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This study proposes a method to consider the high-rise building in the rainfall-runoff analysis of an urban basin.
This study uses a rainfall-runoff model based on the shot noise process to evaluate the relative roles of the
building rooftop sub-basin and the wall sub-basin. In addition, the rainfall-runoff experiment is conducted in a
laboratory environment to validate the proposed method considering high-rise buildings. The major results of
this study can be summarized as follow. (1) The rainfall intercepted by the building wall increases the runoff
volume and peak flow, but the longer flow path from the rooftop basin decreases the peak flow. Overall, the role
of the building wall is found to be more significant than the rooftop in resulting in increased runoff volume and
peak flow. (2) The experimental results also confirm the simulation results. The contribution of the building wall
to the peak flow is found to be highly significant, especially when the wind speed is high. For example, when the
mean wind speed is 1.11 m/s, the contribution of the building wall to the peak flow is found to be 6.3 — 6.9% and
14.2 - 17.0% for the 1.0 and 1.4 m building height, respectively. (3) The accuracy of the rainfall-runoff model
can be improved by considering the building. As the building is considered, the RMSE and the difference of peak
flow between the observed and simulated hydrograph decrease in all cases. The results of this study support the
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idea that, in the urban basin, the contribution of the high-rise building to runoff can be significant.

1. Introduction

Urbanization is a common issue worldwide. More than 50% of the
world population lives in cities (Seto and Shepherd, 2009; Douglas,
2012; Zhou et al., 2015; Phillis et al., 2017; Cleophas et al., 2019).
During the 20-year period 1990 — 2010, the urban area increased by
more than 70% (Zhou et al., 2015; Liu et al., 2018). The number of
megacities with population of 10 million or greater is also expected to
rise from 33 to 43 in the period 2018 to 2030 (DESA, 2018). In those
cities, the numbers of so-called high-rise buildings (e.g., 300-meter-or-
higher tall buildings) are also increasing (Safarik et al., 2015; Gabel
and Shehadi, 2017). Increased impervious area in the city increases the
runoff volume, as well as the runoff peak. The peak time has also been
shortening to increase flood risk (Liu et al., 2005; Nirupama and Simo-
novic, 2007; Saghafian et al., 2008; Suriya and Mudgal, 2012). More and
more city residents are threatened by the increased flood risk (Cancado
et al., 2008; Tingsanchali, 2012).

The effect of urbanization on the rainfall-runoff analysis has been
one of the most important issues in hydrology (Hejazi and Markus, 2009;
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Roy et al., 2009; O’Driscoll et al., 2010; Du et al., 2012; Li et al., 2013;
Chen et al., 2015; Prosdocimi et al., 2015; Yao et al., 2016; Jung and
Kim, 2017; Niemi et al., 2019). Most of these studies have focused on
urban flood, although some studies have also raised the problems of
decreased infiltration and dry stream (Roy et al., 2009; O’Driscoll et al.,
2010; Jung and Kim, 2017). In those analyses, urbanization is consid-
ered simply by increasing the impervious area. That is, the impervious
area is the sole and key factor used to consider urbanization. Models like
ILLUDAS (Terstriep and Stall, 1974), SWMM (Cole and Shutt, 1976), TR-
55 (USDA, 1985), HSPF (Bicknell et al., 1996), and STORM (Wiles and
Levine, 2002) have been used for this purpose.

However, recent megacities are characterized by the high-rise
building. These cities are totally different from conventional cities that
are simply characterized by the urban area or impervious area. Mega-
cities are three-dimensional in reality. While the conventional two-
dimensional cities are characterized by impervious area, megacities
should be characterized by additionally considering the high-rise
building. That is, the conventional two-dimensional cities consider the
change of infiltration to be important, but the three-dimensional
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Fig. 1. Comparison of conventional flow path and changed flow path by a building.

megacities should additionally consider the rainfall interception by the
high-rise building. In previous studies, the interception on buildings was
considered as a loss (Grimmond and Oke, 1991; Lemonsu et al., 2007;
Hamdi et al., 2011), or buildings were regarded as a factor that slows the
runoff (Schubert et al., 2008; Cea et al., 2010; Chan, 2012; Dottori and
Todini, 2013). However, in the three-dimensional city, the intercepted
rainfall should be analyzed as an additional source of runoff.

The role of interception by the high-rise building in an urban basin is
similar to the role of high mountains in a natural basin. Both high-rise
buildings and high mountains have a major effect on the interception
of rainfall that falls obliquely due to the wind. It is difficult to find
previous studies on the phenomenon that rainfall-runoff characteristics
are changed by high-rise buildings. On the other hand, the authors could
find several references of analyzing the effect of the high mountains. For
example, Hughes et al. (2009) showed the role of the mountain (spe-
cifically, Big Pine Mountain, located in California) is to make different
runoff patterns on its coastal side and its inland side. Simply, the
mountain intercepts rainfall to make additional runoff on the coastal
side. A similar result can also be found in Murphy et al. (2017), who
compared the runoff on the eastern and western sides of Luquillo
Mountain in Puerto Rico. The total amount of rainfall on the western
side of Luquillo Mountain was found to be 46% higher than that on the
eastern side. The role of the high-rise buildings in megacities can be
assumed to be similar to those mountains.

It should also be mentioned that the high-rise building changes and

complicates the route of runoff. The change is also dependent upon the
shape of the building, as well as the density of buildings in an urban
area. The raindrops that have reached the wall of a building roll down
for a while, and then free fall again to the ground. The rainfall on the
rooftop of a building is generally drained through the vertical pipe.

Various studies have been done for the runoff on the wall of a
building (Beijer and Johansson, 1977; Hall and Kalimeris, 1982; Blocken
and Carmeliet, 2012). For example, Beijer and Johansson (1977)
simulated the runoff on the wall of a building using a simple rain-
fall-runoff model. Hall and Kalimeris (1982) calculated the runoff depth
on the wall, which was then used to estimate the flow velocity. Blocken
and Carmeliet (2012) numerically simulated the runoff on the wall to
show that the flow itself is very similar to that in the open channel. These
studies confirm that the runoff does exist on the wall of a building, which
can also be considered in the rainfall-runoff analysis in an urban basin.

The objective of this study is to consider the high-rise buildings in the
rainfall-runoff analysis of an urban basin. In particular, the difference
should be evaluated between the conventional two-dimensional rain-
fall-runoff analysis and the three-dimensional analysis considering the
high-rise building. The rainfall-runoff analysis method in this study is
basically simulation-based, and some additional experiments will also
be conducted in a laboratory environment to validate the proposed
method.
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(b) Sub-basin division and flow path in
urban basin with the high-rise building

Fig. 2. Comparison of sub-basin division and flow path in urban basin with and without the high-rise building.

2. Distortion of the rainfall-runoff process by high-rise
buildings

2.1. Rainfall interception

In general, the amount of intercepted rainfall is regarded as being
evaporated and does not contribute to the runoff during the short-term
of the rainfall-runoff process. On the other hand, rainfall intercepted by
a high-rise building could reach the ground and contribute to the runoff.
Therefore, the intercepted rainfall, in this case, may not be assumed to
be evaporated as in the conventional rainfall-runoff analysis method.

Cho et al. (2020) proposed an empirical equation for estimating the
amount of rainfall intercepted by a building wall. The basic form of the
empirical equation was determined by analyzing prior studies on the
spatial distribution of wind-driven rain (WDR), and a laboratory
experiment was conducted to fit the proposed empirical equation. In
addition, the empirical equation was validated by comparing its esti-
mates with the in-situ observation. The empirical equation proposed by
Cho et al. (2020) is as follows:

Q=0.161 x Bx Hx U x R)® (€))

where R}, is the rainfall intensity observed at the ground (mm/h), B is
the width of the building wall (m), H is the height of the building wall
(m), U is the wind speed (m/s), and Q is the amount of intercepted
rainfall (mz-mm/h). In this study, the amount of intercepted rainfall
was estimated using Eq. (1), which was then used as input data for the
runoff analysis from the wall of a high-rise building.

2.2. Three-dimensional flow path

Consideration of the high-rise building changes the flow path of
runoff in the basin. Generally, the flow path is considered over the two-
dimensional plane. The flow length is estimated as the horizontal dis-
tance, and the flow velocity is determined by considering the slope of the
land surface. In urban basins, buildings are assumed to be simply a part
of the impervious area. The building’s shape including the height and
width, is not considered in the flow path. In some two-dimensional
rainfall-runoff models, the flow path on the land surface is deter-
mined by considering the barrier role of a building (Seyoum et al., 2012;
Bisht et al., 2016; Leandro and Martins, 2016; Huang and Jin, 2019).

Fig. 1 shows the possible change of flow path due to high-rise
building. Fig. 1(b) shows the changed flow paths due to a high-rise
building over the two-dimensional plane, which are very different
from the conventional one, as shown in Fig. 1(a). Additionally, the high-
rise building makes the flow path three-dimensional (Fig. 1(d)). The

flow path cannot be two-dimensional, such as in the conventional model
(Fig. 1(c)). The vertical path is especially important in the case that the
travel time from the rooftop of a building to the ground is relatively
long. In a small urban center with many high-rise buildings, this change
will surely be concentrated. In this case, the flow path from the building
wall to the ground can also be important.

2.3. Sub-Basin division

The sub-basin division is important to consider various areas with
different characteristics in the runoff estimation. In particular, the high-
rise building itself can be divided into several sub-basins. Fig. 2(b) shows
an example of the sub-basin division of a high-rise building. The con-
ventional method of sub-basin division is as in Fig. 2(a), even in the case
of considering a building as a barrier against surface runoff.

Fig. 2(b) shows that the high-rise building can be divided into one
sub-basin of the rooftop and four building walls. The flow path from the
rooftop of a building (sub-basin ®-1) includes the rooftop itself, and the
flow through the vertical drainage pipe. The flow path from the building
wall (sub-basins -2 — -5) is composed of the surface flow on the
building wall, and the free fall again to the ground. In particular, when
the wind is rather high, the sub-basins @-2 — ®-5 (i.e., building walls)
are important. If the wind speed is greater than 8.2 m/s, the intensity of
wind-driven rain on building walls can be higher than that on the
rooftop of a building (Cho et al., 2020). In this case, the slope of wind-
driven rain becomes 45°, determined by comparing the terminal ve-
locity of a raindrop and the wind speed.

3. Rainfall-runoff model and parameters
3.1. Model

This study uses the rainfall-runoff model proposed by Kang and Yoo
(2018). This rainfall-runoff model is based on the concept of the shot
noise process (Weiss, 1977). The shot noise process was developed to
model the noise from a diode or transistor. This noise has the peak at the
occurrence point, and as time continues, decays exponentially. Due to
the characteristic feature of the noise, it is called as a shot noise. If many
noises occur, the resulting overall noise simply becomes the sum of each
noise.

Kang and Yoo (2018) proposed the use of the shot noise process to
model flood runoff. In fact, the shot noise process model has been used
more to model the long-term runoff, rather than the flood. This is
because the sharp peak at the occurrence of the noise was assumed to be
inappropriate to model flood runoff. However, the concept of the linear
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Fig. 3. Comparison of the concept of shot noise process model with that of conventional rainfall-runoff model.

reservoir model, which also produces a shot-noise-like response func-
tion, has been frequently used in the modeling of the instantaneous unit
hydrograph (Nash and HRS, 1960; Diskin et al., 1973; Singh, 2004;
Sahoo et al., 2006). As many shot noises or linear reservoirs are
considered, the characteristic feature of each shot noise naturally
disappears.

Another interesting feature of the shot noise process considered by
Kang and Yoo (2018) is that the sum of each shot noise simply becomes
the overall result. That is, different from other rainfall-runoff models,
channel flood routing is not considered. The runoff from any sub-basin is
considered as a single shot noise. The shape of the shot noise can be
different according to the sub-basin characteristics, channel character-
istics to the exit of the basin, and the rainfall input. However, each shot
noise becomes independent from others as all of them flow to the exit of
the basin. Each shot noise is simply added at the exit of the basin (see
Fig. 3). As this study assumes that the rooftop of a building, as well as
each building wall, is an independent sub-basin, it is easy to evaluate the
contribution of each sub-basin to the total runoff at the exit of the basin.

The runoff at the exit of the basin due to a unit effective rainfall can
be expressed as a sum of shot noises from all contributing sub-basins.

(=t ()

U(t)=> P (2)

where, n is the number of sub-basins, P, is the peak value of the
runoff generated by the unit effective rainfall from each sub-basin, t.,) is
the travel time from the center of each sub-basin to the exit of the basin,
and K, is the decay coefficient of the shot noise or the storage coefficient
representing the entire flow path from the center of the sub-basin to the
exit of the basin. In this study, as the basin area is small, the rainfall
intensity is assumed to be the same all over the basin. As a result, the
runoff hydrograph due to continuous rainfall can be derived as follows:

(=) 1¢()

o(r) = ZR,- X U(t—i) = ZRi > P m 3

where, i represents the time of rainfall occurrence, and R; represents
the rainfall intensity.

The parameters of the rainfall-runoff model are the peak value (P,),
the travel time (t, ) and the decay coefficient (K;,) of the shot noise
representing each sub-basin. First, the travel time (t.(,)) is determined as
the sum of each travel time from the center of the basin to the exit of the
basin. The surface runoff of the sub-basin and several open channel
flows are considered to estimate the travel time. In ungauged basins,
empirical equations are generally used to estimate the travel time. The

Kirpich (Kirpich, 1940), Rziha (Rziha, 1876), Kraven (I) (JSCE, 1999),
Kraven (II) (JSCE, 1999), and Kerby (Kerby, 1959) formulae are among
those that are available for this purpose. Each formula was derived
under certain specific conditions, which should also be considered in its
application. If the observed data are available, the travel time can be
easily estimated.

The decay coefficient (K,) can be replaced by the storage coefficient.
This arises from the fact that the shot noise process is also the response of
a linear reservoir. Basically, the storage coefficient can be estimated by
analyzing the observed data. However, in the case of ungauged basins,
the storage coefficient should also be estimated using some empirical
equations. The equations of Clark (1945), Linsley (1945), Russell et al.
(1979) and Sabol (1988) are among those frequently used.

Finally, the peak value (P,) is determined by considering the total
runoff volume at each sub-basin. The total runoff volume (Volume) at
each sub-basin can be easily estimated by applying the modified rational
formula with the given runoff coefficient (Hua et al., 2003):

Volume = PH/ e Fudt ()]
0

3.2. Travel time and storage coefficient

In a small urban basin, the travel time of a raindrop, even from the
farthest point, is not long. It can take just a few minutes to reach the
nearest manhole. However, if considering a high-rise building, the flow
path can be longer, and thus the travel time can also be longer. Obvi-
ously, a longer travel time alleviates peak flow, but the problem is that
the high-rise building has four walls and a rooftop to contribute to
runoff. How to consider these changes is of interest in this study.

Estimation of the travel time is thus important in this study. First, the
rainfall on the rooftop of a building reaches the ground via three
different paths: One is the flow on the rooftop to the inlet of the vertical
drainage pipe, next is the flow in the vertical drainage pipe, and finally,
there is the flow on the ground from the exit of the vertical drainage pipe
to the nearest manhole. The travel time in the first and third paths may
be estimated by the Kraven (II) formula or the Kerby formula. In
particular, the Kerby formula is applied to a very small basin of less than
0.04 km?, so it is useful to estimate the travel time in a lab experiment
(Soliman, 2010). The Kraven (II) formula is also known to be valid for
small basins. The Kerby and Kraven (II) formulae are as follow:

(Ln)0.467

fe = 3626450

(5)
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where t, is the travel time (min), L is the flow length (km), n is the
roughness coefficient, S is the slope of the basin, and V is the flow ve-
locity (m/s). In Eq. (6), for the slope less than 0.005, the flow velocity V
= 2.1 m/s is applied; and for the slope higher than 0.005, but less than
0.01, V= 3.0 m/s is applied. For the slope higher than 0.01, V=3.5m/s
is applied.

The travel time in a vertical drainage pipe can be estimated by Wyly
and Eaton formula (Wyly and Eaton, 1961). Their formula provides the
mean falling velocity:
Vope = 16.2(%)0'4 %)

where vy, is the fall velocity (m/s) in a vertical drainage pipe, Q is
the flow rate (m3/s), and d is the diameter (m) of the pipe. The flow rate
is generally estimated by applying the rational formula (Ponce, 1989;
Maidment, 1993; Bedient et al., 2008), and the diameter of the pipe is
assumed to be 0.2 m, which is the maximum one available for the high-
rise building (ME, 2015).

The travel time of a raindrop rolling down the building wall was
estimated using the experimental result by De Vogelaere and Pacco
(2012). According to their study, the mean velocity of a raindrop rolling
on a similar wall to that in this experiment is 0.027 m/s. In fact, this
velocity is very slow to make the travel time so long in a tall building.
Thus, one more assumption should be introduced for application on the
real urban basin, which is that the raindrop becomes larger as it rolls
down the wall, and finally becomes detached from the wall to free fall.

The free-fall velocity can be estimated by the equation proposed by
Ferro (2001):

Viee = Vmax (1 — €7*7) ®)

where V4. represents the mean free-fall velocity (m/s), Vmq is the
maximum free-fall velocity (m/s), d is the diameter of a raindrop (mm),
and a, is a parameter determined by considering the experimental
conditions. When the drop height of a raindrop is higher than 20 m, then
Vmax and a, are assumed to be 9.55 m/s and 6, respectively. The diameter
of a raindrop used in this study was the median value representing the
given rainfall intensity (Rziha, 1876).

The storage coefficient is more complicated to determine. This is
affected by the basin characteristics, as well as the channel character-
istics. If some amount of rainfall-runoff data are available, it may be
estimated. In ungauged basins, any given empirical formula, if it is
available, must be relied on. However, it may be an exceptional situation
for a reliable formula to be given. On the other hand, in this study, the
authors relied on the study of Russell et al. (1979), where the storage
coefficient was assumed to be more or less the same as the concentration
time (i.e., the overall travel time to the exit of the basin for each sub-
basin). Kang and Yoo (2018) also assumed the storage coefficient to
be identical to the concentration time. This assumption may not be
strictly accurate but may be acceptable in the study of handling the
rainfall-runoff analysis in an urban basin.

4. Validation of rainfall-runoff analysis in the experimental
basin

4.1. Experimental setting

In general, laboratory experiment had been conducted to analyze
factors affecting rainfall-runoff processes (Pappas et al., 2008; Shuster
et al., 2008; Shuster and Pappas, 2011; Isidoro et al., 2012; Isidoro and
De Lima, 2014; Leandro et al., 2016; Ferreira et al., 2019; Liu et al.,
2020). This study prepared an experimental basin with the rainfall
nozzles and fans for the rainfall-runoff experiment. The experimental
basin was slanted by 10°, and a basin outlet was located in the lower
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Fig. 4. Schematic diagram of experimental basin for rainfall-runoff experiment.

right corner. Fig. 4(a) shows a schematic diagram of the experimental
basin. 10 nozzles (diameter 0.5 mm) were used to simulate rainfall, and
12 fans to simulate wind. There are two rows of five rain nozzles, and the
height of each row is 2.61 m and 2.71 m from the experimental basin.
Simply, the average height of all rainfall nozzles is 2.66 m. In the case of



C. Yoo et al. Journal of Hydrology 597 (2021) 126155
20 — 2,0 2.0
18 — Al - 18 o 18 — ®
1 A m ‘ ®
1.6 — A 1 1.6 — i} 16 ®
A 4 o @
14 — A 1.4 — (] 14 — @
! A g (] 1 @
= 12—+ --A = 1.2 = 120 - @i----+--
.g- 1 a E— 4 @) = 1 ®
10—+ a £ 10 0 5 0 y
(=] | (=] 2 4 )
T 1a D 0 o)
T 08 A I 08— -----“4----=-- I o2—®
A n| o]
06 & 0.6 11 0.6 -©
A hs o
04 A 04 I 04 -©
A o o
02 4 02 1 02 -9
b a ®
0.0 A T T T ™ 0.0 1+ T T T 0.0 O T T
00 05 10 15 20 25 3.0 0.0 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
Wind speed (m/s) Wind speed (m/s) Wind speed (m/s)
(a) 140 V (b) 180 V ()220 V
Fig. 5. Average wind speed by height over input voltage.
Table 1 Table 2

Wind speed at the height of the building model.

Voltage (V) Height (m) Wind speed (m/s)
140 1.00 0.36
1.40 1.23
180 1.00 0.44
1.40 1.44
220 1.00 0.59
1.40 1.62

12 fans, the average height is 1.80 m from the experimental basin. In
Fig. 4(a), the building location indicates where the building model will
be placed.

The width and length of the building were fixed in this experiment as
0.8 m, but two different heights of the building, 1.0 and 1.4 m, were
considered. In addition, the rainfall-runoff experiment without any
building was also conducted to evaluate the effect of the building. Fig. 4
(b) and 4(c) show schematic diagrams of building models with their
heights 1.0 and 1.4 m, respectively.

In this experiment, the wind speed was controlled by adjusting the
voltage of the power supply of the fan. Three different voltages, i.e., 140,
180, and 220 V, were used for the fan. The location of the wind speed
measurement was done at the cross-section 1.2 m apart in front of the
fan. The cross-section was then divided into six columns, and, for each
column the wind speed measurement was done at every 0.1 m interval
from the bottom to the top 1.8 m. The measurement was repeated
several times to obtain the valid value. Fig. 5 shows the vertical variation
of the wind speed with respect to the input voltage.

Obviously, the distributions of the average wind speed are different
depending on the input voltage. The average wind speed was up to 1.83
m/s at 140 V, 2.05 m/s at 180 V, and 2.31 m/s at 220 V. Table 1 sum-
marizes the wind speed at the building height for each input voltage. The
cross-sectional average of the wind speed for each voltage was then
calculated to be 0.80 m/s for 140 V, 0.94 m/s for 180 V, and 1.11 m/s for
220 V. These cross-sectional averages were similar regardless of the
building height.

The rainfall intensity was controlled by changing the flow rate of the
pump. Three flow rates, i.e., 2.0, 2.5, and 3.0 L/min, were considered in
this experiment. The rainfall intensity on the experimental basin was not
evenly distributed, so the representative rainfall intensity was deter-
mined as the mean of nine measurements over the experimental basin.

Representative rainfall intensity based on wind speed and pump flow rate
condition.

Pump flow rate (L/min) Wind speed (m/s) Rainfall intensity (mm/hr)

2.0 0.80 27.3
0.94 25.9
111 21.4
2.5 0.80 32.5
0.94 29.3
111 24.6
3.0 0.80 37.7
0.94 33.2
1.11 27.2

That is, the experimental basin was divided into nine equal zones, and
the rainfall intensity was measured at the center of each zone. The
representative rainfall intensity was then determined to be their arith-
metic average. The measurements were repeated three times, and
finally, their average was used as the rainfall condition in this study.

The authors found that the rainfall measurement method in this
study was very similar to that of Isidoro et al. (2012). Isidoro et al.
(2012) measured the rainfall intensity at every 0.3 m intervals over the
2 m x 2 m experimental basin. Also, Isidoro et al. (2012)) repeated
measurement three times to determine the rainfall condition.

Table 2 summarizes the representative rainfall intensities deter-
mined with respect to various conditions. Table 2 shows that as the
pump flow rate increases, the rainfall intensity increases. On the other
hand, as the wind speed increases, the rainfall intensity decreases.
Obviously, as the wind speed increases, a significant amount of rain-
drops fall outside of the experimental basin. This is the reason why as the
wind speed increases, the rainfall intensity decreases. When the pump
flow rate was the highest (i.e., 3.0 L/min) and the wind speed was the
lowest (i.e., 0.8 m/s), the average rainfall intensity was the highest at
37.7 mm/h. In contrast, when the pump flow rate was the lowest (i.e.,
2.0 L/min) and the wind speed was the highest (i.e., 1.11 m/s), the
average rainfall intensity was the lowest at 21.4 mm/h.

The rainfall-runoff experiment using several buildings had been
conducted in previous studies (Isidoro et al., 2012; Liu et al., 2020). On
the other hand, in this study, only one building is considered, and ex-
periments are conducted by changing the height of the building with
various rainfall and wind speed conditions. Through these experiments,
this study evaluates the effect of the intercepted rainfall by a building
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Fig. 6. Sub-basin division of experimental basin with and without the building.
model on the rainfall-runoff process under various rainfall, wind speed
conditions. In addition, the authors try to show that the influence of the

building, which would be verified by the experiment, can be theoreti-
cally simulated by the rainfall-runoff model.

4.2. Rainfall-runoff analysis

4.2.1. Sub-basin division and travel time

Journal of Hydrology 597 (2021) 126155

Also, in additional to the slope 10° in the flow direction of the basin,
the slopes in the cross direction were all assigned to be 0.1°. This slope in
the cross direction was introduced to apply the empirical formulae to
estimate the travel time.

The area and flow length of the sub-basin (-1 are the same as those
of the sub-basin @, but the slope inside of the sub-basin -1 is assumed
to be 0.1°. The flow length outside of the sub-basin -1 additionally
includes the height of the building. The area of the sub-basin -2 varies,
according to the height of the building. The flow length within the sub-
basin is the same as the building height, and the flow length outside of
the sub-basin becomes 1.4 m in the cross direction, and 1.2 m in the flow
direction.

The formulae by Kerby (1959) and De Vogelaere and Pacco (2012)
were used in this study to estimate the travel time. The formula by Kerby
(1959) was used to estimate the travel time on the rooftop of the
building, and that on the land surface. The roughness coefficient
required to apply the Kerby formula was assumed to be 0.01 for the
wood (rooftop and wall of the building), and 0.009 for the acrylic (basin
surface).

The travel time on the building wall was estimated by applying the
experimental result of De Vogelaere and Pacco (2012). Based on De
Vogelaere and Pacco (2012), the flow velocity of a raindrop rolling
down the building wall is about 0.027 m/s. The travel time in the
building wall was thus estimated simply by dividing the building height
by this flow velocity. In reality, the raindrops that reach the rooftop of a
building are collected and drained by vertical pipes; but in this experi-
ment, they are drained simply by rolling down the building wall.

Table 4 summarizes the travel time estimated for each sub-basin in
Fig. 5(a) and 5(b). Both inside and outside the sub-basin were consid-
ered to estimate the travel time. As the slope in the cross direction was
assumed to be small, the travel time was estimated longer if the travel
path included a rather long portion in the cross direction.

Table 4
Travel time of sub-basins based on the height of the building.

Building Sub-basin Inside travel Outside travel Total travel

Fig. 6 shows that the sub-basin division was done by considering the height (m) number time (sec) time (sec) time (sec)
rooftop and each wall of the building located at the center of the basin. 0 ® 12.9 58.8 717
To compare the runoff results from the basin with and without the ® 12.9 65.1 78.0
building, the basin without the building was also divided into five sub- ® 19.9 58.4 78.3
basins (Fig. 6(a)). With the building at the center of the basin, the total @ 9.4 49.4 58.8
number of sub-basins was increased to be eight (Fig. 6(b)). In this case, 10 81 é?:: gg: 1:3?
the rooftop of the building (sub-basin -1) has a longer travel time than (rooftop)
the sub-basin @, as the raindrops on the rooftop should drain by rolling ®-2 (wall) 37.0 65.1 102.1
down the building wall. Also, in this experiment, not all four building ® 12.9 65.1 78.0
walls contribute to the runoff. Depending on the wind direction, just one @ 199 58.4 78.3

. PR . @ 9.4 49.4 58.8
or two walls contribute to the runoff. This is also the same in the real ® 19.9 333 53.9
world. In this experiment, just one building wall, the sub-basin ®@-2 was 1.4 ®-1 61.3 110.6 171.9
considered in the runoff estimation. (rooftop)

Table 3 summarizes the basic characteristics of each sub-basin @-2(wal) 519 65.1 117.0
(without the building). The sub-basin area varies from 0.32 to 1.20 g 1;'2 gg.‘l‘ ;g'g
m2 The flow length was determined separately for the inside and @ 04 49.4 58.8
outside of the sub-basin. The flow length inside of the sub-basin in- ® 19.9 33.3 53.2
dicates the length from the farthest point to the exit of the sub-basin.

Table 3
Basic characteristics of each sub-basin without the building.
Sub-basin number Sub-basin area (m?) Flow length (m) Slope (°)
Inside Outside Inside Outside
Flow direction Cross direction Flow direction Cross direction
0] 0.64 0.8 0.4 1.4 10.0 10.0 0.1
® 0.64 0.8 1.2 1.4 10.0 10.0 0.1
® 1.20 2.0 0.0 2.0 10.0 10.0 0.1
® 0.32 0.4 0.0 1.4 10.0 10.0 0.1
® 1.20 2.0 0.0 0.6 10.0 10.0 0.1
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Fig. 7. Comparison of unit impulse function with and without the building.

As can be found in Table 4, the travel time for the sub-basins @-®
remained the same in both cases of with or without the building at the
center of the basin. However, the sub-basin @ in Fig. 6(a) was divided
into two sub-basins -1 and -2 as a building was introduced, such as
in Fig. 6(b). As the wind direction in this experiment was fixed to be
perpendicular to the building wall, in this case only one building wall
-2 was considered. The travel time of sub-basin (-1 is very different
from that of sub-basin @. One reason is that the building wall is addi-
tionally considered in its estimation, and the second reason is that the
slope of the rooftop of the building is assumed to be much milder than
that of the basin surface. The decay coefficient of all the basin was
assumed to be the same as its travel time. This assumption is based on
Russell et al. (1979), in which the travel time and storage coefficient in
an urban basin can be assumed to be identical.

4.2.2. Evaluation of impulse response functions

Fig. 7(a) and (b) compare the impulse response functions measured
at the exit of each sub-basin, while Fig. 7(c) and (d) do the same, but are
measured at the exit of the entire basin. Fig. 7(b) and (d) contain more
graphs as the number of sub-basins are increased, as the building is
additionally considered. As the building is introduced, a sub-basin is
replaced by two: a rooftop sub-basin of the building, and another sub-
basin representing the building wall. In fact, these two constitute the
difference between the two cases of with and without the building. As a
result of this difference, the resulting impulse response function (solid
line in Fig. 7(d)) shows a slightly higher peak than that in Fig. 7(c)
without the building. This is mainly due to the contribution from the

building wall sub-basin. On the other hand, as the travel time signifi-
cantly increases, the rooftop sub-basin, instead of the corresponding
ground one, decreases the peak flow.

4.2.3. Determination of experiment time

The rainfall duration in the experiment was determined to confirm
the occurrence of peak flow. Two different wind speeds of 0.80 and 1.11
m/s and three rainfall intensities were considered in this experiment
with the building of width 0.8 m and height 1.4 m. Fig. 8 shows the
observed runoff for 20 min in those experimental settings. Additionally,
the same condition was applied for the rainfall-runoff simulation, whose
result is also compared in the same figure:

This figure shows that the peak flow occurred at around 300 s in the
experiment. On the other hand, the peak time in the rainfall-runoff
simulation was found to be a bit retarded, compared with that of the
experiment. This difference might be due to the rather long travel time
on the building wall in the rainfall-runoff simulation. The simulation
result shows that the peak flow occurred at about 800 s. Based on these
experimental and simulation results, this study determined the rainfall
duration to be 1,200 s. The runoff measurement was extended by an
additional 600 s to see the behavior of the hydrograph in the falling
limb. The simulation was also done for the same condition.

4.2.4. Sensitivity analysis of the simulation results

In this study, the authors conducted the sensitivity analysis of
simulation results on peak value and travel time. The peak value of the
shot noise is related to the peak flow of the hydrograph, and the travel
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Fig. 8. Rainfall-runoff experiment for determination of experiment time.

time is related to the peak time and the recession curve. The peak value
can be estimated by using the results of the modified rational formula, in
which the key parameter is the runoff coefficient. In the experimental
basin in this study, infiltration does not occur, and all rainfall contrib-
utes to the runoff. Therefore, the peak value was estimated assuming
that the runoff coefficient of the basin is 1.0.

To analyze the sensitivity on the peak value, this study simulated the
hydrograph by changing the runoff coefficients to 0.80, 0.85, 0.90, 0.95,
and 1.00 while other parameters are fixed. To analyze the sensitivity on
the travel time, the hydrograph was simulated by changing the average
of the travel time to 50 sec, 70 sec, 90 sec, 110 sec, and 130 sec. In this
analysis, the height of the building model was fixed to 1.4 m. Figs. 9-10
show the simulation results with various runoff coefficients and the
average of the travel time.

Figs. 9-10 shows the influence of the peak value of the shot noise and
travel time on the simulation results. In Fig. 9, as the runoff coefficient
increases, the peak of the hydrograph also increases. When the runoff
coefficient is 1.00, the peak flow is 1.25 times bigger than that with the
runoff coefficient of 0.80. In Fig. 10, the peak time increases as the
average of the travel time increases. When the average of the travel time
was 130 sec, the peak time was increased by 2.32 times on average
compared to that with the average of the travel time of 50 sec. Through
the sensitivity analysis, the authors were able to confirm the effect of
peak value and travel time on the simulation results in this study.

4.3. Comparison of the simulation and experimental results

In the rainfall-runoff simulation considering the building located at
the center of the basin, it was required to add the WDR on the building
wall. This study used the empirical equation by Cho et al. (2020) (i.e.,
Eq. (1) in Section 2), which is, in fact, the equation to estimate the
amount of rainfall intercepted by a building. The amount of rainfall
interception was then converted into the rainfall intensity over the
building wall to be used as input of the rainfall-runoff model. For
example, under the condition of the wind speed 1.62 m/s and rainfall
intensity on the basin surface 27.2 mm/h, the rainfall amount inter-
cepted by the building wall with its height 1.4 m and width 0.8 m
comprises up to 27.4% of the rainfall amount collected over the rooftop
of the building.

Fig. 11 compares the runoff results based on the experiment and
simulation. All the symbols represent the experimental results, the circle
represents the experimental results for the building height 1.4 m, the
triangle for the building height 1.0 m, and the square with no building in
the basin. The solid lines represent the simulation results, the darkest
one for the building height 1.4 m, and the lightest one with no building
in the basin.

Basically, the experimental results matched the simulation results
well. The overall shape was the same, and the peak flows were also very
similar to each other. However, in the simulation of the cases, the peak
time was found to be slightly retarded, especially when considering the
building at the center of the basin. This problem was also noticed in the
pre-experiment for determining the rainfall duration for the experiment.
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Fig. 9. Sensitivity analysis of peak value on simulated hydrograph.

This difference indicates a possible overestimation of the travel time in
the building wall.

However, the difference between the cases with and without the
building at the center of the basin was clearly evident. The difference
between the cases with different building heights, even though it was
smaller than that between the cases with and without the building, could
also be clearly observed. As a result, the effect of the building wall on the
runoff could be confirmed in this experiment. In particular, the contri-
bution of the building wall to the peak flow was found to be highly
significant, especially when the wind speed was high. For example,
when the mean wind speed was 0.80 m/s, the contribution of the
building wall on the peak flow was 2.9 — 3.9% for the building height
1.0 m, and 4.7 - 5.2% for the building height 1.4 m. It became even
higher, when the mean wind speed was 1.11 m/s, to become 6.3 - 6.9%
for the building height 1.0 m, and 14.2 — 17.0% for the building height
1.4 m.

If considering higher buildings, the contribution from the wall could
be much higher than that from the rooftop of the building. Cho et al.
(2020) estimated the amount of rainwater that could possibly be
collected from the building wall according to the ratio of the wall area to
the rooftop area. Based on their study, when the ratio of the wall area to
the rooftop area is one, the rainwater collected from the building wall
can be greater than 50% of the rainwater collected from the rooftop
(under wind speed higher than 4 m/s). Furthermore, the amount of
rainwater from the building wall can be greater than that from the
rooftop if the ratio of the wall area to the rooftop area increases to 10,

10

even in the case where the wind speed is only around 1 m/s.

In addition, the authors investigated how the RMSE and the differ-
ence between the peak flows changed in the case of considering the
building. The observed hydrograph used in the analysis is the result of
considering the building, and the simulated hydrographs are the results
with and without considering the building. Table 5 shows the RMSE and
Table 6 shows the difference between peak flows.

Table 5 shows that the accuracy of the rainfall-runoff model can be
improved as the building is considered. In all cases, the RMSE between
the observed and simulated hydrograph decreased as the building was
considered. In some cases, the RMSE decreased by more than 50% as the
building was considered. Table 6 also shows that the difference of peak
flow decreases significantly as the building is considered.

5. Conclusions

This study proposed the rainfall-runoff analysis method considering
the high-rise building in an urban basin. The high-rise building changes
the role of rainfall interception and complicates the flow path of the
runoff. The rooftop and wall of the building were assumed to be inde-
pendent sub-basins to analyze the effect of high-rise buildings. The
rainfall-runoff model based on the shot noise process was applied to
consider the building rooftop sub-basin and the wall sub-basin inde-
pendently. In addition, the rainfall-runoff experiment was conducted in
a laboratory environment to validate the proposed method considering
the high-rise buildings. The major results of this study can be
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Fig. 10. Sensitivity analysis of travel time on simulated hydrograph.

summarized as follow:

(1) This study analyzed the effect of the high-rise building on the
rainfall-runoff analysis. The intercepted rainfall by the building wall can
contribute to the increase of the runoff volume and peak flow, but the
longer flow path from the rooftop basin can decrease the peak flow.
Overall, the role of the building wall was found to be more significant,
resulting in increased runoff volume and peak flow.

(2) Both the simulation study and the experimental study were
conducted to evaluate the effect of the high-rise building on the runoff.
Both results, i.e., the runoff hydrographs, were very similar to each
other, which confirms the effect of the high-rise building on the runoff.
Additionally, the experimental result could validate the rainfall-runoff
analysis method used in this study.

(3) It was confirmed that the contribution of the building wall to the
peak flow was highly significant, particularly when the wind speed was
high. For example, when the mean wind speed was 1.11 m/s, the
contribution of the building wall to the peak flow was 6.3 — 6.9% for the
building height 1.0 m, and 14.2 — 17.0% for the building height 1.4 m. If
considering higher buildings, it becomes even higher. Based on Cho
et al. (2020), if the ratio of the wall area to the rooftop area increases to
10, the amount of rainwater from the building wall can be larger than
that from the rooftop, even in the case where the wind speed is only
around 1 m/s.

(4) This study found that the accuracy of the rainfall-runoff model
can be improved by considering the building. When the building was
considered, the RMSE between the observed and simulated hydrograph

11

decreased in all cases. In some cases, the RMSE decreased by more than
50%, and the difference of peak flow also decreased significantly as the
building is considered.

The above results of this study confirm that in urban basins, the
contribution of the high-rise building to the runoff can be significant.
However, it should be mentioned that the experiment was conducted
indoors, so it was impossible to satisfy all the conditions mimicking the
natural phenomena. To conduct the more accurate experiment, the
rainfall nozzle should be located very high for the raindrops to reach the
terminal velocity. However, the maximum height available in the lab
was just 3.0 m. That is, the rainfall simulation may be assumed to be
somewhat limited. Instead, Cho et al. (2020) tried to prove the appli-
cability of the empirical equation using the data collected from a
building model located on the rooftop of Engineering Hall, Korea Uni-
versity located in Seoul, Korea. Fortunately, the result was very similar
to that derived in the lab, and, as a result, the authors could confirm that
the empirical equation derived is valid.

In addition, this study simulated the rainfall-runoff processes using
various empirical formulas. In this study, the empirical formulas worked
well in the laboratory scale, but it is true that the authors cannot guar-
antee their applicability to the real world. To prove the applicability of
those empirical equations, it is necessary to analyze the observed data
collected from the real basin. The authors are currently conducting
additional research to verify the methodology proposed in this study.
The authors also expect that the proposed empirical formula can be
applied to real world with real buildings and real urban basins.
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Table 5
RMSEs (10°m3/sec) with and without considering building.

Wind speed (m/s) Rainfall intensity (mm/hr) Without With
considering considering
building building
Building Building
height (m) height (m)
1.0 1.4 1.0 1.4

0.80 27.3 3.93 2.79 3.28 2.18
37.7 4.34 5.23 3.49 3.50
1.11 21.4 1.55 2.74 1.27 1.28
27.2 1.76 4.16 1.22 1.79

Table 6
Difference of peak flow (10°m>/sec) with and without considering building.
Wind speed (m/s) Rainfall intensity (mm/hr) Without With
considering considering
building building
Building Building
height (m) height (m)
1.0 1.4 1.0 1.4
0.80 27.3 4.00 290 3.50 0.30
37.7 3.30 4.10 270 0.11
1.11 21.4 1.60 4.30 1.00  0.90
27.2 230 5.60 1.50 1.50
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