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Abstract: This study proposed two methods, boundary-type and pond-type, to link overland and
underground space in urban flood modeling. The boundary-type treats the exit of underground
space as an interface for inflow of floodwater by imposing open boundary condition and pond-type
considers underground space as an underground pond by configuring pond terrain. The effect
of underground space in urban flood inundation was examined by coupling one-dimensional
(1D) stormwater management model (SWMM) and two-dimensional (2D) overland flood model.
The models were applied to the Hyoja drainage basin, Seoul, Korea where urban flood occurred due
to heavy rainfall in 21 September 2010. The conduit roughness coefficient of SWMM was calibrated to
minimize the difference between observed and predicted water depth of pipe. In addition, the surface
roughness coefficient of 2D model was calibrated by comparing observed and predicted flood
extent. Then, urban flood analysis was performed on three different scenarios involving a case
not considering underground (Case 1) and cases considering underground, boundary-type (Case 2)
and pond-type (Case 3). The simulation results have shown that the boundary-type is simple but
robust method with high computational efficiency to link overland and underground space in urban
flood modeling.
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1. Introduction

Rapid industrialization and urbanization has brought about an increase in population, industrial
facilities, and transportation, which require building space utilization advancement and space layout
planning for efficient utilization of overland space. Nonetheless, the lack of overland due to the
expanding urbanization has led a variety of types of underground developments, such as underground
roads, underground shops, subways, underground culverts, or substation for space utilization
advancement, which has created highly complex combinations of overland and underground in
urban areas. In recent years, the occurrence frequency of effective rainfall that exceeds design capacity
of storm water drainage systems has increased due to the climate change and local heavy rainfall,
resulting in flooding in overland and underground spaces.

1D/1D or 1D/2D coupled urban flood analysis models have emerged to assess the hydraulic
performance of sewer network flow and overland flow simultaneously. 1D/1D models were developed
and improved significantly [1,2], and studied for modeling approaches and real-time application about
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overland flooding modeling [3–5]. Mark et al. [1] and Leandro et al. [6] suggested the potentials and
drawbacks of each model for urban flood modeling through extensive comparison of 1D/1D and
1D/2D models. Recently, 1D/2D models are becoming popular with the development of modeling
techniques and the improvement of computer performance [7] despite the drawback of 2D overland
model requiring considerable computational efforts including long simulation time. The resolution
of topographic data is one of the most critical factors for accuracy of 2D overland model in urban
inundation analysis [8,9]. That is, the accuracy of the urban inundation analysis is dependent on how
well the real topography is considered. There have been numerous studies on the effect of urban
topography including building. Shoji and Mikio [10] investigated the effect of building arrangement
on the flood wave through the hydraulic model experiment. Mirei and Juichiro [11] investigated the
behavior of 2D flood flows and the hydrodynamic force acting on structures through numerical model
simulation and experiment. Alcrudo [12] studied mathematical modeling techniques to represent
water depth and velocity in the vicinity and around buildings. In recent years, a number of studies of
topographic data utilizing higher, more sophisticated resolution such as Light Detection And Ranging
(LiDAR) and Digital Surface Model (DSM) have been conducted in order to calculate direction and
pattern of flood flow in roads or around buildings [13–18]. However, 2D flood inundation modeling
using a fine grid with high-resolution topography requires considerable computational time, thus the
computational efficiency of 2D flood modeling is one of the challenges [19]. This problem has led
to several methodologies to improve the performance of 2D urban flood modeling such as sub-grid
method [20,21], 2D storage model with bilinear gridding technique [22], multi-layered coarse grid
modeling [19], porosity shallow water model [20–28] and LiDAR filtering algorithm [29,30].

Most studies on urban flood modeling including the aforementioned studies did not consider
floodwaters flowed into the underground space from the overland. That is, most studies on urban flood
have been conducted by considering overland and underground space independently; few studies
have been conducted on the analysis of the effect of the presence of underground space on urban flood
considering the link between overland and underground spaces.

This study proposed two methods, boundary-type and pond-type, to link the overland and
underground spaces in the urban flood modeling using the 2D flood model. The methods have been
applied to examine the effect of underground spaces on flood characteristics including flood depth,
area, and velocity of overland floodwaters in the urban flood modeling. To achieve this, the 1D
SWMM and 2D overland flood models have been applied to the Hyoja drainage basin of Seoul where
urban flooding occurred in 21 September 2010. The manhole overflow predicted from the SWMM
was employed as forcing data in the 2D overland flood model. The accuracy and computational
efficiency of the proposed methods were examined by comparing measured flood extent and depth
and predictions, and computation time between models.

2. Methods

2D flood inundation model was coupled with 1D SWMM to account for rainfall–runoff, pipe flow,
surcharged overflow at manhole, flood flow entered into underground space, and overland flow on
the street in urban area. The 1D SWMM simulates rainfall–runoff, sewer network and sewer overflow,
and 2D flood inundation model accounts for overland flow caused by manholes and floodwater flowed
into underground space.

2.1. Urban Flood Inundation Model

The causes of urban inundation are topographically low lands, poor drainage due to an increase
of water level in the river, road surface drainage due to sewage backwater, lack of capacity or failure
of pumps, and lack of drainage capacity of sewer system. In Korea, 25% of urban flooding is due to
a lack of drainage capacity of sewer system [31]. In recent years, urban flooding has increased due to
abnormal climate activity and local heavy rainfalls that exceed the design frequency of conveyance
capacity in the urban drainage system.
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In this study, the overflows at the manhole due to exceeding pipe capacity were calculated
through rainfall–runoff analysis with SWMM which is a 1D dynamic urban storm sewer system
analysis model. Then, an urban flood analysis was conducted by utilizing the manhole overflows as
boundary conditions in the 2D overland flood model. The linkage process between 1D SWMM and 2D
overland flood model applied in this study is shown in Figure 1.
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Figure 1. Flowchart of linkage process between SWMM (stormwater management model) and 2D
flood model considering underground space.

Overflows at the manholes due to the surcharge in the urban drainage system cause overland
flood inundation; some of them flow into underground, and thereby inundate the underground space.
In this study, the 2D Godunov-type flood model [32] was applied to perform the linkage with overland
flooding and inflow into underground space due to manhole overflows. The 2D flood model is based
on shallow water equations and can be represented as a vector type as shown in Equation (1).

Ut + F(U)x + G(U)y = S(U) + Q(U), (1)

where U is a physical vector consisting of conservation variables; F(U) and G(U) are the fluxes in the x
and y directions, respectively; S(U) is a source term; and Q(U) is a term that connects the SWMM and
2D overland flood model. In this study, urban flood inundation analysis was conducted by inputting
the overflow calculated from SWMM to the 2D flood model through Q(U).

In this study, the following two-step time frictional scheme was applied to calculate conservation
variables Ui in the mesh center at n + 1 time. In the first step (n and n∗), fluxes F(U) and G(U) are
considered (Equation (2)), and in the second step (n∗ and n + 1), Un∗

i , S(U), and Q(U) are considered,
thereby calculating conservation variables at the n + 1 time (Equation (3)).

Un∗
i = Un

i −
∆t
Ai

(
Ni

∑
k=1

(F · n−G · n)n
k Li,k

)
, (2)

Un+1
i = Un∗

i −
∆t
Ai

(S + Q)n∗
i , (3)

where Ai and Ni are area of mesh (i) and the number of interfaces in the mesh, respectively, and Li,k is
a length of the k-th interface in the mesh (i).
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2.2. Methods to Link Overland and Underground Spaces

Subway stations accounted for the largest area in the underground spaces and flood inundation
occurred there frequently in Seoul Metropolitan City, Korea. Accordingly, a subway station was taken
into consideration as representative underground space to determine the effect of the underground
space on the urban inundation modelings, a subway station was taken into consideration as
representative underground space.

This study proposed two methods, boundary-type and pond-type, to link the overland and
underground spaces in the 2D flood model. In the first method (boundary-type), the underground
space in the 2D flood model was set as an interface, and inflow of floodwater to underground space
was only possible at the exit (entrance) of subway station (Figure 2a). That is, a mesh was configured
to set the subway station as a boundary condition, and the exit was imposed as the open boundary
condition [32], thereby flow any floodwater above the threshold in the exit into the subway station.
The other three sides were imposed as closed boundary conditions, so that inflow of floodwater did
not occur as they were blocked by the wall.

In the second method (pond-type), the subway station was considered as an underground pond
(Figure 2b). That is, the subway station at the 2D flood model was configured as a pond terrain. Here,
size of the pond was set appropriately so that the water stored in the underground was not allowed to
back flow to the ground. The floodwater over exit threshold only flowed into subway station through
exit, and the three sides other than the exit side blocked by having the real structure elevation in the
terrain mesh.
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Figure 2. Schematic design to link overland and underground space: (a) boundary-type; and
(b) pond-type.

3. Applications and Results

3.1. Study Area

Seoul Metropolitan City is divided into 239 drainage basins according to area size [33]. In this
study, Hyoja drainage basin is selected as the study area because it was one of the most flood-prone
areas among the 239 drainage basins. The area of the Hyoja drainage basin is 5.4 km2, and the
upstream of the basin is a steep mountainous terrain, which gradually becomes flat in the downstream.
In the mid-to-downstream, most residential and commercial zones are densely populated, and there
are many underground structures such as subway (Figure 3). In the drainage system of study area,
rainfall collects through sewage pipes flowing down to Baekundong Stream and Junghak Stream and
finally joining at Cheonggye Stream. Baekundong Stream and Junghak Stream are urban streams that
had been covered with cement. Figure 3 shows the geographical location and satellite image of the
study area.
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3.2. SWMM Calibration

In the study area, the 1D SWMM was applied to calculate an overflow that exceeded the
conveyance capacity of the sewer pipes. As shown in Figure 4, the study area was divided into
165 sub-catchments, and input data of the SWMM including impervious ratio, slope, and CN of the
sub-catchments were applied. This study utilized the shapefile format data for specifications of the
sewer pipes and manholes, and the level-2 land cover map and biotope map to calculate an impervious
ratio and runoff curve number (CN) in the basin. These three data were provided by Urban Safety
Division of Seoul Metropolitan City (https://safe.seoul.go.kr). The 34 automatic weather stations
(AWSs) are operating in Seoul Metropolitan City. Among them, AWSs in Jung-gu, Seongbuk-gu,
and Seodaemun-gu are located around the study area and rainfalls measured at these three AWSs
(http://www.kma.go.kr) were used.

The pipes in the Sejong-daero crossroad were constructed as C-shape type (Figure 3), which
was claimed to be one of the main causes of repeated flood due to the degradation of rainwater
passage capability as a result of reduction in flow velocity and increase in friction [34]. Since the
SWMM analyzed pipe flow assuming the sewage and rainwater pipes as a straight line, an energy loss
coefficient was applied to take the C-shape type pipes in the Sejong-daero crossroad into consideration.
For the value of the energy loss coefficient, 1.8, as proposed by Kim [34], was applied.

Lee et al. [35] reported that roughness coefficient of pipe and pipe slope were more sensitive than
other parameters with regard to the concentration time of run-off at the urban area as rainfall scale
increased. In addition, Kim et al. [36] highlighted Manning resistance parameter for sewer pipes is
the greatest source of uncertainty relative to surcharge prediction and thus flood extent prediction.
Thus, this study calibrated the Manning roughness parameter of conduit, which was one of the most
sensitive parameters that affected the concentration time in the basin and overflow in the manholes.
To do this, point rainfall data measured at the AWSs in Jung-gu, Seongbuk-gu, and Seodaemun-gu for
two rainfall events that occurred at 12 June 2012 and 27 August 2012 were used. The point rainfall was
converted into areal rainfall for every 10 min via the Thiessen's weighting method (Figure 5). For the
downstream boundary condition of SWMM, a water depth observed at Mojeon Bridge in Cheonggye
Stream was applied (Figure 5) (http://www.sisul.or.kr).

https://safe.seoul.go.kr
http://www.kma.go.kr
http://www.sisul.or.kr
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Figure 5. Rainfall hyetograph and boundary condition for urban run-off analysis: (a) 12 June 2010; and
(b) 27 August 2010.

In the KWRA [37], the range of Manning roughness coefficient in concrete channels was proposed
to 0.010–0.022 m−1/3s. In this study, conduit flow analysis was conducted by changing the roughness
coefficient by 0.001 m−1/3s increments within the proposed range, and the roughness coefficient
was calibrated through comparison between calculated and observed water depth. A water depth
at Baekundong Stream and Junghak Stream was observed via an ultrasonic gauge, which was
installed at a location where two streams had just joined with the Cheonggye Stream (Figure 3)
(http://www.sisul.or.kr). Baekundong Stream and Junghak Stream are urban streams that were
covered up, and they were considered as combined pipes in this study.

To calibrate the conduit roughness coefficient, the aforementioned two rainfall events and water
depths in Baekundong Stream and Junghak Stream were employed. The conduit roughness coefficient
was calibrated by adjusting it in SWMM and comparing the calculated and observed water depths.
The root mean square error (RMSE, Equation (4)) and relative peak error (RPE, Equation (5)) were
used as objective functions to minimize the difference of observations and calculations. In this
study, nm = 0.020 m−1/3s, where the least error between the calculated and observed values was set
as the optimal roughness coefficient. Table 1 shows the quantitative errors including RMSE and

http://www.sisul.or.kr
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RPE, and Figure 6 shows the comparison between observed and calculated water depth applying
nm = 0.020 m−1/3s at Junghak Stream and Baekundong Stream.

RMSE =

√
∑N

i=1 (Iobsi
− Icomi )

2

N
, (4)

RPE =

∣∣∣Iobsp − Icomp

∣∣∣
Iobsp

× 100(%), (5)

where Iobsi
and Icomi are the observed and calculated water depth at time (i), respectively; Iobsp and

Icomp are observed and calculated peak water depth, respectively; and N is the number of data.
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streams: (a,b) 12 June 2012; and (c,d) 27 August 2010.

Table 1. Errors between observed and calculated water depth at two covered urban streams with
gauge station.

Error
12 June 2010 27 August 2010

Junghak Baekundong Junghak Baekundon

RMSE (cm) 2.29 1.88 2.27 2.87
RPE (%) 6.38 1.75 2.04 5.52

3.3. Urban Flood Analysis

3.3.1. Model Scenarios

Subway stations are the largest underground spaces in the study area and this study took
Gwanghwamun subway station located at the Sejong-daero where urban flood occurred in
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21 September 2010 (Figures 3 and 7a). In this study, three scenarios were made to compare the
flood influence according to whether underground space was present or not in the urban inundation
modeling. In Case 1, the underground space was not considered, in Case 2, the underground space was
considered as a boundary-type, and in Case 3, the underground space was considered as a pond-type.
That is, in Case 2, an exit of the subway station was set to open boundary condition to have an inflow of
the floodwater, and other sides were set to closed boundary condition to block the inflow of the flood
into underground space. In Case 3, floodwater came into underground space through the exit of the
subway station, and a real elevation of the subway station was taken for the other sides to block the flow.

To apply 2D flooding model, unstructured mesh was generated using SMS Surface Water
Modeling System (SMS) (Aquaveo, Provo, UT, USA). The mesh has a resolution of approximately
from 2 m around subway station to 6 m. Figure 7b,c shows the generated meshes for Case 2 and
Case 3, respectively. In Case 2, a mesh was configured to have an exit of the subway station set to
open boundary condition and the other sides set to closed boundary condition (Figure 7b). In Case 3,
a mesh was configured to consider the elevation of the underground space (Figure 7c). In Cases 2
and 3, am overland floodwater was flowed into the subway station, when flood depth was higher
than the exit threshold elevation of the subway station. The elevations of the exit were measured in
the site, shown in Table 2. The floodwater flowed into underground space was able to flow out to
overland in Case 3 considering topography of underground space, whereas the water flowed outside
of computational domain by open boundary condition was not considered in Case 2.

The elevation was assigned to nodes of mesh from topographic data combining buildings of digital
contour maps with 1:1000 scale (http://www.nsic.go.kr) and DEM with 2 m resolution. Yi et al. [38]
built the DEM with 2 and 5 m resolution, respectively, from Airborne LiDAR with average point
density of 2.5 pt/m2 (http://www.ngii.go.kr) and KOMPSAT-2 (Korea Multi-Purpose Satellite-2)
images with 1–4 m resolution (http://www.kari.re.kr). This study used this DEM with 2 m resolution
and building process of topographic data involving LiDAR filtering algorithms was described in detail
in Yi et al. [38].

Water  2016,  8,  494  8  of  16 

 

modeling. In Case 1, the underground space was not considered, in Case 2, the underground space 

was considered as a boundary‐type, and in Case 3, the underground space was considered as a pond‐

type. That is, in Case 2, an exit of the subway station was set to open boundary condition to have an 

inflow of the floodwater, and other sides were set to closed boundary condition to block the inflow 

of the flood into underground space. In Case 3, floodwater came into underground space through 

the exit of the subway station, and a real elevation of the subway station was taken for the other sides 

to block the flow. 

To  apply  2D  flooding model,  unstructured mesh was  generated  using  SMS  Surface Water 

Modeling System (SMS) (Aquaveo, Provo, UT, USA). The mesh has a resolution of approximately 

from 2 m around subway station to 6 m. Figure 7b,c shows the generated meshes for Case 2 and Case 

3, respectively. In Case 2, a mesh was configured to have an exit of the subway station set to open 

boundary condition and the other sides set to closed boundary condition (Figure 7b). In Case 3, a 

mesh was configured to consider the elevation of the underground space (Figure 7c). In Cases 2 and 

3, am overland floodwater was flowed into the subway station, when flood depth was higher than 

the exit threshold elevation of the subway station. The elevations of the exit were measured in the 

site,  shown  in Table  2. The  floodwater  flowed  into  underground  space was  able  to  flow  out  to 

overland in Case 3 considering topography of underground space, whereas the water flowed outside 

of computational domain by open boundary condition was not considered in Case 2. 

The elevation was assigned  to nodes of mesh  from  topographic data combining buildings of 

digital contour maps with 1:1000 scale (http://www.nsic.go.kr) and DEM with 2 m resolution. Yi et 

al. [38] built the DEM with 2 and 5 m resolution, respectively, from Airborne LiDAR with average 

point density of 2.5 pt/m2 (http://www.ngii.go.kr) and KOMPSAT‐2 (Korea Multi‐Purpose Satellite‐2) 

images with 1–4 m resolution (http://www.kari.re.kr). This study used this DEM with 2 m resolution 

and building process of  topographic data  involving LiDAR  filtering algorithms was described  in 

detail in Yi et al. [38] 

 

Figure  7. Mesh  generation  to  link  overland  and  underground  spaces:  (a)  exit  locations  of 

Gwanghwamun subway station; (b) boundary‐type; and (c) pond‐type. 

Table 2. Height of exit threshold in Gwanghwamun subway station. 

Exit No.  2  3  4  5  6  7  9 

Height (m)  0.22  0.10  0.33  0.49  0.32  0.29  0.0 

3.3.2. 2D Flood Analysis Linking the Overland and Underground Spaces 

In the study area, rainfall intensity of up to 94.4 mm/h and total rainfall of 243 mm for six hours 

were observed in 21 September 2010. This heavy rainfall exceeded the capacity of the sewer drainage 

system  in  the  study  area,  thereby  inducing  an  overflow  in  the  manholes  and  causing  urban 

Figure 7. Mesh generation to link overland and underground spaces: (a) exit locations of Gwanghwamun
subway station; (b) boundary-type; and (c) pond-type.

Table 2. Height of exit threshold in Gwanghwamun subway station.

Exit No. 2 3 4 5 6 7 9

Height (m) 0.22 0.10 0.33 0.49 0.32 0.29 0.0

3.3.2. 2D Flood Analysis Linking the Overland and Underground Spaces

In the study area, rainfall intensity of up to 94.4 mm/h and total rainfall of 243 mm for six hours
were observed in 21 September 2010. This heavy rainfall exceeded the capacity of the sewer drainage

http://www.nsic.go.kr
http://www.ngii.go.kr
http://www.kari.re.kr
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system in the study area, thereby inducing an overflow in the manholes and causing urban inundation
(Figures 8 and 9a). Figure 8 presents the flood inundation around Sejoing-daero intersection and exit
No. 7 of Gwanghwamun subway station at that time.

Figure 9a shows the converted areal rainfall from measured point rainfall at three AWSs and
the observed water depth at Mojeon Bridge in 21 September 2010. These two data were used to
calculate overflow at the manhole in the SWMM. Figure 9b,c shows a comparison of the observed
and calculated water depth applying calibrated roughness coefficient in SWMM at two urban streams.
In the urban run-off analysis, an overflow occurred at about 40 min after the heavy rainfall was started,
and the overflow continued at the manhole from 13:00 to 17:00. An overflow occurred at six manholes
(Figure 4), and the calculated overflow is shown in Figure 10. The calculated overflow was used for
the 2D flood inundation analysis linking the overland and underground spaces.

UFDMRC [22] proposed a manning roughness coefficient of the commercial zone in a range
of 0.015–0.030 m−1/3s. In this study, four roughness coefficients (0.015, 0.020, 0.025, and 0.030)
were considered within a range proposed by UFDMRC [39] and increased by 0.005 to calibrate the
surface roughness coefficient. The calculated flood extent through the application of each roughness
coefficient and measured flood extent were compared, and a roughness coefficient that showed the
greatest goodness of fit between them was selected as the optimal one. To do this, the manhole
overflow (Figure 10) was applied to the 2D overland flood model (Case 1) in which the underground
space was not considered. The measured flood extent was supplied from Seoul Metropolitan City
(http://www.seoul.go.kr) and goodness of fit was calculated using Equation (6).

Goodness of fit (%) =
Ac ∩ Am

Ac ∪ Am
× 100(%), (6)

where Ac and Am are the computed and measured flood extent area, respectively. The symbols ∩ and
∪ represent the intersection and union of two domains, respectively. The value equals to 100 when
two domains match perfectly, and 0 when no intersection area [40].
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Figure 8. Flooding of study area on 12 September 2010 around: (a) Sejoing-daero intersection;
and (b) Exit No. 7 of Gwanghwamun subway station (Photo by Yonhap News).

When nm = 0.015, 0.020, 0.025, and 0.030 m−1/3s were applied as roughness coefficient to 2D
flooding model, the goodness of fit between measured and calculated flood extent was 39.52%, 39.88%,
40.22% and 40.11%, respectively (Table 3). This result showed low agreement compared with that of
other studies presenting 54%–91% [40], 78%–92% [41] and 54%–95% [42]. Wadey et al. [43] divided the
range of goodness of fit into three sections: good fit (>75%), moderate fit (50%~75%) and poor fit (<50%).

Table 3. Calibration of surface Manning’s runoff coefficient.

Fit (%)
Surface Manning’s Roughness Coefficient (m−1/3s)

0.015 0.020 0.025 0.030

Goodness of fit 39.52 39.88 40.22 40.11
Modified goodness of fit 73.6 73.9 74.2 74.0

http://www.seoul.go.kr
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where surcharging occurred (shown in Figure 4). These values are inputted to 2D flooding model as
boundary conditions.

In order to find the reason for the low goodness of fit, an inundation region was divided into three
sub-regions (A, B and C). Sub-region A refers to where the calculated flood extent and measured one
were matched, sub-region B refers to where two extents were not matched within the measured flood
extent, and sub-region C refers to where two extents were not matched outside the measured flood
extent. When a proportion of each sub-region in entire region (A + B + C) was calculated, the area of
sub-region C was relatively larger than the other two areas, and this was the cause of the low goodness
of fit. This was because the measured flood extent had the following problems. First, the objective
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criterion depth to distinguish flooding was not established so the measured flood extent tends to be
dependent on the subjectivity of post-flood field investigator. Second, inundation that occurred around
the buildings or streets, which were far away from the main roads, was not taken into consideration
clearly since the flood extent was examined based on the main roads only.

Thus, inundation regions based on flood damage reports for houses and shops provided by
National Disaster Management Institute (http://www.ndmi.go.kr), media articles, and photo images
showing real situations were collected in this study in order to overcome the inaccuracy of the
measured flood extent. Figure 11 shows locations indicated by these new data marked with white
inverted triangle. Most of the additionally investigated inundation areas were presented outside of the
measured flood extent, which indicated that the real flood area was larger than the measured flood
extent. Since the evidence for the accuracy of the area in sub-region C was not supportive, a modified
goodness of fit equation was used in this study. The goodness of fit for each roughness coefficient
calculated using Equation (7) is shown in Table 3, and nm = 0.025 m−1/3s whose goodness of fit was
the highest (74.2%) was selected as the optimal roughness coefficient.

Modified goodness of fit (%) =
Area (A∩ B)
Area (A∪ B)

× 100(%), (7)

A manhole overflow (Figure 10) calculated using the SWMM was applied to the 2D overland flood
model with nm = 0.025 m−1/3s to calculate a flood area, flood depth, and velocity for each scenario.
The calculated results are shown in Figures 11 and 12 and Table 4. Cases 2 and 3 showed a similar flood
area, whereas Case 1 had a larger flood area than that of Cases 2 and 3 by 12% approximately (Table 4).
At the west of Gyeongbok Palace and downstream of the study area, Case 1 was more inundated than
in Cases 2 and 3 were (Figure 11). The goodness of fit between measured and calculated flood extent
in Case 1 was 74.2% while those of Cases 2 and 3 were 82.7% and 84.2%, respectively, which revealed
that a scenario in consideration of underground space had about 10% higher goodness of fit.

Kim [34] presented a flood depth of two places (Exit No. 6 and 7 shown in Figure 7) through
site survey. The calculated flood depth was compared with this site surveyed flood depth. A flood
depth surveyed at the site of Exit No. 7 in Gwanghwamun station was 0.47 m (Figure 8b) while those
for Case 1, Case 2, and Case 3 were 0.51, 0.48 and 0.46 m, respectively, indicating that Case 1 had
9% error and Cases 2 and 3 had 2% error approximately. A flood depth measured at the site of Exit
No. 6 was 0.47 m while those for Case 1, Case 2, and Case 3 were 0.15, 0.16, and 0.15 m, respectively,
indicating that Case 1 had 25% error and Cases 2 and 3 had 20% error approximately. Case 1 in the
above two places showed 17% error on average and Cases 3 and 3 showed 12% error on average,
indicating that more accurate results were obtained when underground space was considered in the
case of a flood depth as the same as in the flood extent.
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Although, there was not measured flood velocity at the time of flood event, this study examined
the flood velocity for each case. A mean velocity in Cases 1, 2, and 3 was 0.10, 0.09, and 0.09 m/s,
respectively, revealing no significant difference according to the consideration of underground space.
However, the maximum velocity was 1.87, 2.30, and 2.47 m/s, resulting in a difference of 0.43–0.6 m/s
between the cases (Table 4). In particular, Cases 2 and 3 showed a higher velocity distribution near the
subway station than in Case 1.

Cases 2 and 3 showed more accurate results than Case 1 and two cases had similar accuracy in
flood extent and depth. However, the execution time of Case 2 was almost four times faster than
Case 3 under same situation (Table 4), which indicated that Case 2 had the highest computational
efficiency among three cases.

Table 4. Computed flood characteristics for each case.

Case Case 1 Case 2 Case 3

Goodness of fit (%) 74.2 82.7 84.2
Avg. depth (m) 0.04 0.06 0.05
Max. depth (m) 1.01 0.96 0.98

Avg. velocity (m/s) 0.10 0.09 0.09
Max. velocity (m/s) 1.77 2.30 2.47
Execution time (min) 426 514 1865

A difference of flood depth and velocity was calculated using ArcGIS (ESRI, Redlands, CA, USA)
to compare the difference of them for each case. Figures 13 and 14 presented differences in maximum
flood depths and velocities between each case (Cases 2 and 3) and the Case 1, respectively. For flood
depth, no significant difference in mean flood depth was shown between cases but some region showed
a large difference in flood depth, such as −0.71~0.60 m and −0.73~0.33 m (Table 5). As shown in
Figure 13, a deeper flood depth was calculated in Case 2 and 3 than in Case 1 around the subway
station, whereas a deeper flood depth was presented in Case 1 around Cheonggye Stream, which was
a downstream of the study area. The reason for this result was because floodwater that was not entered
into the underground space was flowed to Cheonggye Stream, thereby increasing a flood depth and
flood area around Cheonggye Stream. Furthermore, the reason for the deeper flood depth in Cases 2
and 3 around the subway station was due to the conveyance reduction of flood flow caused by the
terrain mesh to present the topography of subway station. For the velocity, a difference in velocity
around Gwanghwamun station and Cheonggye Stream was revealed relatively large as similar as the
flood depth (Table 5). The reason for this was the same as the cause of difference in flood depth for
each scenario as explained above.
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Table 5. Difference of depth and velocity for each case.

Difference
Depth (m) Velocity (m/s)

Min. Max. Mean Min. Max. Mean

Case 1–Case 2 −0.71 0.60 0.006 −1.35 0.77 0.012

Case 1–Case 3 −0.73 0.33 0.004 −1.48 0.74 0.008

4. Conclusions

Although urban area is a complex topography composed of overland and underground spaces,
few studies have been conducted on urban flood analysis in consideration of the two spaces
simultaneously. This study proposed two methods of boundary-type and pond-type to link the
overland and underground spaces in the 2D flood modeling, and examined the influence of
underground space in urban flood inundation. An overflow at the manhole was calculated through
sewer flow analysis using SWMM and then this overflow was applied to the 2D overland flood model
as boundary condition. Model simulations were conducted in the Gwanghwamun area of the Hyoja
drainage basin, Korea where flood inundation occurred on 21 September 2010. The predictions were
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compared with measured data including water depth in the covered urban streams considered as
conduit in this study, and flood depth and extent in overland. The main study results are as follows:

1. The water depths measured at two covered streams were used for calibration of the conduit
roughness coefficient in the SWMM. When nm = 0.02 m−1/3s was applied, a RMSE and RPE of the
calculated and observed water depth at two streams were about 2.32 cm and 3.92%, respectively,
showing the highest accuracy. In addition, surface roughness coefficient of 2D flood model
was calibrated by minimizing the difference between measured and calculated flood extent,
and nm = 0.025 m−1/3s presenting the highest goodness of fit (74.2%) was selected as an optimal
roughness coefficient. In addition, in order to overcome the problem of the measured flood extent
not being accurately investigated, flood damage report regions of residents, press media articles,
and photos showing real situations as well as measured flood depth were additionally used.

2. The boundary-type (Case 2) and pond-type (Case 3) to link overland and underground spaces by
considering floodwater flowed into the underground space were proposed. The predictions of
Cases 2 and 3 were compared with those of Case 1 considering only overland flow to examine
the effect of underground space in the urban flood modeling. Regardless of the consideration of
the underground space, mean flood depth, mean velocity, and maximum flood depth showed
similar results, whereas flood extent and maximum velocity of Cases 2 and 3 were approximately
12% smaller and 30% faster, respectively, than those of Case 1.

3. Both of the boundary-type and pond-type presented more accurate in the predictions of flood
extent and flood depth as compared with Case 1 not considering underground space. A model
execution time of the boundary-type was similar to that of Case 1, whereas the pond-type took
more execution time than the other cases. These results indicate that the boundary-type is simple
but robust method with high computational efficiency for simultaneous consideration of overland
and underground space in urban flood modeling. Thus, the boundary-type in urban flood
modeling is expected to be usefully applied when accurate and fast flood information is required
regionally such as urban flood responses, measures and planning or flood insurance.
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