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Modelling rainfall interception by urban trees

Jie Ying Huang, T.A. Black, R.S. Jassal and L.M. Les Lavkulich*

Faculty of Land and Food System, University of British Columbia, Vancouver, Canada

(Received 24 February 2017; accepted 31 August 2017)

Trees in the urban environment have significant effects on the hydrological cycle by aiding in the reduction of stormwa-
ter runoff through rainfall interception. Factors such as wind exposure, relative humidity and leaf area index in the urban
environment differ from those in a forest and affect the processes occurring within the canopy of conifers and deciduous
tree species differently. This study focused on the interception losses of trees in an urban setting with a view to provid-
ing some information on tree selection in urban environments. An analytical model was formulated based on a rainfall
interception model developed for sparse canopy forests and preliminary data on water losses from tree canopy intercep-
tion. The model was validated using empirical data, and an assessment of the performance of the model for four decidu-
ous tree species (white oak, Norway maple, green ash and Prunus sp.). Model-calculated values of interception losses
and throughfall were congruent with measured empirical values. Sensitivity analysis with respect to model parameter val-
ues revealed that evaporation and rainfall rates were the most sensitive parameters for model output. The ratio of evapo-
ration rate to rainfall rate used in the model was identified as the most dynamic parameter. To measure independently
the two components requires further analysis, and a more reliable measurement of leaf area index.

Les arbres en milieu urbain ont des effets significatifs sur le cycle hydrologique de par leurs capacités à réduire le ruis-
sellement des eaux pluviales lorsqu’ils interceptent les précipitations. Les facteurs tels que l’exposition au vent, l’hu-
midité relative ou l’indice de surface foliaire diffèrent en milieu urbain et forestier et affectent différemment les
processus se produisant au niveau de la canopée des espèces de conifères et décidus. Cette étude s’est concentrée sur les
processus d’interception des arbres en milieu urbain afin d’aider à la sélection des arbres dans ce milieu. Un model ana-
lytique a été développé en se basant sur le model d’interception des précipitations élaboré pour des forêts a canopées
clairsemées et sur des données préliminaires sur les pertes d’eau résultant de l’interception au niveau de la canopée. Le
model a été validé par des données empiriques et part une évaluation des performances du model pour quatre espèces
d’arbres (le chêne blanc, l’érable de Norvège, le frêne vert et une espèce du genre Prunus). Les résultats du model d’in-
terception des pertes et du pluviolessivat ont été en accord avec les mesures empiriques. L’analyse de sensibilité a révélé
que les taux d’évaporation et de précipitation ainsi que le stockage de l’eau au niveau du couvert étaient les paramètres
les plus sensibles pour la performance du model. Le ratio taux d’évaporation/taux de précipitation utilisé dans le model
a été identifié comme le paramètre le plus dynamique.

List of symbols and abbreviations

BAI (B) = bark area index of a single tree (m2 bark m−2 ground)
LAI (L) = leaf area index of a single tree (m2 leaves m−2 ground)
c = canopy cover (dimensionless)
cp = specific heat of air
�Ec = mean rate of evaporation from the tree during saturated conditions (mm h−1)
�E = mean rate of evaporation at forest stand during saturated conditions (mm h−1)
ea = actual vapour pressure of air (kPa)
es = saturation vapour pressure (kPa)
gbV = aerodynamic conductance for water vapour integrated over the distance between the surface of the foliage

and the adjacent air (m s−1)
I = interception loss (mm)
Ic = interception loss from canopy for events PG < Pg (mm)
Is = interception loss from canopy for events PG ≥ Pg (mm)
It = interception loss from trunk for events PG < Pg (mm)
Its = interception loss from trunk for events PG ≥ Pg (mm)
k = radiation extinction coefficient (dimensionless)

*Corresponding author: E-mail: lml@mail.ubc.ca
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Introduction

Urban trees play critical roles in regulating hydrological
cycles and affecting surface water in the urban environ-
ment (Xiao et al. 2003; Wang et al. 2008; Livesley et al.
2016). Urban trees have been considered a tool to help
reduce stormwater runoff generation by intercepting,
infiltrating and evaporating significant amounts of rain-
water. New urban developments often lead to an increase
of impervious surface areas, which results in an increas-
ing amount of stormwater runoff. Strategic tree planting
and maintenance of existing street trees can decrease
stormwater runoff. It has been estimated that the annual
benefit of avoided stormwater treatment and flood con-
trol costs associated with rainfall interception of urban
trees in California was $41.5 million US dollars
(McPherson et al. 2016). In addition, the annual value
per street tree of services was reported from $3.78
(McPherson et al. 2002) to as high as $29.90 (McPher-
son et al. 2016) in some cities in the United States. In
addition to regulating the urban hydrological cycle,
urban trees also benefit the environment in terms of
sequestering carbon, improving air quality, and reducing
energy consumption by providing shade (Livesley et al.
2016). A recent survey in the State of California found
that the average annual per-tree management expenditure
is US $19.00 and the benefit is $110.63; thus, a value of
$5.82 in benefit is returned for every $1 spent (McPher-
son et al. 2016). A similar return on urban tree invest-
ment was reported as $5.60 in New York (Peper et al.
2007). Trees are becoming key components of urban
green infrastructure.

Rainfall is intercepted by the tree crown surface, and
some raindrops directly pass through gaps between
leaves and the stems, reaching the ground as free
throughfall. Rainwater intercepted by tree leaves and
branches is temporarily stored on leaf and bark surfaces
(Xiao et al. 2003). Eventually, this stored water evapo-
rates into the atmosphere, or flows down the trunk to the
ground as stemflow, or drips from the leaf surfaces to
the ground (Xiao et al. 2003). Compared to other bene-
fits associated with urban trees, relatively few investiga-
tions have focused on the influence of urban trees on
rainfall interception and stormwater runoff reduction.
Many previous studies have investigated interception loss
in continuous trees stands or forest communities (Bryant
et al. 2005; Murakami 2007; Pereira et al. 2009a), while
only a few studies have looked at interception loss of
trees in the urban environment (Xiao et al. 2000;
Asadian et al. 2009).

Trees in urban areas are exposed to an environment
different to that of trees in the forest (Xiao et al. 2000;
Véliz-Chávez et al. 2014). The factors affecting rainfall
interception of trees in urban environments, such as wind
speed, spatial rainfall distribution, and leaf area index
(LAI) are different from those in natural forests (Xiao
et al. 2000). For example, the storage capacity of the tree
crown will be affected by the LAI, which is the leaf area
(usually one-sided leaf area) per unit ground area. LAI
differs among species and seasons and has significant
effects on processes such as photosynthesis, respiration,
rainfall interception and evaporation (Deguchi et al.
2006; Šraj et al. 2008). Deciduous trees lose their leaves

p = free throughfall proportion (dimensionless)
pd = drainage partitioning coefficient
PG = gross rainfall for a single rainfall event (mm)
Pg = gross rainfall required to saturate the canopy (mm)
P0
g = amount of rainfall required to saturate the trunk (mm)

Pn = net rainfall below the canopy (mm)
�R = mean rate of rainfall during saturated canopy conditions (mm h−1)
RH = relative humidity of the air (%)
S = saturation storage of the crown (mm)
St = saturation storage of the trunk (mm)
SL = specific leaf storage (mm)
Sb = specific bark surface storage (mm)
T = throughfall (free throughfall, canopy drip and stemflow during the entire rainfall event) (= Pn) (mm)
Tn = free throughfall (mm)
Ta = air temperature (°C)
Tw = air wet bulb temperature (°C)
t = duration of rainfall event (h)
u = wind speed (m s−1)
ρ = density of air (kg m−3)
γ = psychometric constant (kPa °C−1)
k = latent heat of vaporization of water (kJ kg−1)
ε = fraction of evaporation rate from the saturated tree that comes from the trunks

2 J. Y. Huang et al.
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during winter, thus allowing a significant amount of
throughfall, while conifers intercept considerable precipi-
tation during the winter because they retain most of their
leaves (Asadian et al. 2009). It has been reported that
the annual average canopy interception for Pseudotsuga
menziesii (Douglas-fir) and Thuja plicata (western red-
cedar) in the District of North Vancouver, British Colum-
bia, was 49.1 and 60.9%, respectively (Asadian et al.
2009), and interception by street and park trees in Santa
Monica, California, ranged from 15.3% for a small
Jacaranda mimosifolia to 66.5% for a mature Tristania
conferta (Xiao et al. 2003).

Quantifying the potential rainfall interception by dif-
ferent species in the urban environment is important
because it provides information to assist in tree selection
and the decision-making process for the design of new
urban developments, as well as to determine the potential
monetary values associated with different tree species.
Studies that differentiate the amount of rainfall intercep-
tion by different species are relatively few. Thus, it is
important to adapt previous studies of interception loss
in forest communities to allow a better understanding of
the interception process for tree species in the urban
environment, as well as to quantify the potential perfor-
mance of different tree species.

This study is aimed at providing an analytical model
of rainwater interception by a selection of common urban
trees in Metro Vancouver, given annual climatic condi-
tions and tree characteristics. This model builds upon
several key studies: (1) a previous rainfall interception
model that was applied in sparse forests stands (Gash
et al. 1995; Valente et al. 1997; Pereira et al. 2009b),
and (2) field research that investigated the interception
loss of a variety of tree species in the District of North
Vancouver (Asadian et al. 2009). The model outputs and
interface are designed to inform and enhance decision
support tools, such as the Water Balance Model Express
(2016), used in the development of stormwater manage-
ment plans and permit applications associated with urban
development projects in the District of North Vancouver,
and potentially other municipalities. Specific goals of this
study include: (1) developing the rainfall interception
model with different approaches of obtaining model
parameters; (2) evaluating the performance of the model
and sensitivity to major model parameters; and (3) inves-
tigating the seasonal rainfall interception variability of
four deciduous tree species.

Theory

This work is based on the modified version of the Gash
model (Gash et al. 1995; Valente et al. 1997; Pereira
et al. 2009b) developed for sparse forest canopies. The
original Gash analytical model (1979) is a storm-based
interception model assuming rainfall is a succession of

discrete storms, separated by periods long enough to
allow the canopy to dry completely. Each of the discrete
storms comprises three distinct phases: (1) the canopy
wets up from the beginning of rainfall until saturation is
reached; (2) the canopy is completely saturated while
rainfall continues; and (3) following the cessation of
rainfall, the trunks and the canopy dry out completely
(Gash 1979). Taking the sparseness of the canopy into
consideration, the revised Gash model (Gash et al. 1995;
Valente et al. 1997; Pereira et al. 2009b) scales the mean
evaporation rate during a rainfall event and other model
parameters to the proportion of canopy cover, and
assumes no trunk storage before canopy saturation is
reached. Valente et al. (1997) made a further modifica-
tion by replacing the mean evaporation from canopy, �Ec,
with 1� eð Þ�Ec; where ε is a constant describing the
evaporation rate from the saturated trunks as a proportion
of that from the saturated canopy (Valente et al. 1997;
Price et al. 2003). Valente et al. (1997) found similar val-
ues of ɛ in two contrasting stands, 0.024 in a Pinus pina-
ster stand and 0.022 in a Eucalyptus globulus stand,
indicating that ɛ does not vary significantly in different
forest stands (Price et al. 2003). Accordingly, a value of
0.023 for ɛ was used in the model calculations. The
revised Gash model used the Penman–Monteith model in
estimating the evaporation rate, which may be question-
able especially in spatially non-homogeneous vegetation
such as very sparse forests (Pereira et al. 2009b).
Considering the urban context in this study, an alterna-
tive method of estimating evaporation rate suggested by
Pereira et al. (2009b) was used. The storage associated
with branches and trunks was considered in total rainwa-
ter storage capacity (S) by applying documented branch
and stem storage capacities, and surface area for each
tree species as described earlier (Liu 1998; Xiao et al.
2016).

Model theory

By definition, interception is the part of rain that falls on
the vegetation and evaporates without reaching the
ground, and is expressed as I = PG − T, where I is the
interception (mm), PG is the gross (i.e. above-canopy)
rainfall (mm), and T is the total throughfall (i.e. the sum
of free throughfall, canopy drip and stemflow (mm)),
which is the net rainfall beneath the canopy (Pn) (Klaa-
sen et al. 1995).

Free throughfall is the part of PG that directly
reaches the ground without touching the leaves and
branches. The ratio of free throughfall to PG is called the
free or direct throughfall coefficient (p). Thus, T will
increase approximately linearly with PG until the canopy
is saturated (Figure 1). For a single rainfall event, the
amount of free throughfall that occurs before saturation
is given by (Gash 1979):

Canadian Water Resources Journal / Revue canadienne des ressources hydriques 3
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T ¼ pPG;PG\Pg (1)

where Pg is the gross rainfall required to saturate the
canopy; the remaining part (1 − p) may be temporarily
stored on the canopy, evaporated into the atmosphere or
drained to the forest floor (Klaasen et al. 1995). The
parameter p is often assumed to equal to one minus the
canopy cover (c), which is a measure of the fraction of
the landscape covered by vegetation (Gash et al. 1995).

After the accumulated PG reaches Pg, the slope of
the T vs. PG plot is larger than before saturation but will
be < 1, because evaporation is occurring during the rain-
fall; otherwise, the slope will be unity if there is no
evaporation (Link et al. 2004). Thus, for a rainfall PG

greater than Pg, T in a single rainfall event is given as

T ¼ pPg þ ð1� pÞ 1�
�Ec

�R

� �
ðPG � PgÞ; PG �Pg (2)

where �Ec and �R are average evaporation and rainfall
rates (mm h−1) when the canopy is saturated.

By plotting the relationship between T and PG, the
main parameters of the model to be used in this study
can be estimated using the Leyton et al. (1967) method.
The throughfall coefficient p is the slope of the free
throughfall vs. PG regression line in Figure 1, �Ec=�R is
determined by the slope of saturation throughfall versus
PG regression line, and S is determined as (1 − p)Pg

(Figure 1).
The T in Figure 1 is the total throughfall, which

includes the sum of free throughfall, canopy drip and

stemflow (mm). Stemflow is generally assumed to be
negligible (<5% of precipitation) compared to throughfall
as observed in many interception loss studies (e.g. Link
et al. 2004; Šraj et al. 2008; Asadian et al. 2009; Pereira
et al. 2009a). However, more recent literature on stem-
flow studies emphasizes the importance of stemflow in
estimating interception loss, especially for some decidu-
ous tree species in urban settings (Carlyle-Moses et al.
2015; Schooling et al. 2015). In the revised Gash model,
the partitioning of canopy drainage into the trunk is also
eliminated from the total amount of free throughfall by
introducing the drainage partitioning coefficient (pd)
(Valente et al. 1997). To separate stemflow and canopy
drip from throughfall, the amount of free throughfall, Tn,
is used. In this case, for a rainfall PG greater than Pg, Tn
in a single rainfall event is given as (Valente et al.
1997):

Tn ¼ pPg þ ð1� pdÞð1� pÞ 1� ð1� eÞ�Ec

�R

� �
ðPG

� PgÞ; PG �Pg (3)

Interception calculation

The different components of rainfall interception were
calculated from Gash et al. (1995) and Valente et al.
(1997), as follows:

For m small storms insufficient to saturate the canopy
(i.e. PG < Pg, which is defined below), the amount of
interception (Ic) was computed as:

Figure 1. Example plot of data used to determine the free throughfall coefficient (p) and the saturation storage capacity (S), and the
evaporation rate to rainfall rate ratio (�Ec=�R). The data shown are the throughfall for a single Douglas-fir tree, obtained by Asadian
and Weiler (2009).

4 J. Y. Huang et al.
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Ic ¼ ð1� pÞ
Xm
j¼1

PG;j (4)

For n large storms sufficient to saturate the canopy (i.e.
PG �Pg):

Is ¼ c n 1� pð ÞPg þ 1� eð Þ�Ec

�R

Xn
j¼1

ðPG;j � PgÞ
" #

(5)

For q storms that saturate the trunks (i.e. PG �P0
g,

which is defined below):

Its ¼ qSt (6)

where St is trunk storage capacity.
For n − q storms that do not saturate the trunks (i.e.

PG < P0
g):

It ¼ pdc 1� 1� eð Þ�Ec

�R

� �Xn�q

j¼1

ðPG;j � PgÞ (7)

Therefore, the total interception loss is:

I ¼ Ic þ Is þ Its þ It (8)

Assuming no water drips from the canopy before satura-
tion, the mean amount of rainfall required to saturate the
canopy (Pg) and the mean amount of rainfall required to
saturate the trunk (P0

g) are given by:

Pg ¼ �
�R

ð1� eÞ�Ec

S

c
ln 1� 1� eð Þ�Ec

�R

� �
(9)

P0
g ¼ �

�R
�R� 1� eð Þ�Ec

St
pdc

þ Pg (10)

Methods

Study site

This project focuses on the District of North Vancouver
(DNV), which is located within the Regional District of
Metro Vancouver (Figure 2). The elevation of urban
areas in the DNV ranges from below mean sea level to
200 m above sea level. The DNV, which is located in
the Coastal Western Hemlock Biogeoclimatic Zone, is
surrounded by the Coast Mountains to the North, Bur-
rard Inlet to the south, Capilano River to the west and
Indian Arm to the east. The annual precipitation ranges
from 1200 to 3000 mm depending on the elevation, and
the average annual temperature is about 10°C at sea
level. A rainfall interception model will benefit new
urban developments by providing critical information to
help urban planners and stormwater managers. The out-
come of the model is intended to support the implemen-
tation of rainwater management plans in the District of
North Vancouver.

Derivation of parameters and data requirements

When no throughfall measurements are made, this analy-
sis may be used to obtain each of the model parameters
by the following approaches. The value of �Ec was calcu-
lated using the water vapour diffusion equation as used
by Pereira et al. (2009b) with the required inputs of
meteorological data:

�Ec ¼ qcpgbV
kc

½es Twð Þ � ea� (11)

where ρ is the density of air (kg m−3), cp is the specific
heat of air at constant pressure (kJ kg−1), k is the latent
heat of vaporization of water (kJ kg−1), γ is the psychro-
metric constant (kPa °C−1), ea is the vapour pressure of
air (kPa), and es Twð Þ is the saturation vapour pressure
(kPa) at the air wet bulb temperature (Tw), which has
been shown to be approximately equal to tree crown sur-
face temperature (Ts) (Pereira et al. 2009b). gbV is the
aerodynamic conductance (m s−1) for water vapour inte-
grated over the distance between the surface of the foli-
age and the adjacent air and is given by gbV =
0.07Lu0.441 (Pereira et al. 2009b), where L is the single
tree leaf area index (m2 m−2) and u is the wind speed
(ms−1). Surface or canopy conductance (gc) was assumed
to be infinity, thus giving the potential evaporation – i.e.
the evaporation rate from a wet canopy surface. Specifi-
cally, daily air temperature, relative humidity and wind
speed were obtained from Environment Canada during
the study period of December 2007 to November 2008
(Environment Canada 2015). The rainfall data, including
total rainfall and duration for each event over the study
period, were obtained from Asadian et al. (2009), who
used tipping bucket rain gauges to measure the rainfall
and throughfall of urban trees in the DNV. The value of
�R was then calculated by dividing gross precipitation PG

by the duration of the rainfall event. It has been sug-
gested that errors might be introduced by dividing PG by
the entire duration of the rainfall event, because the true
rainfall rate should be the rainfall rate after the canopy is
saturated (Gash et al. 1995; Valente et al. 1997). This
issue will be further discussed in later sections.

The two canopy parameters p and S were estimated
from the LAI of specific tree species based on the fol-
lowing equations:

c ¼ 1 �exp �kLð Þ (12)

S ¼ SLLþ SbB (13)

where L is the single-tree LAI. As mentioned above, p is
often assumed to equal 1 − c (Gash et al. 1995), which
was determined by its relationship to LAI (Wang et al.
2008). k is the extinction coefficient, which has a range
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between 0.6 and 0.8 (Ross 1975). A value of 0.7 was set
as the default value for k in the model. As no data for
local trees were available, a specific LAI for each tree
species, assuming they are at their mature stage, was
obtained from Nowak (1994), who provided a list of
LAI values for the common street tree species in Chi-
cago, Illinois, USA. LAI of a single tree is defined as
one-sided leaf surface area divided by the ground area
occupied by the plant (Nowak 1994).

S was assumed to be linearly related to LAI (Liu
1998; Wang et al. 2008). Thus, the relationship between
S and LAI is expressed as in Equation (13), where SL
(m) is the specific leaf storage, which is the maximum
depth of water retained by the leaves of a particular spe-
cies per unit leaf area (Tobón Marin 1999). Similarly, Sb
(m) is the specific bark surface storage, which is the
maximum volume of water retained by the stem and
trunk of a particular tree species per unit bark area, while
B is the bark area index (BAI), i.e. the trunk and branch
area per unit ground area (Liu 1998). The value of SL
was set to be 0.0002 m based on reported values applied
in a similar study (Wang et al. 2008). Specific BAI and
Sb values were obtained from Liu (1998). By plotting
stemflow versus [T − (1 − c)PG], the trunk storage
capacity, St can be estimated as the negative intercept,
and the drainage partitioning coefficient pd can be
obtained as the slope of this linear regression equation
divided by (1 + the slope) (Valente et al. 1997; Price

et al. 2003). However, since no stemflow was measured
in this study, the mean values for both parameters were
taken from Valente et al. (1997).

The seasonal variation of LAI must also be consid-
ered, as it changes S and p. For deciduous species, LAI
reaches its maximum during the summer and its mini-
mum during winter (dominated by BAI), and experiences
leaf emergence in spring and senescence in fall. For
model simplification, 80% of LAI after emergence values
for both spring and fall were assumed. The LAI values
obtained from Nowak (1994) were assumed to be the
summer values for each selected tree species, and the
summer LAI values also served as the basis of spring
and fall LAI calculations. Table 1 summarizes the data
inputs and the sources used in the model.

Results and discussion

Model performance

Before testing the model on four selected broadleaf spe-
cies, it was validated by comparing the results of mod-
elled I with measured I. The I data for the species of
interest in this study were not available; thus, I data for
one Douglas-fir tree and one western redcedar tree in the
urban environment of the DNV measured by Asadian
et al. (2009) over a one-year period were used. The
model was applied on an event basis using T vs. PG esti-
mated �Ec=�R (Figure 1), and the water vapour diffusion

Figure 2. Map of the District of North Vancouver, BC.
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equation (Equation 11) with gbV estimated using aerody-
namic approach (Equation (22) in Valente et al. 1997)
for the determination of �Ec=�R (Table 1). The aerody-
namic approach was used rather than scaling up from
leaf boundary layer conductance as in Pereira et al.
(2009b) because it was found that using the latter
approach overestimated �Ec. This appeared to be due to
the difficulty in parameterizing the boundary layer con-
ductance of the small leaves (needles) of coniferous trees
and to their large LAI compared to deciduous trees. For
this comparison, stemflow was considered negligible
since it is a minor component of the water balance for
mature canopies, especially for coniferous tree species
(Asadian et al. 2009). S and p for both methods of esti-
mating of �Ec=�R were obtained from the T vs. PG plot.
The interception loss for each of Douglas-fir and western
redcedar trees was obtained by applying the same
method of calculation described in the Interception Cal-
culation section.

Figure 3 shows a comparison of the two approaches
of modelled I with measured I for the two trees. Overall,
the model performed relatively well, and the patterns of
modelled and measured I were very similar to each other
(Figure 3). The model slightly underestimated I for both
approaches. More underestimation in interception loss
was shown in �Ec=�R estimated using the T vs. PG plot
compared to aerodynamic approach estimated �Ec=�R for
both species (Table 2). The modelled I with aerodynamic
approach estimated �Ec=�R showed better agreement with
the measured I with a variance (normalized averaged
error) of 19% for western redcedar and 6% for Douglas-
fir over the simulation period. However, the difference
between the modelled I using �Ec=�R obtained from the T
vs. PG and measured I increased after April for both tree
species, with a larger difference observed in the case of
Douglas-fir (Table 2).

Many factors could cause differences between mod-
elled and measured data. Differences in crown shape and
leaf morphology of western redcedar and Douglas-fir lead
to variations in rainfall distribution patterns and the total
amount of interception. The crown shape and leaf mor-
phology of these two species also impact the canopy stor-
age capacity and aerodynamic conductance, which is a
key variable in estimating �Ec. Other causes for the dis-
crepancy between modelled and measured interception
may result not only from canopy characteristics, but also
from the variation in rainfall rates and evaporation rates.
High evaporation rates in summer months and larger vari-
ances of rainfall rates in late fall and winter months
impact the total interception losses for these two species.
Importantly, the rainfall rate and evaporation rate should
be measured specifically for complete canopy saturation
conditions during a rainfall event, as the Gash model is
very sensitive to these two parameters (Asdak et al. 1998;
Pereira et al. 2009a). In the case of this comparison, �Ec=�R
values obtained from both approaches were treated as
constants over the event period rather than the period after
complete saturation conditions. Assuming �Ec=�R is con-
stant during a rainfall event may not be appropriate, espe-
cially during the wetting phase, and is potentially
responsible for some errors (Link et al. 2004). Addition-
ally, treating S and p as constants requires further esti-
mates, as they can be affected by moisture, temperature
and evaporation rate (Véliz-Chávez et al. 2014). Impor-
tantly, using a one-dimensional aerodynamic approach
may not adequately estimate �Ec when the trees behave as
isolated units, because the effect of under-strata on the
overall aerodynamic conductance and evaporation is very
different compared to closed-canopy conditions (Valente
et al. 1997; Pereira et al. 2009b). Therefore, an individual
tree approach, suggested by (Pereira et al. 2009b), will be
applied in the following analysis of four urban tree

Table 1. Summary of data inputs for the District of North Vancouver rainfall interception model.

Inputs Outputs Equations Data sources

Meteorological data Environment Canada: https://climate.weather.gc.ca/
historical_data/ search_historic_data_e.htmlAir temperature (Ta,°C) Averaged

evaporation
rate (�Ec)

Eq. (11)
Relative humidity (RH, %)
Wind speed (u, m/s)
Gross rainfall (PG, mm)
Duration of rainfall event

(t, h)
Averaged
rainfall rate (�R)

�R (mm/h) = PG/t Empirical measurements (Asadian and Weiler 2009)

Crown parameters
LAI c Eq. (12) (p = 1 − c) Nowak (1994)

S (mm) Eq. (13)
Trunk parameters

pd n/a Valente et al. (1997)
St (mm) n/a
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Figure 3. Comparison of measured and modelled cumulative interception (I) for two species: (a) western redcedar (WRC); (b)
Douglas-fir (DF). I-modelled 1: I vs. PG estimated using �Ec=�R; I-modelled 2: Using Equation 11 estimated �Ec=�R with gvb estimated
using aerodynamic approach.

Table 2. Results of the comparison of models using two different methods (i.e. T vs. PG relationship and diffusion equation
(Equation 11) with the gvb calculated using the aerodynamic approach) and measured interception for two species.

Western redcedar Douglas-fir

T vs. PG

estimated �Ec=�R
Diffusion equation
estimated �Ec=�R

T vs. PG

estimated �Ec=�R
Diffusion equation
estimated �Ec=�R

PG (mm) 1474 1474 1474 1474
I (mm) measured 1108 1108 1016 1016
I (mm) modelled 926 935 746 959
Normalized averaged error (%) for

modelled interception loss
19.6 18.5 36.2 5.9
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species. It is emphasized that the model summarizes gen-
eral conditions. Minor discrepancies are reasonable, as the
measured data only represent the interception loss of one
tree species for one rainfall event.

Sensitivity analysis

Although the model performance is influenced by the
combination of effects of several parameters, some
parameters have a greater impact than the others. An
analysis of the sensitivity of I to the three major parame-
ters in the model (i.e. S, p, and �Ec=�R) was conducted by
varying the three parameter values by ± 10%, ± 20% and
± 30% for the model results for a white oak tree.

Among the three major parameters, �Ec=�R is the most
sensitive parameter in the model (Figure 4). A similar
result was found by Šraj et al. (2008), who found that a
10% change in �E=�R led to a 7% change in the modelled
interception loss. Deguchi et al. (2006) reported that a
30% change in �E=�R led to a 20% change in modelled
interception loss. In this analysis, a 30% decrease in
�Ec=�R reduced interception loss by almost 40%, which is
the largest change in this sensitivity analysis (Figure 4).
It would be informative to know which one of �Ec and �R
has a greater impact on the model results. Unfortunately,
with the limited data currently available, it was not pos-
sible to do a detailed separation of the effects of �Ec and
�R. However, by examining the effects of the maximum
and minimum values of �Ec=�R, it was found that �R has a
greater impact on the model than �Ec does (Figure 4).
Fan et al. (2014) found that a 40% decrease in �R led to
a more than 40% increment in predicted interception
loss, while a 40% decrease in �E only led to about a 27%

reduction in predicted interception loss. Xiao et al.
(2000) reported that I could increase from 32 to 57%
with a reduction of 50% in rainfall rate for an oak tree.
Decreasing rainfall rate reduced the amount of rainwater
intercepted by the tree canopy, resulting in the accumula-
tion of a large proportion of rainwater on the crown sur-
face (Xiao et al. 2000). Additionally, I typically
decreases asymptotically with PG until reaching a quasi-
constant value once a certain threshold PG has been met;
thus, I tends to be higher with lower �R (Carlyle-Moses
et al. 2011).

Compared to �Ec=�R, the model showed less sensitivity
to both p and S. In this study, both S and p showed simi-
lar sensitivity to the model (Figure 4), although some
similar studies have suggested that S is more sensitive
compared to p (e.g. Gash et al. 1978; Deguchi et al.
2006; Fan et al. 2014). Gash et al. (1978) reported that a
change of 50% in S led to a variation of 15% in I, while
a change of 50% in p led to only 7% variation in I. Sim-
ilar results were reported by Deguchi et al. (2006) and
Fan et al. (2014), who found that a change of 10% in I
resulted from a change of 30–40% in S, while about 5%
change in I was observed for the same percentage
change in p. Higher impacts of S compared to p were
also reported by Šraj et al. (2008), who indicated a 10%
change in S resulted in a change of 1.4% in modelled I,
and only 0.8% for the same percentage change in p. The
influences of canopy parameters are restricted to the per-
iod of canopy wetting-up and to the amount of water left
on the canopy after rainfall has ceased (Gash et al.
1978). Low sensitivity of canopy parameters in this
analysis could also reflect the rainfall and evaporation
characteristics over this study period.

Figure 4. Analysis of sensitivity of I to changes in (a) �Ec=�R, (b) p, and (c) S with changes of ±10%, ±20% and ±30% applied on
the model results for a white oak tree.
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Application to four deciduous tree species

The previous section demonstrated that the model is an
effective tool to estimate interception loss. To see how the
interception losses vary among deciduous trees, it is use-
ful to test the model against the tree species that are grown
in local municipalities. The interception loss was calcu-
lated by applying Equations (4) to (8). The Pereira et al.
(2009b) approach was employed in �Ec to estimate with
small modifications made on aerodynamic conductance
(gbV) by selecting an appropriate LAI and adjusting the
coefficient 0.06 in Equation (7) of Pereira et al. (2009b)
based on the leaf width for the species of interest, based
on Schuepp (1993). The tree selection was determined by
a simple survey conducted in several municipalities
including DNV within Metro Vancouver area. White oak
(Quercus alba L.), Norway maple (Acer platanoides L.),
green ash (Fraxinus pennsylvanica Marsh.) and Prunus
sp. were found to be the most common planted street tree
species in the urban region and therefore were selected for
testing the rainfall interception model.

The climate data from December 2007 to November
2008 are shown in Figure 5. These data were acquired
from the climate station located at Vancouver Interna-
tional Airport, British Columbia (Environment Canada
2015). Data show that the highest amount of precipita-
tion occurred during November and March in 2008, and
the highest mean daily temperatures were observed in
the months of July and August. For this analysis, the
seasons were divided into winter (December, January,
February), spring (March, April, May), summer (June,
July, August) and fall (September, October, November).

Because all four species lose their leaves during win-
ter, the storage of water was dominated by stem and

branches accounting for almost zero I in winter. Thus,
the rainfall interception losses were assumed to be the
same for all selected species in the winter months (Fig-
ure 6(a)). The cumulative rainfall intercepted by each
species diverged in March and April, following the start
of leaf emergence. Among the four species, white oak
showed the highest capacity of interception through the
whole study period, followed in decreasing order by
Norway maple, green ash and Prunus sp., and only small
differences were observed between green ash and Prunus
sp. Higher interception loss can be attributed to larger
canopy storage capacity and larger aerodynamic conduc-
tance (Valente et al. 1997). Differences in water storage
capacities among these species reflected the differences
in the morphogenesis of leaf surfaces, which influence
the surface water storage, by affecting the amount of
throughfall and drop size (Xiao et al. 2016). Variations
in leaf size also influence the evaporation rate by affect-
ing the aerodynamic conductance (Pereira et al. 2009b).
Other factors that vary among species, such as leaf
hydrophobicity, roughness, geometry and inclination,
also have impacts on the water storage capacity of the
leaf surface (Nanko et al. 2006, 2013). Despite the dif-
ferences among species, the patterns of cumulative inter-
ception loss for each species are very similar to each
other until the late summer, when divergence among spe-
cies is observed.

Figure 6(b) shows averaged interception loss, per
event, on a monthly basis for each species. All four spe-
cies exhibited a similar monthly pattern of interception
loss. In general, a high peak for all species was observed
in summer months, and the lowest interception loss was
observed in the winter months, when very little rainfall

Figure 5. Vancouver’s Climate Data from December 2007 to November 2008 Vancouver International Airport (location of rain
gauge: latitude 49°11’42N; longitude: 123°10’55W).
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was intercepted by the stem and the branches for all spe-
cies. The average interception loss for each rainfall event
started in March at 7.38 mm and 3.78 mm for white oak
and Norway maple, respectively (highest of the four spe-
cies), and gradually increased over time. The highest
interception loss for all species was observed in June.
High interception loss per rainfall event during summer
could be explained by the high evaporation rate resulting
from high air temperature and vapour pressure deficit. It
is evident that annual patterns of air temperature
(Figure 5) and average interception loss (Figure 6(b)) are
similar during spring and early summer, but variations
were observed in late summer and fall. The amount of
rainfall received in fall and winter in the Vancouver area
is high, with larger variation in rainfall rates compared
to that in spring and summer. Moreover, for seasons
dominated by a series of relatively small rainfall events,
I may be large, whereas I may be comparatively small if
the most of PG falls during relatively large events,

because I typically decreases asymptotically with PG

until reaching a quasi-constant value once a certain
threshold of PG has been met (Carlyle-Moses et al.
2011).

Total stemflow estimated from this analysis ranged
from 0.01% (Norway maple) to 0.04% (white oak) of
total precipitation. As shown by Valente et al. (1997),
stemflow is the difference between Its and It in Equations
(6) and (7), respectively. This assumes that water is
diverted to the trunks only after the canopy is saturated,
and stemflow is generated only when the trunk is satu-
rated (Gash et al. 1995; Valente et al. 1997). Also, a
high evaporation rate will result in lower stemflow as
water evaporates before stemflow initiation. Two
trunk-related parameters (i.e. pd, St) play an important
role in a better estimation of stemflow. David et al.
(2006) showed that stemflow only represents 0.26% of
gross rainfall for Quercus ilex on a crown area basis.
Šraj et al. (2008) reported that stemflow values were

Figure 6. Seasonal interception loss of four tree species (white oak, Norway maple, green ash and Prunus sp.), presented as: (a)
cumulative sum of interception loss, and (b) monthly averaged interception loss for each rain event.
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4.5% for an ash tree plot and 2.9% for an oak tree plot.
However, a high percentage of stemflow was found in
some isolated trees in urban environments. Schooling
et al. (2015), for example, found that the event maxi-
mum stemflow percentage was 22.8% for a columnar
English oak. Tree characteristics such as height, diameter
at breast height (DBH), bark texture, branch angle and
overlapping of tree crowns could all affect the volume of
stemflow (Deguchi et al. 2006; Šraj et al. 2008; School-
ing et al. 2015). It has been recognized that stemflow
from urban trees promotes infiltration and diverts precipi-
tation from becoming stormwater runoff (Schooling et al.
2015). Given its hydrological importance in urban envi-
ronments, stemflow should be considered in future urban
rainfall partitioning studies.

In this study, �Ec=�R, S and p were assumed to be con-
stant over the whole rainfall event. This assumption
could lead to the discrepancy between modelled and
measured I discussed in the ‘Model performance’ sec-
tion. In fact, both �Ec and �R should correspond to the per-
iod after the tree canopy is completely saturated.
Another limitation was that LAI values were taken for
the same species of mature trees from a different study
area. LAI varies in different environments, even for the
same tree species. For example, various types of land
use could lead to different LAI values for the same spe-
cies (Nowak et al. 2013). Deviation in LAI could cause
biases in the estimation of both S and p in the model.
Furthermore, variations in leaf phenology of different
species should be considered. Leaf phenology determines
the timing of the emergence of leaves, the growth of
leaves and leaf senescence (Rodriguez et al. 2014). The
leaf-on season was assumed to be spring, summer and
fall, and the leaf-off season was assumed to be winter,
for all broadleaf species. This could have affected some-
what the cumulative amount of interception loss for dif-
ferent species. While �R is an important model parameter
it was not possible to estimate it, although it was found
that �Ec=�R was slightly more influential than �Ec. The
model is expected to assist in tree species selection
regarding rainfall interception capacity, which would
offer options for developers and landscape architects in
selecting specific tree species to meet various goals. It is
recommended that the effects of wind direction and tree
crown shape on interception losses also be considered in
future research.

Conclusions

Overall, the model performed well in simulating canopy
interception loss. The discrepancies between modelled
values and observations could be attributed to
uncertainty in the measurements of air temperature, wind
speed, relative humidity, leaf area index and rainfall rate.
The lack of the corresponding ratio of the average

evaporation rate (�Ec) to the average rainfall rate (�R)
when the canopy is saturated may introduce errors when
applying the model. The sensitivity analysis indicated
the significant effect of �Ec=�R on the model performance
with little sensitivity to variations in crown storage (S)
and the free throughfall coefficient (p). Separating the
impacts of evaporation rate and rainfall rate would
require more detailed analysis. The effects of inter-spe-
cies variation on interception was evident, as white oak
showed the highest interception loss in both cumulative
values and monthly average values for each rainfall
event, followed by Norway maple, green ash and Prunus
sp. There is a need for species-specific empirical data to
further improve the model.
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