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Abstract

A rainfall interception methodology was implemented in a deciduous Ficus benjamina (L.) tree to
evaluate the interception loss, as well as the dynamics on canopy storage capacity (S) and free
through fall (p). Measurements of gross precipitation (Pg), through fall and meteorological data
were recorded every 5 minutes. Nineteen individual storms from summer to autumn 2005, and
twenty one in spring to autumn, 2006 were analyzed. For the studied period, 151.59 mm and
203.35 mm of rainfall occurred on 2005 and 2006 respectively. Canopy interception was 59.46%
and 70.98% of P; for the first and second year. Throughfall data recorded during 2005 were
38.14% (of Pg) and 27.21% (of Pg) for 2006. The throughfall and gross precipitation relationship
yielded S = 1.50 mm for the 2005 data. In 2006 storms were analyzed in detail, where p and S va-
ried in a range from 0.10 to 0.64 and from 1.00 to 2.03 mm, respectively. Moreover, application of
the Rutter and Gash models with two years of rainfall data (2005-2006) from the study area indi-
cated an underestimation and overestimation of 69% and 88%, respectively. The slightly best
prediction of the interception loss was obtained with the Gash model. Yet S and p change signifi-
cantly due to wind speed, temperature, rainfall intensity and seasonal vegetation development.
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1. Introduction

In urban catchments, the expansion of infrastructure, streets and buildings modify the temperature and humidity
of the air, as well as the spatial and temporal distribution of hydrological processes. This is mainly due to the in-
crease of the runoff and pollution by wash-load of streets, which reduce the performance of the storm-water
system; therefore, increasing the cost of water treatment. Buildings and urban forests among other urban ele-
ments, intercept the precipitation, dropping the volume of runoff. During a rainfall event, each urban element
(trees and buildings) plays a different and specify role: 1) buildings intercept and accumulate rainwater on roof-
tops, which finally falls through the walls to the ground and incorporates into the flow that forms the runoff; 2)
rainfall intercepted by canopy trees can be temporarily stored later falling to the ground, or it evaporates directly
from the tree surface to the atmosphere [1], decreasing peak flows and volume of urban runoff. Consequently,
urban forests (parks, gardens, isolated trees) can delay the water flow and improve the efficiency to the urban
drainage system. For example, it has been found that flooding hazard, surface pollutant wash-off and pollutant
loading of the runoff and peak flow all decreased by the rainfall interception of canopy trees [2]. However, the
amount of rainfall intercepted by trees is controlled by the canopy density and the rainfall characteristics (i.e.
size and type) [1] [3]. Under this consideration, urban parks and urban green areas could be considered as micro
catchments that regulate urban moisture. Also in the urban zones, the gradient of temperature can rapidly change,
affecting evaporation rates. Moreover, the interception process in urban zones is a very complex issue, since
many variables must be taken into consideration, such as spatial location of vegetation, spatial distribution of
precipitation, type of constructions, local effects on turbulence, albedo 1 modification, heating effect, and rain-
drop size distribution. Since Horton’s proposal [4] for individual trees, Rutter et al. [5] and Gash [6] also devel-
oped a rainfall interception model considering physical processes. Gash’s analysis is a simplification of the Rut-
ter’s model which incorporates some simple features of the linear regression model within the conceptual back-
ground of the Rutter’s model [7].

During the interception process, there are basically three ways for rainwater to reach the soil surface: 1) rain-
water passes through leaves and branches; this portion is known as free throughfall; 2) rainwater flows down the
branches and concentrates in the trunk, and later falls down the tree bole; this portion is known as stemflow; and
3) rainwater hits the tree leaves, and during and after the rain event drips down; this portion is known as crown
tip or dripping. The sum of free throughfall, stemflow and drip is known as net precipitation. In the three cases,
a fraction is evaporated during and after the event, returning to the atmosphere; however, losses in fractions 2)
and 3) are less important than losses by interception. At the end of the storm, the rain water stored on the foliage
is totally evaporated, and then the canopy is emptied. During each rainfall event, each tree is considered as a
mini reservoir, delaying runoff in both, rural and urban zones [2]. The amount of rainfall intercepted by urban
trees depends on their spatial location, and species and the architecture of branches and size and form of foliage
related to hydrological functionality. Generally, these factors have been studied in forests, stands and isolated
trees [1], and to date, the storage capacity and free throughfall coefficient are the most important parameters for
simulation of interception processes. An assortment of these parameters has been obtained from field and labor-
atory data sets, fitted by regression equations. Analysis of data sets indicated no significant variation, which may
be due to the method of derivation; only the species and vegetation cover, and the seasonal change of foliage
showed a significant cause (Pipker, 2005) [8]. The storage capacity depends on the temporal and spatial varia-
bility of trees, and also the intensity and duration of the storm. Also pruning practice in urban forest plays an
important role in both, storage capacity and free throughfall coefficient [9]. Horton’s framework theory [4]
states that the maximum storage capacity can be reduced compared to air conditions when they are affected by
the shake of branch and foliage caused by the wind during and after the rain event. Certainly, this idea produces
a debate about the existence of single capacity storage without taking into account a possible duality of
processes by hysteresis.

Generally in the literature, canopy’s storage capacity is expressed in mm; in this sense, Zinke [10] reported
capacity storage values ranging from 0.25 to 9.14 mm per unit of vegetation area (Aston, 1979). This also ap-
plies for the throughfall coefficient. Yet, other constraints to parameterization of them are the devices and me-
thodology of measurements. Interception measurements are estimated by placing long calibrated throughfall
containers and rain-gauges underneath the canopy; these elements are distributed along the projected area. Lan-
kreijer [11] measured percolation by using 8, 10 and 12 m long troughs of 0.10 m wide; rainwater from the
troughs was collected in funnels. Rutter et al. [5] also used the same technique to study rainfall passing through
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the canopy. Domingo et al. [12] used funnels, while Schellenkens et al. (1999) used rain-gauges. Troughs and
containers do not account for all the projected area and there is a bias in the measurements derived from them
[13]. To integrate the total volume draining through the crown, a variety of these devices is needed to cover the
total projected area and to determine throughfall and dripping. An associated problem with the use of these de-
vices is the capturing of lateral rainfall because normally, rainfall presents an inclination angle [14]. This angle
plays an important role in the operation of troughs and containers, and will potentially generate errors in the
measurements. Kimmins [15] found that hundreds of containers are required to reduce error magnitude from
20% to 5%. Xiao et al. [16] developed a methodology to measure rainfall interception in urban areas. The me-
thodology developed by Xiao [13], is appropriate when rain comes down through the sides where the frames are
located and when the maximum height of plastic sheets is enough to protect from the lateral rain entrance; how-
ever, if incident rain comes from a different direction, the frames are exposed to the lateral entrance of rain.
With the methodology of Xiao et al. [16], the measurement of net precipitation can be more accurate since the
catchment totally covers the canopy tree; nevertheless, a detailed methodology is needed to improve the under-
standing of the dynamics of the canopy parameter as well as its storage capacity and throughfall. The coefficient
of free throughfall (») and canopy storage capacity (S) can be altered by the seasonal changes, development, or
growth of the canopy structure [17]. In urban zones, these parameters are quickly affected due to pruning prac-
tices. To determine p and S, researchers have used techniques such as the minimum method and the linear re-
gression between gross precipitation on x-axis and throughfall on y-axis [10] [18]-[20]. For example, Rutter et
al. [21] and Klaassen et al. [19] found an S in P. menziesii of 1.2 and 2.4, respectively. In P. sylvestris, Gash and
Morton [18] reported an S of 0.8 mm. The corresponding values for P. stichensis were 0.75 - 1.20 mm [6]. Link
et al. [22] and Pypker et al. [17] observed in P. menzesii an S of 3.3 and 1.4, respectively. Therefore, a canopy’s
parameter determination is needed to improve dynamic process of S on hydrological models. Canopy storage
capacity varies, as rainfall intensity and meteorological factors affect the rainfall interception, and canopy struc-
ture grows seasonally. Hence, the objective of this study has evaluated the throughfall and storage capacity of an
evergreen tree of isolated tree of urban zone. The particular aim of this research is to focus on individual rainfall
events and to test the changes of p and S on the linear regression between gross precipitation and throughfall,
leaving aside the problems associated with logging and pruning trees, and the Rutter and Gash models to predict
interception losses were applied accordingly.

2. Materials and Methods
2.1. Site Description

The study was conducted in the urban zone of Queretaro city, located at 20°30' of latitude and 100°23" longitude,
250 kilometers northwest from Mexico city, in an altitude of 1820 m above the sea level. The studied area cov-
ers 220 km?. The urban zone is located on the high central plateau of Mexico, between the Gulf of Mexico and
the Pacific basin. This geographical location regulates the occurrence of convective-type precipitations. Ac-
cording to the National Water Commission (CONAGUA, initials in Spanish), mean annual rainfall in this city is
548 mm, with minimum and maximum values of 274 and 999.2 mm, respectively. Mean annual temperature is
18.7°C, with a minimum of 17.4°C and a maximum of 19.7°C. Dominant wind direction is east and northeast
with a mean speed of 1.7 m-s™*. Mean annual potential evaporation ranges from 2020 to 2200 mm. The vegeta-
tion in the urban zone of Queretaro does not have well defined spatial configuration, it is highly variable in types
due to the lack of a sustainable planning of these activities, even though many efforts have been made to reforest
the city with different types of vegetation. According to the Direction of Ecology and the Secretary for Public
Municipal Services (Direccion de Ecologia y Secretaria de Servicios Publicos Municipales) reforestation pro-
grams were implemented in the city during the 2000-2004 periods, where a total of 734,336 trees were planted
around the city where sixty percent of the planted trees were non-native species. Many efforts have been made
to reforest the city with different types of vegetation, trying to improve the regional climatic conditions. The ur-
ban non-native vegetation Ficus benjamina L. can be seen in Queretaro as one of the main types of trees.

2.2. Experimental Field

The experimental study was carried out in a 15-year-old non-deciduous Ficus benjamina L. tree located in the
main campus of the Universidad Auténoma de Querétaro (20°35.44N, 100°24.79W) at an elevation of 1819 m.
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In April 2005, the tree trunk was 1.10 m in height, with a 22.44 cm diameter; the crown diameter was 6.0 m with
a total height of 5.70 m. In January 2006 the tree trunk was 1.10 m in height and 25.0 cm in diameter; the crown
diameter was 6.18 m and its total height was 6.00 m. The tree was not pruned during the research. The selected
tree is surrounded by several buildings at distances between 13 and 100 m. The nearest building is located at the
east side of the tree and has a height of 2.80 m. Topography of the site is relatively flat and the surface was
paved with asphalt.

2.3. Meteorological Data Collection

The meteorological station was located in an open area, approximately 100 m south-east from the study site. The
temperature, wind speed and direction were recorded every 5 min. Gross precipitation was measured every 5
min by a tipping-bucket rain gauge (TE525LL-L; 0.254 mm per tip). Rainfall data collected in the study site
were made during the years 2005 and 2006. In the year 2005, rainfall events occurred between July and October
(rainy season), where 17 events were registered during the summer and 2 in autumn. In addition, 4 spring storms
beginning in March were registered; other 15 events occurring in the summer (July) and 2 more in autumn
(September) were measured in 2006. Most of the storms occurred during the afternoon, from 18:00 to 24:00
hours, with an average duration of 85 minutes.

2.4. Stemflow and Throughfall Measurements

For the stemflow collection, a spiral guide channel was wrapped around the tree bole. The channel was fabri-
cated with a 2.54 cm diameter soft plastic garden hose. Gaps between the channels and the tree bole were
stamped with silicone sealant. A water container of 20-L was used for storing stemflow. At the end of each
storm, the stored water was measured using al-L graduated cylinder having a 1/100 L precision. Throughfall
was measured using a catchment under the canopy crown [1]. The catchment system was constructed in two
different ways: in 2005, the catchment consisted of eight trapezoidal-shaped polyethylene sheets (2.1 m x 0.3 m
x 2.7 m) to cover the total crown projection area, 25.90 m?. The sheets were supported with a steel frame, 1.60
m high on the outside and 0.50 m high on the inside, having a 0.10 m separation from the tree’s trunk. Each
plastic sheet was 3.24 m?. The slope towards the inside of tree trunk was 36%. Throughfall collected in the plas-
tic sheets drained to a 0.10 m wide circular PVC gutter with a 2% slope, connected to a 50-L container. Accu-
mulated rainfall after each event was measured with a 1-L graduated cylinder having a 1/100 L precision. Dur-
ing 2006, the catchment from polyethylene sheet was changed to a rigid plastic sheet. The catchment was con-
structed from trapezoidal-shaped rigid sheets of 2.30 x 0.5 x 2.5 m plywood, covering a total canopy crown of
25.90 m?. A wooden base frame was used to support the rigid plastic sheet with a slope towards the tree bole of
45%. The change of the slope increased the velocity from throughfall to channels. Rigid plastic sheets termi-
nated in four square-shaped sheet channels (0.10 x 0.10 m) with a slope of 2% and separated 0.10 m from the
trunk. The sheet channels guided the water into a water throughfall container (200-L). Scale (capacity of 60 kg
with an accuracy of 2 gr) was used to make the system work systematically, monitoring changes in the water
level inside the container. The scale sent a signal to a register machine (data logger) sending the total weight to a
computer. The computer saved the information each minute. The recording machine and the computer were lo-
cated 30 m from the catchment (Figure 1). To avoid errors from lateral incident rain and residual throughfall
produced by wind shaking the leaves during each event, a 0.50 m-tall protective polyethylene and rigid plastic
screen was installed around the perimeter of the projected crown (in both catchment years; Figure 1).

3. Theory

The gross precipitation (Pgy; incident rainfall on canopy) falling on the forest or isolated tree (urban trees) is in-
tercepted by the tree’s canopy crown; then, a percentage of the Py reaches the ground as net precipitation (Pn;
net rainfall is the quantity that reaches the ground). As a result, the rainfall interception process works as a sys-
tem. The system can be defined as the structure (Figure 2) that has inputs (rain) and outputs (net precipitation)
linked together by a causing process [23]. According to the internal process of the system, the input and output
are quite different. During a rainfall interception, the output can be both net precipitation and evaporation.
Therefore, the total output is affected by storage inside the system. According to this system analogy, studies on
rainfall interception have predicted the output behavior from a known input and internal processes. In this paper,
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Figure 1. Scheme of the measurements systems for rainfall interception losses.
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Figure 2. In the system, the input and output are the gross precipitation (P;) and net precipitation (Pn)
respectively. In the internal process there is water storage on surface canopy (S), evaporation (E), free
throughfall (p), stemflow (St) and drainage (D).

such analogy is considered to show the behavior of the canopy storage due to the wind and canopy growth dur-
ing the seasons. The system is linear if the input produces an equal output response. The input and output can be
expressed as a function of time, 1(t) and O(t) respectability. Nonetheless, the system produces an input transfor-

mation on the output as:

0(t) = /(1)

Equation (1) is known as the transformation equation of the system in which the symbol €, is the transfer
function between the input and output. In the rainfall interception event, it represents the internal process of the

system, in which the canopy water storage can be calculated as:

S -19-Q()

From Equation (2) several methods have been developed to determine the rainfall interception.

3.1. Model of Rutter et al. (1971)

A physical interception model was developed by Rutter et al. [5] which regards the canopy as having capacity to
store rain water on leaves and trunk surface (reservoir) that are emptied by evaporation at the end of the storm
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(Rutter et al., 1977). The volume of rain water retained on leaves and trunk surface depends on the position of
the leaf surface, the leaf form, the surface tension relation between rain-drops and the leaf surface, as wind ve-
locity, rainfall intensity and the size and impact of the falling drops [24] [25]. Equations (3) and (4) give the
evolution of the rate canopy capacity of rainfall interception from Rutter’s model.

(:j—ct::(l—p—ps)Pg—D+E% when C=>S @)
dC
E:(l—p—ps)Pg—D-i-E when C<S (4)

where: dC is the change in canopy storage; p is the free throughfall or precipitation that reaches the ground
through the gaps between canopy leaves and branches without hitting the canopy surface; ps is the stemflow and
the flow water that reaches the ground by flowing down the tree bole. D corresponds to the rain drained by the
vegetation canopy which is the water dripping from the surface of the leaves or branches after the storage capac-
ity of the canopy is saturated (C = S). The S term corresponds to the storage capacity by interception of the re-
servoir. The rate (D) of drainage from the canopy is normally calculated as:
D:{D%M{MC—Q] if C>S )
0 if C<S

The value of b and Ds are empirical parameters of the vegetation and drainage rate at saturation respectability.
The b and Ds were estimated by Rutter et al. [5], in which b and Ds were 3.7 and 2 x 10 mm-min*, respec-
tively. These parameters are not easy to measure in natural conditions; however, Rutter’s parameter has been
extrapolated for many researches in order to use Rutter’s model. Aboal et al. [26] extrapolated Rutter’s parame-
ters and obtained b = 1.6 and Ds = 4.7 x 10 mm-min*. On other hand, Valente et al. [7] describes the new
version of the Rutter’s model in which empirical parameters are omitted of the drainage equation. Then, the

drainage function was simplified as:
C-S if C>S
[Ddt = (6)

0 if C<S

Equation (6) means that any over-rain stored on the canopy is converted immediately into drainage and the
drainage stops as soon as the rainfall ceases [7].

Derivation of Rainfall-Interception Canopy Parameters

The two main parameters required for the interception models [5] [6] are thus p and S. These parameters
represent the architecture of vegetation and characteristics of species of trees that controls interception loss. p
cannot be directly determined, as a result, several methods have been developed such as, the slope of the regres-
sion between gross precipitation (Pg) and throughfall (Ty,). This method allows to obtain the free throughfall
coefficient [5] [20]. The regression method is for storms that are too small to fill the canopy storage, in which
evaporation loss during small storms are negligible (Shellekens et al., 1999).

To determine the storage capacity (S), direct and indirect methods have been developed. The first one consists
of the wetting the vegetation surface, in which artificial rainfall is applied into a laboratory. The second method
is commonly derived from the relationship between cumulative gross precipitation (Pg) and throughfall (T).
According to the indirect methodology, the canopy storage capacity is estimated by identifying the inflection
point on the Ty-axis (Equation (7)) in the P¢-T;, relationship for storms which are intense enough to saturate the
canopy [18]-[20].

Th:(pg)Pg+S (7

where: S is the thickness averaged over the total horizontal area of the tree. The storage capacity is also KPO, K
corresponds to the tree mass covered area seen upwards from the ground, that is similar to the projected hori-
zontal area supposed by Horton [4]. PO is the precipitation which becomes the oversaturated canopy during and
after the storm. Since it must be expected that the derivate of T, must be the unity [27]. Besides, this theory is
only valid if the structure of the tree was permanent and inflexible.
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3.2. Gash’s Model (1979)

The so-called analytical model of rainfall interception was proposed by Gash [6]. Gash’s model elegantly retains
some of the simplifications and explicit reasoning in the Rutter’s model. The Gash model is based on regression
equations that are coupled with the rigorous Rutter’s model. While Rutter’s model requires detailed meteoro-
logical data, Gash’s analytical model remains simple and is characterized by its low data demand. A simple li-
near relationship between the interception loss and gross rainfall is often used to describe rainfall interception
[6]:

I=aP, +b (8)

where: | is the interception loss, Py the rainfall, a and b are the regression coefficients. The coefficient b can es-
timate the canopy storage capacity (S); a represent the ratio of the mean evaporation rate from the wet canopy to
the mean rainfall rate as given by equation

)

Gash showed that R can be derived from all the storms under investigation, E should be obtained from the
Penman equation. Assuming that neither E nor R vary considerably, it is possible to calculate E from a
provided R in the absence of above-canopy climatic observations (Schellekens et al., 1999) [28]. According to
Gash’s model, regressions between gross precipitation (Pg) and throughfall (T,) show that Ty, increases linearly
along with Py until the canopy gets saturated. If the slope of P4-Ty, relationship is less than 1, evaporation during
rainfall is occurring but if it is greater than 1, precipitation interception exceeds evaporation. The analytical
model of interception can be applied to given estimates of S, p and E/R as defined previously. After assessing
the parameters, the first step is to compute the rainfall necessary to fill the canopy storage (P; ):

(g

where: P; is the amount of necessary rainfall to fill the canopy storage (mm), R the mean rainfall rate (mm
h™), E the mean evaporation rate (mm h™'), S the canopy storage capacity and p the free throughfall coeffi-
cient (dimensionless). The second step is to compute the interception component, where rainfall interception is
described based on the analytical model developed by [6].

2ol mi

a=

4. Results
4.1. Rainfall and Weather Variability

From the 40 events recorded during 2005 and 2006, a total of 354.94 mm of rain was registered, of which
151.59 mm occurred on 2005 [1] and 203.35 mm occurred 2006, respectively (Table 1). During 2005, a total of
19 events took place between July to October, where 95% (144.29 mm) of the events occurred during the sum-
mer and 5% (7.30 mm) in autumn. The average rainfall intensity ranged from 1.20 to 20.31 mm-h™!, with a
maximum rainfall intensity of 54.84 mm-h*. The events registered in 2006 had an average rainfall rate from
0.65 to 25.97 mm-h*, with a maximum rainfall intensity of 109.20 mm-h™. From the 21 events registered in
2006, 28% (56.80 mm) occurred during the spring; 63% (127.95 mm) and 9% (18.60 mm) were measured in
summer and through autumn, respectively. Rainfall storms occurred during the afternoon around 18:00 - 20:00 h
in 2005, and around 17:00 - 24:00 h in 2006. The average time-lag varied from 8 h to 14 days during 2005 and 2
h to 29 days in 2006, so the time of no precipitation (threshold) was enough for the drying of the canopy. Ac-
cording to the registered data for the weather conditions, relative humidity at the beginning of each event was
rather low, but it increased during the storm. The increase of humidity was due the high rate of temperature;
therefore, evaporation was not limited to the event. Indeed, low relative humidity and high temperature allowed
having a high rate of evaporation during the storm. The maximum wind gust during the events was 11.60 m-s™
and 8.49 m-s* for 2005 and 2006, remaining close to zero during the events. Hence, the meteorological record
suggested that temperature increases in response to storage heat of the urban zone, what is called urban heat isl-
and effect (Shephered, 2006). As a result, the gradient of urban microclimate can change more rapidly than in
rural or natural forest, also affecting evaporation rate and temperature, modifying natural precipitation [29] [30].
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Table 1. Rainfall and weather characteristics for 2005 and 2006.

Variable 2005 2006

Total of events 19 21
Gross precipitation (mm) 151.59 203.35

Spring (mm) - 56.80

Summer (mm) 144.29 127.95

Autumn (mm) 7.30 18.60
Duration

Max (min) 200.00 250.00

Min (min) 10.00 10.00
Relative humidity (%)

Initial (at the beginning of the event) 56.76 59.29

Final (at the end of the event) 71.22 70.92
Temperature ("C)

Max (at the beginning of the event) 24.24 26.01

Min (at the end of the event) 12.03 9.63
Wind speed (ms %)
Max (at the beginning of the event) 11.60 8.49

4.2. Rainfall Partitioning

The measurements of both, the throughfall and stemflow for the two observation periods are summarized on
Table 2. On the 2005 events, the net precipitation (Pn) was 61.45 mm, and it was measured as throughfall
(57.82 mm) and stemflow (3.63 mm), where 92.6% of net precipitation occurred during summer. Otherwise, the
net precipitation on 2006 was measured on three seasons, and it was 59.01 mm. Summer had more net precipita-
tion (62% of Pn) during the 2006 events. The overall throughfall for summer was: 53.52 mm in 2005 and 36.06
mm in 2006. The stemflow depth in 2005 (3.38 mm) was slightly more than in 2006 (2.52 mm) during summer.
During autumn, total measurements of throughfall varied from 4.30 mm to 1.67 mm in 2005 and 2006, respec-
tively. We believe that the intensity of precipitation, wind speed and relative humidity were factors that can ex-
plain the differences in the partition of precipitation.

4.3. Rainfall Interception

Rainfall interception was determined as the difference between gross precipitation (Pg) and net precipitation (Pn
is the sum of throughfall and stemflow). The total interception of each period was 90.14 mm (59.5% of Pg) and
144.34 mm (71% of Pg); with an average rainfall intensity of 20.32 mm-h*and 25.97 mm-h*. The rainfall in-
terception by the Ficus benjamina L. tree was relatively high due to the high temperature and low relative hu-
midity at the beginning of each event. In the same way, the interception of rain may not be constant for the
weather variables as well as the phenology of the tree. It is well known that anthropogenic activities modify or
alter the natural environment, creating an urban environment where the microclimate gradient can vary quickly
representing a key role in the rainfall interception process; so, interception loss derived from the forest cannot be
extrapolated to urban forests [30].

4.4. Storage Capacity and Free Throughfall Coefficient

Surface storage capacity (S) and free throughfall coefficient (p) were estimated based on the relationship be-
tween gross precipitation (Pg) and throughfall (Ty,) data [5] [18]. The relationship based on P4 and Ty, from 2005
events determinate that S equals to 1.53 mm [1]. But the surface capacity cannot be assumed to be constant
through time because S can be affected by moisture, temperature and evaporation rate as well as by the seaso-
nally phenological development of vegetation and pruning practices [22]. However, wind speed and shaking
cause leaves and branches dripping during and before storage capacity is reached, as well as when the precipita-
tion ends (Xiao et al., 2000) altering the rainfall interception between events and season periods; in the same
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Table 2. Summary of precipitation (Pg), throughfall (T,), stemflow (St), net precipitation (Pn) and interception ().

Events period T (mm) St (mm) Pn (mm) I (mm)
Summer (mm) 53.52 3.38 56.9 87.39
2005 Autumn (mm) 4.30 0.25 4,55 2.75
Total 57.82 3.63 61.45 90.14
Spring (mm) 17.62 0.6 18.22 38.58
2006 Summer (mm) 36.06 2.52 38.58 89.37
Autumn (mm) 1.67 0.54 221 16.39
Total 55.35 3.76 59.01 144.34

way, p is affected. The advantage of using the catchment system during 2006 was to measure the dynamic of Ty,
during each storm. Then, the dynamics of S and p by events were calculated by plotting P4 versus Ty, in which a
linear regression analysis was used for each rainfall event. Table 3 summarizes the dynamics of S and p during
the events of 2006.

Two different criteria were used for selecting data to calculate p and S in order to guarantee the completeness
of the canopy saturation: 1) for all gross precipitation with rainfall less of 10.00 mm, p was calculated; 2) for all
events with rainfall over 10.00 mm, S was determined. The average values for S and p were 1.36 mm and 0.31,
respectively. Storage capacity ranged from 1.00 mm to 2.03 mm and free throughfall coefficient from 0.10 to
0.64. Remarkably the maximum storage capacity value for Ficus benjamina L. was similar to the reported by
Xiao et al. [25] for Pyrus calleryana (pear tree; S = 1.00 mm) and Quercus suber (Oak tree; S = 2.00 mm), and
the maximum free throughfall coefficient also was similar to the pear tree (» = 0.6) but higher than that for the
oak tree (p = 0.3). Due to the high density of crown and different tree architecture between forest and urban for-
est, the parameters obtained for forest may not be comparable and applicable to urban trees. The determination
of canopy parameters (S and p) at the urban environment associated with seasonal canopy variation is needed to
improve the understanding of canopy storage variation. Briefly, average storage capacity during the spring (S =
1.35) was fairly similar to the one during the summer (S = 1.32) therefore, no relationship was found between S
and p. The variation range in p also may result from variation in raindrop sizes (Calder, 1996) and dislodging of
intercepted drop by wind gust as well as developmental changes in crown structure and environmental condi-
tions during periods of rainfall [17] [22]. Moreover, urban vegetation is always under stress due to urban envi-
ronment variation which affects the foliage. During the spring and summer periods, rainfall intercepted by the
Ficus benjamina L. tree showed that the wind speed plays an important role in the amount of water retained by
the canopy. In the case of events of May 30th, 2006 and August 16th 2006 the interception was 1.95 mm and
1.64 mm, with 2.20 mm of precipitation in each storm. However, the difference of rainfall intercepted was due
the wind gust and temperature during of the storm. At the event on May 30th, 2006, the wind speed was 1.93
m-s “with an initial temperature of 14.53°C. At the event on August 16th, 2006, the wind speed decreased (1.02
m-s ') and the temperature increased (15.45°C) consequently, being slightly less than the one of May 30th (1.64
mm). Moreover, But compared coparison of the results with p parameter indicated that the biomass of Ficus
benjamina L. decreased from spring to summer, affecting Ty, and St as well as S.

Figure 3 and Figure 4 show detailed rainfall and meteorological parameters measured at 10-min and 5-min
intervals as well as the evolution of cumulative gross precipitation, and throughfall for events of May 18th, 2006
(Figure 3) and August 15th, 2006 (Figure 4). The first event took place during spring with a duration of 180
min (3 h). During this storm the gross precipitation was of 24.10 mm. The maximum temperature (12.88°C) and
low humidity (69.17%) occurred at the beginning of the event. The second event occurred during summer sea-
son which lasted 55 min (0.83 h) and had 12.30 mm of precipitation. During this event, the maximum tempera-
ture was 16.42°C at the beginning of the rainfall event. The maximum humidity was 84.11% min after the storm
started. In both events high temperature and low relative humidity were associated, in which interception loss
was relatively high: 15.46 mm (64%) for event of May 18th and 11.38 mm (92%) for August 15th. According
with the meteorological condition, the high interception loss can be attributed to the wind gust inducing greater
evaporation by convection. For the event of May 18th the canopy tree and raindrops hitting the leaves and
branches caused crown drip to occur in less than 10 min, before the saturation capacity was reached. After 15
min of rain, wind gust (4.25 m-s ) produce enough shaking to cause great movement of the canopy tree, causing
dripping and increasing the troughfall. By the time high wind speed ceased, the empty canopy and high rate of
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Table 3. Changes of interception, storage capacity, gap fraction and discharge in 2006.

Date Duration Season 2 Th St | S p Wind velocity (ms™)
(min) (mm) (mm)  (mm) (mm) (mm) min max
17/05/2006 75 Spring 11.80 3.15 0.31 8.34 0.29 0.00 1.79
18/05/2006 180 Spring 24.10 8.64 0.21 15.25 1.25 0.30 0.00 4.25
30/05/2006 30 Spring 2.20 0.17 0.08 1.95 0.17 0.00 1.93
01/06/2006 75 Spring 18.70 5.66 0.00 13.04 1.44 0.38 0.00 8.49
22/06/2006 10 Summer 0.75 0 0.00 0.75 0.00 0.22
04/07/2006 145 Summer 18.10  13.62 0.16 4.32 1.60 0.64 0.00
02/08/2006 15 Summer 1.40 0.17 0.00 1.23 0.00 1.37
03/08/2006 30 Summer 1.70 0.08 0.00 1.62 0.00 0.74
03/08/2006 125 Summer 7.90 4.49 0.21 3.20 1.25 0.51 0.00 4.68
04/08/2006 205 Summer 15.90 241 0.4 13.09 2.03 0.28 0.00 3.14
05/08/2006 25 Summer 6.60 0.96 0.1 5.54 1.00 0.25 0.00 2.39
15/08/2006 55 Summer 12.30 0.92 0.39 10.99 1.60 0.20 0.00 1.78
16/08/2006 25 Summer 2.20 0.55 0.01 1.64 1.00 0.59 0.00 1.02
18/08/2006 25 Summer 5.60 0.51 0.05 5.04 0.10 0.00 1.80
30/08/2006 130 Summer 8.90 2.78 0.25 5.87 0.25 0.00 0.76
31/08/2006 150 Summer 12.00 1.84 0.41 9.75 1.10 0.24 0.00 152
14/09/2006 20 Summer 3.90 0.28 0.05 357 0.00 1.32
15/09/2006 250 Summer 28.30 7.45 0.49 20.36 1.00 0.22 0.00 2.95
18/09/2006 60 Summer 2.40 0.00 0.00 2.40 0.00 0.26
14/10/2006 175 Autumn 15.90 1.67 0.53 13.70 1.65 0.23 0.00
03/10/2006 135 Autumn 2.70 0.00 0.01 2.69 0.00
Total 1940 20335 5535 3.66 14434 0.00
Minimum 10 0.75 0.00 0.00 0.75 1.00 0.1 0.00 0.22
Maximum 250 2830 1362 053 20.36 2.03 0.64 0.00 8.49
Average 92.38 9.68 2.64 0.17 6.87 1.36 0.31 0.00 2.25

evaporation tended to speed up the rainfall interception. But in the last period of the event, the rainfall intercep-
tion decreased due to the wind gust of 0.5 m-s*speed. Therefore, available water for interception did not only
depend on the intensity of the rainfall, but also on the wind speed. Such characteristics would tend to modify
storage capacity. Figure 4 shows a rainfall event that lasted less than 60 min (August 15th). Interception and
throughfall did not differ as they did in the event of May 18th. Yet, the dynamics of rainfall interception were
parallel to gross precipitation and throughfall was close to zero. When the rain stopped during a brief period (5
min), interception was negative because the wind blowing on the canopy caused dripping. Furthermore, the high
interception of rain was due to the high evaporation rate, it can be evident by the increase of relative humidity
during the event. Also high wind speed increased evaporation from the wet tree surface [25], but increased the
rate of dripping, while p could be quickly modified during the dynamic of rainfall interception. Such characte-
ristics, as well as the nature of the vegetation and the weather, would also tend to modify the storage capacity of
each event. Finally, despite of the wind speed being able to modify rainfall interception during each event, in-
terception was greater than throughfall.

5. Discussion

5.1. Simulated Data from Rutter’s Model

The values of the free throughfall coefficient (p) and storage capacity (S) parameters were estimated according
to the procedures described above. To get an estimate of the canopy parameters b and Ds, the values obtained by
Rutter et al. [5] were extrapolated to the Ficus benjamina b is taken to be 3.7 x S/1.05 and Ds to be 0.002 x
S/1.05. As a result, the b value was 6.29, and the Ds value was 3.4 x 10 > mm-h*. The required meteorological
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Figure 3. Dynamic process of event of May 18th, 2006: (a) Accumulated gross precipitation
(Pg), Interception (1), Throughfall (Ty); (b) Distribution of precipitation, interception, throughfall,
wind speed; and (c) Meteorological data.

parameters are the average rainfall intensity (R ) and interception evaporation ( E ) during those hours when the
canopy is saturated. The mean rainfall intensity (R ) was calculated from 5-min recordings. Once R was pro-
vided, the mean E was determined by multiplying R by the coefficient of the regression between gross rain-
fall and interception loss (Equation (9)). The mean value of a was 0.77; mean rainfall intensity (R ) was 5.52
mm-h"whilst mean evaporation rate (E ) was 4.23 mm-h"*. By applying the parameters obtained above to the
Rutter model (Equation (3) and (4)), the rainfall interception was calculated using 40 events from July 2005 to
October 2006. However, the rainfall interception model on the use of b and Ds parameters in estimating drai-
nage (Equation (5)) concluded that the extrapolation of these parameters to the Ficus benjamina (L.) tree over-
estimated the drainage rate as well as the interception loss. As a result, the drainage was calculated with Equa-
tion (6). Table 4 shows the total interception loss predicted by the Rutter’s model for the 40 events. The result
shows that the difference between mean rainfall interceptions obtained with the Rutter’'s model and the one ob-
served was 4.32 mm. Comparisons indicate that when using Rutter’s model, it underestimates interception by
69% of the observed interception loss. Moreover, Aboal et al. [26] suggested that this model underestimates in-
terception losses in almost all broad-leaves and tropical woodland types except for the Amazonian rainforest.
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Figure 4. Dynamic process of event of August 15th, 2006: (a) Accumulated gross precipita-
tion (Pg), Interception (1), Throughfall (Ty); (b) Distribution of precipitation, interception,
throughfall, wind speed; and (c) Meteorological data.

5.2. Simulated Data from Gash’s Model

The amount of rainfall needed to completely saturate the canopy was determined with Equation (10). The E
was obtained by Equation (9) where in an interception loss plot versus gross precipitation, the parameter a was
provided as the slope of the line. The E and R parameters were calculated in the same way as in the Rutter’s
model, along with the S and p parameters. The obtained P; value differed depending on the method used for
estimating evaporation: specially, P; was estimated as 6.74 mm on the basis estimation of E/ R by linear re-
lationships between interception loss and gross precipitation. The estimate interception components for the wet-
ting-up phase, the saturation phase and the drying phase were 3.26, 6.65 and 1.78 mm, respectively. Using the
three phases and meteorological parameters, the mean interception loss predicted by the model 1 was 11.69 mm,
which overestimated the observed interception loss by 88%. To compare the predictive interception value of the
different models, a linear regression of the observed interception loss on predicted interception loss was plotted.
The closer the slope to the 1:1 line, the better the fit. Figure 5 shows that the best prediction of interception was
obtained with the Gash model (R2 = 0.91). The fact that the slope was slightly higher than one is probably attri-
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Table 4. Partitioning of interception losses among the different modeled stages of rainfall events in the Rutter and Gash

models.
. Interception model
Date Events classification Py (mm) Ty (mm) St (mm) 1 (mm)
Rutter (mm) Gash (mm)
22/06/2006 0.75 0 0 0.75 0 5.61
11/08/2005 Py 1.5 mm 0.9 0 0 0.9 0.03 0.56
02/08/2006 1.40 0.17 0 1.23 0 6.11
14/08/2005 1.50 0.25 0.03 1.22 0 6.19
21/07/2005 1.52 0.25 0.03 1.24 0 6.20
03/08/2006 1.70 0.08 0 1.62 0 6.34
30/05/2006 2.20 0.17 0.08 1.95 0 6.72
18/09/2006 1.5 <Py<3.00 2.40 0 0 2.40 0 6.88
03/10/2006 2.70 0 0 2.70 0 711
22/08/2005 2.79 0.41 0.06 2.32 0 7.18
07/10/2005 2.90 2.45 0 0.45 0 7.26
16/08/2006 2.20 0.55 0.01 1.64 0 6.72
09/08/2005 3.30 0.52 0.07 271 0 7.57
25/08/2005 3.79 0.2 0.08 351 0 7.94
14/09/2006 3.90 0.28 0.05 3.57 1.20 8.03
06/10/2005 4.40 1.85 0.25 2.30 0 8.41
05/07/2005 5.00 0.59 0.12 4.29 0.57 8.87
28/08/2005 5.08 0.99 0.11 3.98 0 8.93
20/07/2005 3.00 < Py <10.00 5.57 0.96 0.13 4.48 0 9.30
18/08/2006 5.60 0.51 0.05 5.04 0 9.33
05/08/2006 6.60 0.96 0.1 5.54 0 10.09
03/08/2006 7.90 4.49 0.21 3.20 0 11.09
26/07/2005 8.35 1.43 0.12 6.80 0 11.43
26/08/2005 8.89 3.33 0.21 5.35 0 11.85
30/08/2006 8.90 2.78 0.25 5.87 0.38 11.85
19/07/2005 10.11 3.92 0.24 5.95 0.39 12.78
04/07/2005 11.38 1.78 0.37 9.23 2.42 13.75
17/05/2006 11.80 3.15 0.31 8.34 0 14.07
31/08/2006 12.00 1.84 0.41 9.75 2.27 14.23
15/08/2006 12.30 0.92 0.39 10.99 0 14.46
29/08/2005 12.69 5.66 0.3 6.73 0 14.76
18/07/2005 13.96 6.43 0.34 7.19 0 15.73
14/10/2006 Py >10.00 14.70 1.67 0.53 12.50 4.26 16.30
04/08/2006 15.90 241 0.4 13.09 6.09 17.21
04/07/2006 18.10 13.62 0.16 4.32 353 18.90
01/06/2006 18.70 5.66 0 13.04 0 19.36
07/07/2005 20.28 8.80 0.42 11.06 521 20.57
18/05/2006 24.10 8.64 0.21 15.25 8.88 23.49
15/09/2006 28.30 7.45 0.49 20.36 14.98 26.71
01/07/2005 29.18 18.00 0.75 10.43 9.58 27.38

buted to the Gash model overestimating interception. In the Rutter’s model, under-estimation of interception
losses was estimated assuming E/ R was extremely high (0.77). This result may be attributed to a decrease in
the sensitivity of drainage and free throughfall parameters. Yet, urban conditions reflect the meteorological cha-
racteristics of the interception process. The Rutter’s and Gash’s models underestimated and overestimated in-
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Figure 5. Regressions of measured interception losses against interception losses predicted by:
(a) the model of Rutter (A) and (b) the model of Gash (O).

terception during rainfall events, respectively. The Rutter’s model markedly underestimates interception loss
during events with more than 20 mm of gross precipitation, this means that the model depends on the amount of
rainfall around of tree. In contrast, the Gash’s model presented a slightly better fit when predicting interception
loss against gross precipitation. Then, Figure 6 shows that the best prediction was obtained with the Gash’s
model, whether using the linear regression of interception versus the gross precipitation method for estimating
E. It should be kept in mind that any discrepancy between modeled and measured interception losses derives
from the uncertainty not only of the canopy parameter (S and p), but also of by evaporation induced in urban
zones. Using a linear regression, Schellekens et al. [24] reported good predictability of cumulated throughfall

for maritime dense tropical forest in Puerto Rico along with the E/R values.

6. Conclusion

The amount of water stored on the crown surface by interception of vegetation and the effect on surface runoff
in large urban areas still require further research considering the fact that the trees are supple. The two main ur-
ban variables involved in this research: the meteorological condition and the vegetation parameters, present a
different behavior from that in forest conditions. The detailed rainfall, throughfall and meteorological data mea-
surement showed that S and p changed between events and seasonally in the Ficus benjamina L. tree. The sto-
rage capacity of the Ficus bejamina L. tree cannot be considered constant, because the structure of this tree is
not steady. The structure of the tree changes from one season to another. The most foliage mass occurs during
spring and summer; hence, the storage capacity is higher in these seasons. The free throughfall is also deter-
mined by structural changes in the tree. During winter, the free throughfall should be higher than that during
summer. It could be considered that the storage capacity is proportional to the growth of the leaf mass while the
free throughfall is inversely proportional. Trees in natural conditions are not under the same condition as trees
located in urban zones. The trees located in cities are under regular stress, as a result of urban heat island effect,
vehicles, people, etc. Hence, the urban trees loss foliages mass more quickly than a tree on a natural environ-
ment or even it does not reach its full development. As a result, significant changes on storage capacity and free
throughfall occur. The free throughfall is proportional to wind speed; during a significant wind speed, raindrops
retained on the surface of leaves and branches fall to the ground. Therefore, free througfall increases as a result
of wind. The determination of canopy parameters associated with urban environment is needed to improve the
understanding of the role of the vegetation in runoff control and managing urban forest for hydrologic benefits.
The interception loss is the result of the storage capacity and free throughfall. If the storage capacity changes the
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Figure 6. Regressions of gross precipitation against interception losses predicted by: (a) the
model of Rutter (A) and (b) the model of Gash (O).

interception loss also changes. The models developed for determining interception losses do not consider the
conditions of the urban trees; therefore, modeled interception is unlikely to be similar to the estimated. The
marked differences between measured interception and predictable interception are attributed to extremely high
temperatures and change of the urban climatic characteristics. These conditions may be partially attributed to the
reduced or increased sensitivity of the models. Yet, the slightly best prediction of the interception losses was
obtained with the Gash’s model.
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