, three-dimensional, 
stochastictree rainfall interception model. The model describes 
the interception processes at the individual tree level based on 
processesoccurring on each single leaf and branch segment. The 
model accounts for rainfall, meteorological, and tree architecture 
factors as explicit variables derived from meteorological and tree 
measurement data. Results from the model simulations are 

compared with actual field measurements using two tree species 
with very different crown structures: a deciduous pear tree (Pyrus 
calleryana 'Bradford') and an evergreen cork oak (Quercus 
suber). The size and form of these trees were similar to that 
observed for other trees of the same species and age. Examples 
of the model's performance for 16 rainfall events on a deciduous 
pear tree and 18 rainfall events on an evergreen oak tree are 
provided. Because the fbcus is on the individual tree rather than 
the forest canopy, henceforth, the term "crown interception" is 
used. 

2. Model Derivation, Parameterization, and 
Application 

2.1. Tree Rainfall Interception Model 

Assuming that there is no water absorption at the tree surface, 
precipitation (P) falling on crown surfaces is intercepted by 
crown leaf surfaces or stem surfaces, or directly passed through 
the leaf and stem gaps as free throughfall (Th); that is, 

e= fg r+j5 r+ fs e, (9) 

wheref g,?5, and f� are the fractions of precipitation becomingfree 
throughfall, leaf surface storage, and stem surface storage, 
respectively. These fractions vary with rainfall incident angle 
and seasonal changes of tree characteristics. Change in tree 
surface water storage (C) is the difference between precipitation 
(P) and free throughfall (Th), crown drip (D), stemflow (ST), and 
evaporationfrom the tree.surface (E). Symbols used hereafter are 
listed in the notation section. 

AC- P -(Th + ST + D + E). (10) 

Both Th and D account for throughfall; summing Th., D, and ST 
yields net precipitation. C and E account for interception (/), and 
E accounts for interception loss (IL). Differentiating equation 
(10) with respect to time yields 

dC 

dt -p -fg p- st-d -e (11) 

where st is stemflow rate. 

While equation (11) describes the water balance and 
interception processes at a single-tree level, more information is 
needed to understandthese processes within the canopy. For 
example, a few seconds may be all that is required for water 
dripping off the crown surface to reach the ground, but stemflow 
may take several minutes to flow from branches to the bottom of 
the tree. Drips from leaf surfaces may fall directly to ground, or 
be reintercepted by stems under the leaves, suggesting that paths 
for throughfall and stemflow be considered separately. 

To model the spatial possibilities of water flow on the tree 
surface, the tree crown is divided into n vertical layers. 
Precipitation over each layer is either intercepted by crown 
surfacesor directly passes through crown gaps to the ground as 
free throughfall. Two "reservoirs" in each layer include the leaf 
and stem surface storage (see Figure 1). Leaf surface storage is 
filled by raindrop interception and drips from upper layers, and is 
emptied by evaporation and dripping. Stem surface storage is 
also filled by raindrop interception and drips from the upper 
layers, as well as the water flow along the stem surface from the 
upper layer. The reservoir is emptied by evaporation, water flow 
down to the next layer along the stem surface, and drip off the 
stem surface. Stemflow gradually moves from tree branches to 
the bottom of the bole. The rainfall interception process occurs 
simultaneously in each layer, and the rainfall interception model 
flowchart is shown in Figure 2. Considering rainfall interception 
processes of a single layer of the tree crown, the change in 
storage is given by 

dC1=.15P + dsl + d,,,p -el - dig-dis-d,dow,, (12) dt 

dC s 
dt - .�p + dis + dsu p + Stup - e s - dsg- dsl- Stdown ,- dsdow 

where the subscripts l, s, and g represent the leaf surface, stem 
surthce, and ground surface. The sequence of the subscripts 
indicates the flow direction. For example, dxl here indicates the 
stem drip from upper layer stem surfaces to the leaf surface of 
this layer. The subscripts "up" and "down" indicate the upper 
and lower layers. 

Gross precipitation falling on crown surfaces is intercepted by 
leaf surfaces OSP), and thus may become part of leaf surface 
storage, and by stem surfaces (fsP), in which case it goes to stem 
surface water storage. The remaining precipitation directly 
passesthroughleaf gaps as free throughfall (fgP). 

For each segment of the stem at layer i, water storage is 
increased by intercepted rainfall, stemflow from an upper layer, 
and intercepted water dripping from upper layers. Water storage 
is decreased by evaporation and water flowing down the stem 
surface or dripping off the stem surface. Whether water flows to 
the next lower layer or drips depends on the stem segment's 
zenith angle. We assume that each segment is straight but that 
inclination varies with zenith angle. The zenith angle (8) of these 
stemsegments distributed u is the is normally as N(u, o 2) where 
mean and cy is the standard deviation. Consider a section of a 

stem segment's surface in the principal flow direction. The plane 
is inclined at a zenith angle O (alignment with the stem segment). 
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Figure 1. Rainfall interception model. (a) Rainfall interception processesat single-tree level. (b) rainfall interception at one slice 
of the tree crown. The crown has a cone shape with angle {p. P is the symbol for precipitation, E for evaporation, C for crown water 
storage,TH for throughfall, ST for stemflow, and D for the drip, and the subscripts 1, s, and g indicates the leaf, stem, and ground 
surface. 

Assume the flow is uniform at each time step At, that is, the depth 
and velocity distributions do not change with distance along the 
plane. Apply the momentum equationto a flow element that is 
boundedby the air-water interface. The element has unit width 
normal to the length plane, length AL, and depth (Y-y) from the 
water surface. Y is the water depth on the stem surface above 
detentionstorage.The pressure is hydrostatic acrossany section 
normal to the inclined plane because uniform flow is assumed 
over time At. In addition, the water depth is constant, and the 
shear stress on the water surface at the water-air interface is 

assumedto be negligible. Thereforethe momentum equationcan 
be written 

Wsin (90ø - 0)- rAL = 0. 

Consequently, 

Pw g (Y - y)ALcos(O)= rAL, 

r = iow g (Y- y) cos(O), (13) 

where low is the density of rainwater, r is shear stress, g is the 
accelerationdue to gravity, and W is the weight of the flow 
element. The flow velocity (v) varies with water depth on the 
stem surface. Because of the slow flow rate along crown stem 
surfaces, #dv/dy is substituted for r such that the velocity 
distribution with the "no-slip" boundary condition is given by 

where p is dynamic viscosity. So the discharge per unit width 
and the average velocity are 

Y 

I Pwgy3=._.�_gcos(O),cos(O)y3q= vdy= 3� 3v (15) 

0 

v = � y2 cos(O), 
3v 

where v is kinematic viscosity. 
For each layer, there are restera stem segments. Each of the 

resternstem segments is divided into two groups: one group for 
segmentswith inclination zenith angles less than 90 ø where water 
flows down to the next segments (Qaown);and a second group, 
with segments whose inclination zenith angles are equal to or 
greater than 90 ø .from which water drips (Qar½). Then the 
discharge from these stem surfaces can be mathematically 
presentedas 

2 

QctowniI CIRi prob (16)= (0) qdO, 
0 

Qdripi-' I CIRi prob(0) qdO 
2 

dv where CIRi is the circumference of the stem surface, a function of 
�yy=iowg (r - y) cos(O), (14) the stem surface area and segment length. The stem surface area 
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Figure 2. Tree rainfall interception model flowchart. 

and zenith angle distributions are discussed in more detail in 
section 2.2. Thus the total water transported to the next layer is 
Qdo,,�i,and the water that drips is Qdripi. Qdo,niadds water to the 
next layer's stem surface water storage. Qdripi drips to the ground 
surface(dsgi)or the layers below. There are few leaves located 
underneath these stems because it is assumed that all the leaves 

grow in the surface layer of the crown. Thus reinterception of 
stem drip by leaves is ignored. 

An additional layer is added for modeling stemflow along the 
tree bole. The total throughfall contributed from stem surface 
drip is the sum of stem surface drip from all layers, for example, 

dsg=�-�dsgi. 
i=1 

Thus stemflow is Qdo,,from the bole layer. 
While at the single-tree level, the tree crown interception of 

rainfall is not like a bucket [Massman, 1980; Whelan and 
Anderson.,1996]; each single leaf behaves like a tipping bucket 
with residual storage (saturation storage) left in the bucket. 
Water is stored on the leaf surface until it exceeds the maximum 

storage capacity. Several factors trigger water drip off leaf 
surfaces,includingadditionalrainfall, water dripping from above, 

or wind gusts. In this case, leaf surface water storage is quickly 
released and water free-falls off the leaf surface. Assuming the 
leaves are randomly located in the crown surface and 
symmetrically distributed about the azimuth and zenith angle 
[ Vethoer 1984], leaf inclination distribution can be described by 
a two-parameter beta distribution [Goel and Strebel, 1984]. 
Consider one leaf in layer i; this leaf is presented in space 
characterized by zenith angle � and azimuth angle rp. Here, the 
azimuth angle is measured relative to the dominant wind 
direction. Ignoring the wind effect and applying a mass balance 
for the water on this leaf surface gives 

AC = P + Dsl + Dllup E l - Dl, (17) 

D l = Dig + Dis + Dlldown. 

Here, Dt is water dripping from leaf surfaces. Because the leaves 
are located at the crown surface, Dttup and Dttdo,, can be 
eliminated from equation (17), and taking a finite difference form 
yields 

dC= - + dsl e , (18) pcos(afl + cos((p)sin(fl)l dlg dis d�- �) - - -
where a is the rainfall incident angle (zenith angle). 

During a very short time period At, the mass of the water drip 
(top) from rainfall (p) falling to the leaf surface is 

mp=PAlea. - (19)f cos(a fl + �-)cos((p)pwAt, 

where Ateaf is the one-side leaf surface area. For each raindrop it 
is assumed that the raindrop passes all of its kinetic energy to the 
leaf. From conservation of momentum, the raindrop force that 
strikes the leaf surface (F) is 

Fdt=d(mpV), (20) 

d(mpv) A(mpv) 
dt At = -PAlear cos(a- ,,� + -�)cos((P)PwV 

21)2=Vt2 + 1) w, 

where vt and v�,. are the raindrop terminal velocity and wind 
speed. The total force applied to the leaf surface is the sum of the 
weight of stored water and the force caused by raindrops hitting 
the leaf surface. This force will determine if the leaf will tip or 
not. Defining a leaf rigidity factor (Frigid) as the force of 
maximum water storage 

Frigid= Aleaf Smax ,Owg, (21) 

where Smax is the leaf maximum water storage and g is 
gravitational acceleration. When the total force acting on the leaf 
surface(Fte�f)as a result of both the water stored and the raindrop 
hitting the leaf is greater than the rigidity factor, the leaf will tip. 
Once the leaf tips, the water storage on the leaf surface is reduced 
to no more than the saturation storage. 

Flea./'= Alea./'Y Pw g + F. (22) 

When Fteaf> F,�gia, this gives 

D s = Y + pdt- Sinin, (23) 

where Y is the water depth on the leaf surface at the beginning of 
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this time step. Stain is the saturation storage that is the minimum where A is the slope of saturated water vapor pressure versusair 
amount of water required to saturate the leaf surface. Surface temperature,2' is the psychometric constant,Qne and Rn are net 
roughness,the finely spaced texture irregularities [Loper, 1987], radiationin different units,EA is drying powerof the air, Le is 
is an important factor determining leaf saturation storage. latent heat of vaporization of water, e� and e� are saturation 

Maximum leaf surface water storage for individual leaves vapor pressure and vapor pressure at air temperature, and c; and 
changes with the zenith angle of the leaf. When the zenith angle c2 are unit constants used to convert the units. The term f� is the 
approacheszero, the leaf surface storage capacity reaches the wind function describedby Pruitt and Doorenbos [ 1977a, b] as 
minimum (Stain), and when the zenith angle approaches 90 ø, the 
leaf surface water storage capacity reaches a maximum (Sma�-). f� = au + bu U(z) (29)
Assumihgthat Sma�-and only vary with leaf surface Smi� roughness 
and leaf geometric shape, then maximum leaf surface water 
storage is 

Ymax(fl) = (Smax- Smin) sin(fl) + Smi n . (24) 

Not all of the water dripping off leaf surfaces (Dr) from layer i 
falls to the ground surface and contributes to throughfall (dtg). 
Some drips are reintercepted by the stem surface at different 
layers underneath these leaves (dtx). The magnitude of this 
reinterception depends on the projected effective stem surface 
area of the layer. Here, effective stem surface is defined as the 
cross-sectionalarea along the stem. Projecting this area onto a 
horizontal plane yields the projected effective stem surface area. 
The reinterception in layerj from this layer is calculated by 

dtsj= dl (5')2 ESPAj, (25) 

where ri and r s are the crown radii of layer i and layer j, ESPAj is 
the effective crown projection area (defined as the stem surface 
area within the tree drip line) of layerj. The remainder of dt will 
be reintercepted by stems below layer j until layer n, or when it 
finally drips to the ground surface. 

Although limited evapotranspirationoccurred during the 
rainfall events considered in our measurements, after rainfall 
ceases, evaporation of the wetted tree surface can occur at the 
potential rate. However, transpiration is restricted due to water 
coverageof the tree surfaces. When focusing on tree interception 
processes, transpiration can be ignored because this water 
originated from the soil. Open grown trees have limited heat 
storage within the crown, and the crown's ability to change wind 
speed and direction is also minimal. In the same environment, 
precipitation intercepted by vegetation evaporates at a greater rate 
than transpiration [Murphy, 1970; Murphy and Knoerr, 1975]. 
Meteorological data from the field can be directly used for 
estimatingthe potential evaporation (Ep). When crown surface 
water storage is below the saturation storage, evaporation from 
the crown surface is proportional to surface water storage [Rutter 
et al., 1971; Massman, 1983; Jetten, 1996]: 

C 
E = fmax Ep --S C < S, (26) 

E = fmax Ep C>_S, (27) 

wherefma� is the fraction of maximum leaf surface wetting.Ep is 
estimated based on the Penman formula [Penman, 1948' Xiao et 
al., 1998]: 

A A 
E p -- Qne + EA,

A+¾ 

Rn
Qne = el �, (28)

Le 

E,4 = c2f e (e2-ea), 

where a� and b� are constants and U(z) is wind speed measuredat 
height z above ground surface. This wind function was locally 
calibratedand is currently for estimating used Ep in the California 
Irrigation Management Information System (CIMIS) network 
[Pruitt et al., 1987; Snyder et al., 1989]. 

2.2. Model Parameterization 

There are six boundaries in the problem domain (X+, Y+, and 
Z+ directions). The flux of rainfall and evaporation determinethe 
top boundary (Z+) condition. Throughfall (e.g., crown drip and 

Table 1. Tree Architecture and Simulation Time Variables 

Variable Definition Units a 
Tree Architecture 

H tree height measured from ground surface m 
crown height measured above the first branch m 
tree bole height m 
average crown diameter which is measured in m 

the crown principal axes directions when the 
crown is projected to the horizontal plane 

DBH diameter at breast height is the bole diameter m 
measuredat 1.3 m from ground surface 

LAI leaf area index, which is the ratio of the total 
one-side leaf surface area to the crown 

projection area. The maximum LAI is 
measured when the tree is in full-leaf. The 
minimum LAI is measured after most leaves 
fall 

SAI stem surface area index is the ratio of the total 

stem surface area to the crown projection area 
gap fi'action is the ratio of the total gap area 

inside the silhouette to the tree silhouette 

area. Projecting the crown to the plane that is 
normal to the rainfall incident angle, the 
outline of the crown boundary is the tree 
silhouette. The area inside these boundaries 
is the silhouette area 

CPA crownprojectionarea (also called normal crown m 2 
projection area (NCPA)), defined as the area 
surroundedby the crown drip line 

SPA stem projection area, defined as the stem m 2 
segment cross-section area along the stem 
segment surrounded by the drip line. 

ECPA effectivecrown projection area, defined as the m 2 
CPA "seen" by rainfall 

ESPA effectivestem projection area, defined as the m 2 
SPA "seen" by rainfall 

Alear average leaf size, defined as one-side leaf cm2 
surface area 

stem segment zenith angle deg 
leaf zenith angle deg 
leaf azimuth angle deg 
total number of layers into which the crown is 
divided 

Simulation Time Variables 

�tep time increment length or time step of the s 
simulation 

T�otal total simulation time s 

a: Units used in the model input data file. 
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free throughfall) and stemflow rates control the bottom boundary 
(Z-) condition. All water fluxes given in equation (12) are in the 
vertical direction; thus we assume that there is no water flux 
acrossthese four boundaries of X+ (e.g., Y-Z plane) and Y+ (e.g., 
X-Z plane). The initial tree surface wetnessis known or specified 
before rainfall begins. 

The model required three sets of input data. The first set 
describes tree crown architecture: tree height, crown height, 
crown diameter, diameter at breast height (DBH), leaf surface 
area index (LAI), stem surface area index (SAI), gap fraction, leaf 
size, zenith angle of the stem and leaf, and surface water storage 
capacity of the leaf and stem (Table 1). The second set included 
time (Julian day, hour-minute), rainfall rate (mm h'l), air 
temperature humidity (m s'l), wind (øC), relative (%), wind speed 
direction(øC) and net radiation (W m'2). The third input data set 
was user-defined and included the number of tree crown layers, 
tll� 3IIILLIIO. LI�.JI[ tlllJ� 3t�,.�}J, O. JlLl tlJ� LULO. I 3IIIIUIO�LIUII tJJJJ�;. 

Crown shape parameters affect both effective rainfall 
interception area and maximum surface water storage of the 
crown. Tree crown shape has been modeled with basic geometric 
solids such as spheroid, ellipsoid, parabaloid, cone, and cylinder 
[McPhersonet al., 1985; Sattler et al., 1987]. Tree crown profile 
areas calculated using equations for geometric shapes were 
correlated to actual crown profile areas measured from 
photographs [McPherson and Rowntree, 1988]. Previously, a 
study of canopy architecture in a walnut orchard [Martens and 
Ustin, 1991; Ustin et al., 1991 ] found that the distribution of 
leaves and stem surface area was related to crown diameter at 

different tree heights and that stem zenith angles were normally 
distributed. Stem surface area decreased from the bole to branch 

tips in Douglas fir [ Webb and Ungs, 1993]. 
The following assumptions underlie parameterization of crown 

architecture[Xiao, 1998]: (1) The tree crown is multi-layered 
and has a perfect geometric shape; (2) Stem surface area is 
related to the average crown diameter and is uniformly distributed 
across azimuth angles for each layer; and (3) Leaves are 
uniformly located at the outside of the crown volume and all 
leaves have the same surface area, surface roughness and 
geometric shape. 

The effective crown projection area (ECPA) differs from the 
normal crown projection area, taken as the area within the tree's 
drip line. The ECPA is the area "seen" by rainfall, so it is the 
area normal to the angle a of incident rainfall; that is, assuming 
the tree alignment is in the Z+ direction, the incident rainfall 
ECPA is 

ECPA(a)= ECPAxycos(a), (3O) 

whereECPA,,yis the effective crownprojectionareaprojectedin 

z y 

the X-Y plane. ECPA,,y is crown geometric shape dependent and 
Figure 3 illustrates how ECPA varies for a cone-shaped crown. 

The tree crown gap fraction, or percentage transmission,is the 
ratio of gap area inside the tree silhouette to the silhouette �ea. It 
is used to describe the fraction of incident solar radiation that is 

transmitted through the canopy [McPherson, 1984]. Gap 
fractions reported in the literature for different tree ø4�eci.� 
[Schiler, 1979; Hammond et al., 1981; McPherson, 1984] were 
measuredat varying elevation angles or on the ground. However, 
in rainfall interception studies, the gap fraction of the crown 
determines free throughfall and depends on the rainfall incident 
angle. Therefore it is necessary to consider how gap fractions 
change with different rainfall incident angles. Gap fractions 
measuredat different incident angles on two trees were used here. 
The gap fractions were measured with zenith angles varying from 
0 ø to 90 ø at 5 ø intervals [Xiao, 1998]. 

q'�e median raindrop size for 
modeled as a power function of rainfall intensity [Laws and 
Parsons, 1943; Torres et al., 1994; Uijlenhoet and Stricker, 
1999]. The median-volume diameter,D e (mm), of the rainfall 
dropsis related to rainfall rate,p (mm h -1) by [Laws and Parsons, 
1943] 

Dp = 1.238p (31)ø'182. 

Rainfallterminal II t (m s -l) can be determined velocity, from 
basic fluid mechanics. Assuming that a raindrop is released from 
rest, it will accelerate until it reaches the terminal velocity [Chow 
et al., 1988] 

1 

4gDp_ De mm,( Pw 1)]�-> 0.1 vt=[ 3Col Pa (32) 

where Pa is the density of the air. Ca is the dimensionless drag 
coefficient. Mason [ 1957] defined C,/values for raindrop sizes 
greater than 0.1 mm. For raindrop sizes less than 0.1 mm 
diameter, Cd is specified by using Stokes' law, that is Cct=24/Re 
where Re is the Reynolds number. 

The velocity of water drops falling on the stem surfaces from 
upper layer dripping is ignored because acrossthe short distances 
no greater than the crown height, stem segments have much 
greater rigidity than leaves. 

The azimuth angle of rainfall drops is associated with wind 
direction. The incident angle (zenith angle) of rainfall is 
determined from the relationship between rainfall terminal 
velocity (vt) and horizontal wind speed (vw) at half of the crown 
height, given by 

a. b. c. 

Figure 3. Effectivecrown area in an X-Y plane for a cone-shaped in the X-Y-Z space andprojection crown. The tree was located 
then projected onto the X-Y plane as shown in the shadow. Here, (x is rainfall incident angle. 
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Figure 4. Field rainfall interception measurement installation for the oak and pear trees. 

arctan ( �'"' ) (33) 
v t 

Here v,. is estimated from wind speed measurements on site 
[Jetten, 1996]. 

3. Field Experiments and Model Analysis 

3.1. Field Methods 

The rainthll interception experiments were conducted at the 
Department of Environmental Horticulture field site, in the 
southeast corner of the University of California, Davis campus 
(longitude 121ø46'32" W, and latitude 38032'09 - N). On average, 
90% of the average annual precipitation of 446 mm + 36 mm 
occurs between November and April at the study site. No 
snowthll occurred in the study area. Rainfall intensity ranges 
from I to i 13 mm h -� and is heaviest during winter storms, which 
deliver most of the annual precipitation. Interception data were 
collected from a 9-year-old broadleaf deciduous pear tree (Pyru$ 
calleryana "Bradford" or Ca!!ery pear) and an 8-year-old 
broadleaf evergreen oak tree (Qtterctts sitbet or cork oak). The 
pear tree and the oak tree were open grown and separated by 
about 63 m. The micrometeorological station was 20 m from the 
oak tree site and 70 m away from the pear tree site. Rainfall 
interception data were collected during the winter of 1996-1997 
for the pear tree and during the winter of 1997-1998 tbr the oak 
tree. 

A catchment was constructed below each tree to collect 

incident precipitation. The catchment consisted of two panels 
with sloping sides (angle dependent on the tree size and shape) 
linked together by a plastic rain gutter. The tree was located in 
the geometric center of the catchment. The catchment 
construction height was near the bottom of the crown, so that it 
did not influence turbulence, or vertical mixing of water vapor. 
The rain gutter guided water into the throughfall storage 
container. Using a mass balance, throughfall was determined as 
the difference between the water collected in the throughfall 
container and catchment surface detention storage, and the 
precipitation thlling outside of the crown drip line. Stemflow was 
directly collected from the tree bole using a channel fabricated 

from a 2.54 cm diameter soft Tygon tubing that was split and 
spiraled around the tree bole. Gaps between the tubing and tree 
bole were sealed with clear 100% silicone sealant. A water 

container was used for storing stemflow. Gross precipitation was 
collected with a 15.2 cm diameter glass/hnnel set at the upwind 
corner of the catchment linked to a gross precipitation container. 
The water level change inside the containers was monitored using 
a pressure gauge (Honeywell, Inc.) and a CRi0 datalogger 
(Campbell Scientific, Inc.). A standard micrometeorological 
station was established over turf grass for measuring air 
temperature, relative humidity, wind speed, wind direction, and 
net radiation. Catchment detention storage and water travel time 
from the catchment to the water storage container were directly 
measured in the field [Xiao et al., 2000]. Figure 4 shows the field 
measurement setup. 

Tree dimensions (tree height, crown height, crown diameter, 
DBH or diameter at breast height, and crown shape) and tree 
architecture data (leaf surface area, stem surface area, crown gap 

Table 2. Architecture of the Oak Tree and Pear Tree 

Variable Oak Pear 

T�ee Tree 

Tree height, m 5.6 8.5 
Crown height, m 4.8 6.8 
Crown diameter, in 3.2 4.8 
DBH, cln 12.5 22.0 
LAI, Max. 4.0 ...� 
LAI, Min. 4.0 0.0 
SAI 1.7 1.7 

Average leaf size, cm 2 2.4 ... 
Gap fi'action (leaf on) 0.3 
Gap fraction (leaf off) 0.4 �)'.� 
Leaf zenith angle distribution, deg (ininilnuln) 0.0 ... 
Leaf zenith angle distribution, deg (maxilnuln) 160.0 ... 
Leaf zenith angle distribution, deg (mean) 65.0 
Stem zenith angle distribution, deg (minilnum) 0.0 �)'.�) 
Stem zenith angle distribution, deg (inaxilnum) 120.0 120.0 
Stem zenith angle distribution, deg (mean) 60.0 50.6 
Leaf surface water storage, mm (inaximum) 0.7 ... 
Leaf surface water storage, �mn (saturation) 0.3 
Stem surface water storage capacity, mm 0.8 �)'.� 
Number of layera in crown 20 20 

a: Parameters are not used for wintm�ime rainfall interception 
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fraction,leaf and stemsegmentangle) were directlymeasured 
after the experimentended. A dry weight - leaf surfacearea 
method was used to estimate the total leaf surface area from 

sampledleaves. The stem surfacearea was directly measured 
fromeachstemsegment.The leafandstemsegmentinclination 
angleswereestimatedusinga photographicmethod[Xiao, 1998]. 
Thegapfractionwasestimatedastheratioof thegapareainside 
the crown silhouetteareato the crown silhouetteareausingan 
image analysistechnique[Xiao et al., 2000]. Thesemeasured 
datafor thepearandoaktreesarelistedin Table2. 

3.2. Interception Model Calibration and Sensitivity 

The modelequation(12) wasexplicitlysolvedusingthe finite 
differencemethodwherenumericalinstabilityerrorsarereduced 
by limitingthe maximumtime stepto I min. The errorfunction 
[Press et al., 1992] was used to estimate the cumulative 
probabilitydistributionof equation(16). The model crown was 
dividedinto20 verticallayers. 

Two meteorologicaldata setsand tree architecturaldata sets 
were usedto calibratethe model. Only surfacestoragewas not 
directly measured in the field but was adjusted via model 
calibration such that differences between the simulated and field 

measurement results were less than 10%. We assumed the tree 

surfacewas initially dry when startingsimulations. Rainfall 
hyetographsusedto drive the model calibrationfor the oak and 
pear treesare shownin Figures5a and 5b. Figures5c and 5d 
showthe calibrationresultsfor boththe oak tree(Figure5c) and 
thepeartree(Figure5d). For theoaktreethegrossprecipitation 
was 8.75 mm for this event as recorded at the 

micrometeorologicalstation,but 8.76 mm grossprecipitationfell 
on the crown. Similarly, for the peartreethesevalueswere 6.05 
mm and 5.93 mm, respectively. The difference in gross 
precipitationthat fell on the tree surfaceis due to wind effects 
during the event. Wind changedthe raindroppathway from 
vertical, thereby changingthe effective crown projection area. 
Whenwe comparedmodelresultsto field observations,themean 

absolute percent error [Mayer and Butler, 1993] for all 
interceptionprocesseswaslessthan5% for theoaktree,andless 
than4% for thepeartree. Thesedifferencesseemedacceptable 
consideringthemeasureddifferencesin grossprecipitationand 
thatdrycanopysurfacewasassumedwhenstartingsimulations. 

A sensitivity analysis was conducted to determine the 
parametershavingthe greatesteffectson interceptionprocesses. 
This analysiswasperformedusingdataonlyfromtheevergreen 
oak tree becausethe pear tree was dormantand leaflessat the 
time of measurement.In the sensitivityanalysisthe following 
parameterswere changedby + 50% to assesstheir effect on 
interception:rainfallrateandduration,windspeed,LAI, SAI, gap 
fraction,stemand leaf zenithangledistributions,and stemand 
leafsurfacestoragecapacities. 

Resultsusing the index below of the detailedsensitivity 
analysesarelistedin Table3a for meteorologicalparametersand 
Table3b for treearchitectureparameters. 

PRc-PRb 

, PRbsensitivity_index= x 100. (34)
Parc-Parb 

Parb 

PRcis thepredictedresultbasedon the adjustedparametervalue 
(Parc),andPRbis thepredictedvaluebasedontheparameterbase 
value(Parb). 

Not surprisingly,interceptionprocesseswere sensitiveto 
rainfall rate, but less so to its duration. At a given rainfall 
duration,decreasingrainfall intensityby 50% causedinterception 
lossto increasefrom 32% to 57% for the oaktree,or a sensitivity 
indexof 22.7%. Decreasingrainfall intensityreducedtheamount 
of rainwater added to the tree crown. This increased the 

proportionof rainwaterusedfor wettingthe crown surface,a 
main componentof interceptionlossfromrainfall. Increasingthe 
rainfallrateby 50% causedtheinterceptionlossto decreasefrom 
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Figure 5. Calibrationof themodelparametersfor rainfallinterceptionprocesseson oakandpeartrees. (a) Rainfallstartedat 
0000:00,January4, 1998,andit lastedabout3 hours.Thesedatawereusedforthesimulationontheoaktree. (b) Rainfallstarted 
at0052:00,February4, 1997,andit lastedabout80min. Thesedatawereusedforthesimulationonthepeartree. (c) Thefield 
observationresultsandthesimulationresultsarecomparedforthecalibrationontheoaktree. (d) Thefieldobservationresultsand 
the simulationresultsare comparedfor the calibrationon the peartree. P indicatescumulativeprecipitation,TH indicates 
throughfall,ST indicatesstemflow,andI indicatesinterceptionloss. 
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Table 3a. Sensitivity Analyses Results for Meteorological Parameters 

Input � Outputb 

Gross Net Precipitation Interception 
Precipitation Wind Precipitation,Stemflow, FreeThroughfall, Drip, Total Canopy Loss,

Speed
Rate Duration mm (%) iron (%) mm (%) mm (%) mm (%) mm (%) 

0.5 I I 4.4(99.1) 0.0(200.0) 1.6(99.0) 0.4(160.8) 1.9(135.5) 2.5(22.7) 

1.5 I I 13.1 (98.4) 2.0 (219.1) 4.6 (98.4) 3.6 (174.2) 10.2 (142.2) 2.9 (5.0) 

2 0.5 I 8.7 (1.6) 0.9 (6.4) 3.0 (2.0) 1.9 (1.0) 5.9 (2.7) 2.8 (0.7) 

0.5 2 I 8.8 (0.9) 1.0 (3.2) 3.1 (0.7) 2.0 (1.5) 6.0 (1.5) 2.8 (0.7) 

I I 0.5 8.5 (6.8) 0.9 (17.0) 3.0 (7.2) 1.8 (10.3) 5.7 (9.7) 2.8 (1.4) 

I I 1.5 9.3 (12.3) 1.1 (31.9) 3.3 (11.7) 2.1 (20.6) 6.5 (18.2) 2.8 (0.7) 

I I I 8.8 (...) 0.9 (...) 3.1 (...) 1.9 (...) 6.0 (...) 2.8 (...) 

a: Here I in the input parameters indicates I unit, 0.5 means reduce 50%, 1.5 means increase 50%, and 2 means increase 100% 
from the original value. All of the canopy parameters are in 1 unit of original value. 
b: Output values are presented in total amount in millimeters (and in sensitivity in percentage) calculatedbasedon equation (34). 

32% to 22%, or a sensitivity of 5.0%. Using a constant rainfall compared with other process components; however, increased 
depth, we tested the sensitivity of interception processes to wind speed changed the distribution of the components. 
rainfall duration. Rainfall rates were adjusted to keep the rainfall Of all tree fhctors, interception loss was most sensitive to the 
depth constant for storms of different durations. Interception surfacearea and surface water storage capacity. Changing stem 
processeswere not as sensitive to changes in rainfall duration as surface by 50% caused a 50% sensitivity to interceptionloss. 
compared to changes in the rainfall rate. Increasingstem surface water storage capacity by 50% caused an 

Interception processes were sensitive to changes in wind 8.0% increase in interception loss. Decreasing LA! by 50% 
speed. An increase in wind speed of 50% caused gross causeda 6.8% decrease in interception loss where the sensitivity 
precipitationon the canopy surface to increase by more than 6%. is 44.7%. Increasingleaf surface water storage capacity by 50% 
The sensitivity of precipitation on the tree surface, stemflow, causeda 6.8% increase in interception. 
canopy drip, net precipitation, and interception loss to increased The sensitivity of interception loss to a 50% increase in gap 
wind speed by 50% were 12.3%, 31.9%, 20.6%, 18.2%, and fraction was only 12.1%. However, the distribution and 
0.7%, respectively. The influence of interception loss was small proportion of throughfall and stemflow changed. The 

Table 3b. Sensitivity Analyses Results for Tree Architecture Parameters 

Input � Outputb 
Tree Structure Surface Storage Gross Net Precipitation Interception 

Gap Zenith Angle Capacity Precipitation, Stemflow, Free Canopy Drip, Total, LoSS, 
Fraction LAI S A1 Throughfall, 

Leaf Stem Leaf Stem �nm mm (%) mm (%) mm (%) mm (%) mm (%) 
0.5 I I I I I I 8.8 1.2 (61.7) 1.5 (102.9) 3.2 (126.8) 5.9 (2.0) 2.9 (4.3) 

1.5 I I 1 I I I 8.8 0.7(57.4) 4.6 (102.3) 0.8(118.6) 6.1 (5.4) 2.7(12.1) 

I 0.5 I 1 I 1 I 8.8 1.1 (23.4) 3.1 (0.0) 2.5 (52.6) 6.6 (20.8) 2.2 (44.7) 

I 1.5 I I I I I 8.8 0.8 (21.3) 3.1 (0.0) 1.5 (44.3) 5.4 (17.8) 3.3 (36.9) 

I I 0.5 I I I I 8.8 1.2 (61.7) 3.1 (0.0) 2.4 (43.3) 6.7 (23.5) 2.1 (50.4) 

1 I 1.5 I I I I 8.8 0.6 (72.3) 3.1 (0.0) 1.6 (38.1) 5.2 (23.9) 3.5 (49.6) 

I I I 0.5 I I I 8.8 2.1 (248.9) 3.1 (0.0) 1.4 (53.6) 6.6 (21.5) 2.2 (46.1) 

I I I 1.5 1 I I 8.8 1.0 (4.3) 3.1 (0.0) 2.1 (19.6) 6.2 (7.1) 2.6 (15.6) 

1 I I I 0.5 1 I 8.8 2.1 (244.7) 3.1 (0.0) 1.4 (57.7) 6.5 (19.8) 2.2 (42.6) 

I I I I 1.5 I I 8.8 1.0 (4.3) 3.1 (0.0) 2.1 (19.6) 6.2 (7.1) 2.6 (15.6) 

I 1 I I I 0.5 I 8.8 1.0(10.6) 3.1 (0.0) 2.2(22.7) 6.2(8.7) 2.6(19.1) 

1 I I 1 1 1.5 I 8.8 0.8 (23.4) 3.1 (0.0) 1.4 (52.6) 5.3 (20.8) 3.4 (43.3) 

I I I I I 1 0.5 8.8 1.4 (91.5) 3.1 (0.0) 2.2 (22.7) 6.6 (21.8) 2.2 (46.1) 

I I I I I 1 1.5 8.8 0.5 (89.4) 3.1 (0.0) 1.7 (21.6) 5.3 (21.5) 3.5 (44.7) 

I I I 1 I I I 8.8 0.9 (...) 3.1 (...) 1.9 (...) 5.95 (...) 2.8 (...) 

a: Here I in the input parameters indicates I unit, 0.5 means reduce 50%, and 1.5 means increase50% from the original value. All meteorological 
parametersare in I unit of original value. 
b:Output values are presented in total amount in millimete� (and in sensitivity in percentage) calculatedbasedon equation (34). 
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sensitivitiesof canopy drip and stemflow to a 50% decrease in 
gap fraction were 126.8% and 61.7%, respectively. Stemflow 
was also sensitive to changesin stern/leafzenith angle, as 
decreasingstem segment zenith angles by 50% caused a 13.6% 
increasein the amount of stemflow. This sensitivity follows 
because the zenith angle controls the stemflow rate and 
determinesthe water flow from one stem segment to the next 
segmentor drip to ground surface.The sensitivity of stemflow to 
change in leaf zenith angle was 248.9% for a 50% decrease in 
leaf zenith angle. Increasing the leaf zenith angle caused more 
water to flow from the leaf to stem surfaces, therebyincreasing
stemflow. 

4. Results and Discussion 

We applied the model to 16 rainfall events for the broadleaf 
deciduous tree (pear) and 18 rainfall events for the broadleaf 
evergreen tree (oak) with meteorological and tree architecture 

parameters determined from field measurements. A minimum 4 
hour period of no precipitationwas used to differentiateone 
rainfall event from the next. The amount of precipitation 
interceptedby the tree surface, stemflow, throughfall,and 
interception are expressed tolosses in depth units with respect 
normal crown projection area. 

Figure 6 shows a comparisonof field measurements versus 
simulated estimates of rainfall, throughfall, stemflow, and 
interceptionloss for both the oak (Figures 6a- 6d) and pear 
(Figures6e- 6h) trees. There was relatively good agreement 
betweenmeasuredand estimated values,as R 2 values ranged 
from 0.84 to 0.99. The difference in measured and estimated 
precipitationstrikingthe tree crown was relatively small for both 
the oak and pear trees (Figure6a and 6e). Throughfall was only 
slightly underestimated for the oak tree (Figure 6b), but 
overestimated by the for the pear tree (Figure 6f), as indicated 
slightly negative and positive intercepts of the regression lines. 
Stemflowwas underestimated for both the oak (Figure 6c) and 
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Figure 7. Effective crown projection area (ECPA) varies with 
incident rainfall angle. The vertical axis presents the normalized 
ECPA value, which is the ratio of ECPA to the normal crown 
projection area. The minimum ECPA existed when incident 
rainfall angle was 20.0 ø for the oak tree. The pear tree's ECPA 
reachesa minimum value at 21.0 ø incident rainfall angle. 

pear trees (Figure 6g). Interception losseswere overestimated in 
simulation for both the oak and pear trees (Figures 6d and 6h). 
We consider these processes and differences individually in the 
tb!lowing paragraphs. 

Use of the ECPA to standardize the input precipitation 
determinesthe amount of precipitation available for interception 
by the crown surface. Both wind speed and rainfall rate determine 
the incident angle of rainfall as well as the ECPA. Thus the 
model simulation of precipitation that fell over the effective 
crown surface was different from the amount of precipitation that 
fell over the normal crown projection surface. For example, on 
January 3, 1998 (between 2059 and 2318), 6.2 mm of gross 
precipitationwas recorded station,at the micrometeorological but 
the model simulation for the oak tree indicated that 6.6 mm of 

gross precipitation fell on the tree crown when referenced to 
normal crown projection area. This 0.4 mm increase (6.5%) in 
gross precipitation on the tree surface was caused by the wind's 
changing the raindrop pathway from vertical, thereby increasing 
the ECPA relative to the normal crown projection area. Figure 7 
shows how rainfall incidence angle affected the ECPA for the oak 
and pear trees. When rainfall incident angle is greater than zero 
and less than 32 ø for the oak tree and less than 36 ø for the pear 
tree, the ECPA was less than the normal crown projection area. 
The ECPA quickly increased when rainfall incident angle was 
larger than 21 o for the oak tree and 22 ø for the pear tree. For the 
18 rainfall events used in the rainfall interception simulation for 
the oak tree, the meteorological station recorded total 
precipitationof 91.2 mm, but the model simulation indicated91.0 
mm of rainfall onto the oak tree crown. For the 16 rainfall events 

on the pear tree, 54.7 mm of precipitation was recorded at the 
meteorologicalstation, and 54.0 mm was predicted by the model. 

Table 4. Simulation Accuracya 

Oak 

The simulated average interception losses were 3-4% greater 
than measured values. For the 16 rainfall events measured on the 

pear tree, the predicted interception was 26.6% of gross 
precipitation, while the field-measured value was 23.6%. 
Similarly, of the 18 rainfall events on the oak tree, the average 
simulated interception loss (25.0% of gross precipitation) was 
4.5% higher than the field-measuredvalue (20.5% of gross 
precipitation). The model predicted pear tree 7.1% stemflow on 
averageas compared to 10.4% in the field. Throughfallfor the 
pear tree was nearly the same as that measured (66.3% versus. 
66.0%). Free throughfall accounted for 95.7% and drip from 
branch or stem surfaces only accounted for 4.3% of total 
throughfall. In contrast, for the oak tree, throughfall and 
stemflow values were 3.7% and 0.8% lower than observed 

values, respectively. Free throughfall accounted for 62.0% of the 
total throughfall for the oak tree, while the remainder was crown 
drip. Evaporationwas only 0.8% of gross precipitation for the 
oak tree and 1.1% for the pear tree. Simulation accuracy was 
evaluated using mean prediction error, its standard deviation 
(STD), and root-mean-square error (RMSE), and these results are 
summarizedin Table 4. Prediction accuracy was similar for both 
trees. 

Considering model predictions for individual rain events, we 
illustrate in Figure 8 interception processesfor the pear and oak 
trees during one rainfall event. For the leafless pear tree (Figure 
8a), not surprisingly, free throughfall was the main component of 
total throughfall. Water intercepted by stem surfaces of the pear 
tree flowed down the trunk and became stemflow. Canopy drip 
was significant for the evergreen oak tree. Rainfall intercepted by 
the oak tree began to drip off leaf surfaces after saturation (Figure 
8b). Drip from canopy surfaces continued after the rainfall 
stopped. Figures 9a and 9b show the rainfall hyetograph and 
field-measuredand simulated throughfall for the oak (Figure 9a) 
and pear trees (Figure 9b). Free throughfall was the principal 
component of total throughfall, and its temporal variation 
followed the rainfall pattern. The smoother curve for the field 
data and the shift in time between field-observed and simulated 

data were caused by the travel time delay (approximately 1.5 min 
and 0.5 min for the pear tree and oak tree, respectively) for 
throughfall moving from the catchment to the measurement 
devices. 

Initial surface wetness conditions explain some of the 
differences between measured and simulated results. While the 

model assumed that leaf and stem surfaces' water storage was 
zero, in reality the canopy surface did not entirely dry in the four 
hour interval due to low evaporation rates. Hence for events 
Starting soon after a 4 hour interval, antecedent moisture 
increasedstemflow and throughfall relative to values predicted by 
the model. The wetness of the crown surface at the start of 

rainfall affected the temporal pattern of the interception 
processes. For example, simulated stemflow begins 5 and 10 min 
earlier for the oak tree if we assume an initial crown wetness of 

50% and 95% compared to a dry crown (Figure 10). 
Data used for the simulation are from field measurements. 

The crown shape of the oak tree was similar to a cone, but the 

Pear 

Total Prediction Error Total 

Measurement Prediction Mean STD RMSE Measurement Prediction 

Precipitation 91.2 91.0 0.1 0.1 0.1 54.7 54.0 

Throughfall 60.8 57.3 0.0 0.2 0.2 36.1 35.8 

Stemflow 11.7 10.9 0.1 0.1 0.2 5.7 3.8 

Interceptionloss 18.7 22.8 -0.1 0.1 0.2 12.9 14.4 

a:Units in millimeters. STD denotes standard and RMSE denotes error.deviation, root-mean-square 

Prediction Error 

Mean STD RMSE 

0.0 0.2 0.2 

0.2 0.3 0.4 

0.0 0.2 0.2 

-0.2 0.2 0.3 
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Figure 8. Rainfall interception processes.(a) Rainfall interception on the pear tree started at 0000:00, January 4, 1998, and it 
lastedabout 3 hours. (b) Rainfall interception on the oak tree started at 0052:00, February 4, 1997, and it lasted about 80 min. 
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Figure 9. Rainfall interception processes.(a) Rainfall on the oak tree started at 1556, January 6, 1998, and lasted about 3 hours 
and simulated throughfallstartedat the same time. Field-observed throughfallstarted7 min later. This delay is mainly caused by 
detentionstorageand water travel time on the measurement devices. (b) Rainfall on the pear tree started at 130, January 12, 1997, 
and it lasted about 14 hours without a break longer than 4 hours. We present 5.5 hours of data to show processes at high temporal 
resolution. Simulated throughfallwas observed to start at the same time as rainfall, but the field-observed throughfallstarted 10 
min after rainfall started, again, showing the detention storageand water travel time delay. 
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Figure 10. Influence of previous canopy surface wetness on 
interception processes. 

bottom section of the pear tree crown was more like an ellipsoid. 
In the model we assumed that the crown shape of both trees was a 
cone. One source of estimation error may be caused by 
differences in crown shape. 

Although this model can enhance understanding of rainfall 
interceptionprocessesat different temporal scales, meteorological 
conditions, and tree architectures, it has several limitations. 

1. The model was developed for rainfall interception of open 
grown trees in urban settings. It cannot be directly used 
in rural forests where trees are influenced by nearby trees. 

2. A data set for describing tree architecture is needed as 
model input. Obtaining these data requires intensive field 
measurements. 

3. Wind blowing on the leaves and stems can break the 
equilibrium and cause water to drip from the leaf and 
stem surfaces. In most situations the wind does not result 

in tipping of a leaf, but changes the zenith angle, thereby 
reducing the water storage of the leaf. The wind can exert 
force on the leaf itself and/or on the layer of water on the 
leaf. This model accounted for wind effects on 

evaporation,but not on reducing surface water storage. 
Relationsbetweenwind speed and leaf zenith angle have 
not been established, and determining these relations was 
beyond the scope of this study. 

4. Snow and fog interception are not included in the model. 

5. Conclusions 

A numerical model for predicting rainfall interception 
processesin open grown urban trees was developed and tested 
using field measurements for cyclonic-type stormson pear and 
oak trees. Comparison of results from the field measurements 
and simulations indicated that the model correctly predicted 
rainfall interception for both types of trees. From the model 
sensitivity analysis, crown rainfall interception loss was most 
sensitive to rainfall depth and crown surface storage capacity, 
followed by leaf area index and stem surface area index. Stem 
and leaf zenith angles are the most important factors influencing 
stemflow. Wetness of the crown surface at the onset of rainfall 

also affects interception processes. 
This model provides a new tool for scientists and managers 

interested in better understanding rainfall interception of single 
trees in urban settings. Currently, statistical models provide long- 
term average data for interception components (e.g., gross 
precipitation, throughfall, stemflow, canopy storage, and 
interception loss), but they do not reveal the dynamic processes 
within storm events. This model's high temporal resolutioncan be 

used to investigate how interception influenceswatershedtime of 
concentration,an important parameter in urban flood control. 

Unlike other physically based rainfall interception models, the 
model presented in this paper more fully considers tree 
architecture and meteorologicalfactors. The model's high 
resolution and accuracy can be useful for evaluating impacts of 
interceptionon runoff volume during less extreme events. Small 
storms, for which urban forest interception is greatest,are 
responsiblefor most annual pollutant washoff [Chang et al., 
1990]. Because the model incorporates parametersthat describe 
importantdifferencesin tree architecture amongspecies,it can be 
used to identify species that will intercept the most rainfall for 
regionsof the country with different rainfall patterns. 

The diverse species mix and heterogeneous structureof urban 
forestscreate a unique challenge to hydrologists and community 
foresters. Models that accurately simulate interception, runoff, 
and other hydrologic components at the site scale are needed 
becausestorm water management controlsare shifting from point 
sourcesto dispersed, non point sources. This model provides a 
new method for understanding and estimating rainfall 
interception for such urban trees. 

Notation 

Rainfall 

c� rainfall incident angle (zenith angle) [deg]. 
p precipitationrate [mm h-I]. 
P gross precipitation [mm]. 
v�, rainfallterminalvelocity[m s-I]. 
D e medianraindropdiameter[mm]. 

Tree 

fg gap fraction. 
f� stem surface interception coefficient. 
fi leaf surface interception coefficient. 
fma� maximum fraction of leaf surface wetting. 
C surface water storage [mm]. 
S surface water storage capacity [mm]. 

Climate 

Tair air temperature, measured at 1.5 m above ground surface 
[oc]. 

RH relative humidity. 
Ws wind speed [m s-�]. 
Wa wind direction (reference to north) [deg]. 
U(z) wind speed at height z above groundsurface[m s'�]. 
R,net radiation[W m-2]. 

Water flow 

TH throughfall [mm]. 
ST stemflow [mm]. 
Th free throughfall [mm]. 
E evaporation [mm]. 
d drip rate [mm s-�]. 
q stemflowrate [mm s'�]. 
IL interception loss [mm]. 
e evaporationrate [mm s']]. 
D crown drip [mm]. 
Sma� maximum surface water storage [mm]. 
Smin minimum surface water storage [ram]. 
St trunk storage capacity [mm]. 
Do empirical drainage parameters. 
b empirical drainage parameters. 

E mean rate [mm s-�]. evaporation 
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meanrainfallrate [mm s-l]. 
drainageparameters,determinedfrom each event 
stemflowrate [mm s'�]. 

Miscellaneous 

g gravity constantacceleration [m s'2]. 
p waterdensity[kg m-3]. 
T time Is]. 
r shearstressIN m'2]. 
/� dynamic IN s m-2]. viscosity 
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