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Pluvial flooding has not been sufficiently characterized owing to the lack of real quantitative data and 
accessible simulation tools although it has become a critical concerns in lowland urban areas. The present 
study proposes the effective sensing and modeling of inland flooding processes in lowland cities with drain-
age systems. First, we develop an estimation method for local inland flooding processes in urban areas 
using water depth loggers and a digital elevation model, both of which are cost-effective and do not require 
the latest technology. The logged observation data in storm water drainage systems combined with high- 
resolution altitude distributions can help track the inland drainage process. We examine the effect of drain-
age channels in mitigating inland flooding by employing the open source, free computational modeling tool 
NILIM 2.0. Further, we discuss the accuracy of the model by comparing actual flooding data with spatio-
temporal data collected using the new method. 
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1. INTRODUCTION 
 

Inland flooding is one of the most frequent disas-
ters in urban areas with tropical or monsoon climates, 
and it can cause significant damage in developing 
countries because of insufficient infrastructures for 
preventing inundation1), 2). There are a few conven-
tional studies that have visualized and observed in-
land flooding processes. It is necessary to monitor 
practical scenarios for collecting data related to in-
land flooding. Moreover, reliable computational 
methods need to be employed to analyze the effects 
of storm water drainage systems in urban areas dur-
ing heavy rainfall events in order to mitigate inunda-
tions and minimize damage. This study proposes an 
effective data collection system and applies it to an 
open source flood/drainage model for identifying in-
land flooding processes. 

Only a few studies have focused on quantitative 
record-based inland flooding processes. Although in-
land flooding frequently leads to large economic loss 
in urban areas, such as those caused by the Tokai 

Flood3), these phenomena or processes have not been 
sufficiently characterized. Currently, high-resolution 
elevation data can be easily collected via remote 
sensing using satellite images on a global scale, and 
water depth measurements can be obtained using 
pressure sensors. Thus, one of the objectives of this 
study is to propose a cost effective and reliable sens-
ing system for inland flooding by employing conven-
tional data and devices. This may help develop and 
spread onsite monitoring systems using recently de-
veloped communication techniques such as the Inter-
net of things (IoT)4).  

Modeling inland flooding processes is a popular 
research topic not only in the fields of hydraulic and 
hydrology, but also in other fields such as electrical 
engineering and informatics. There are various ap-
proaches based on different specializations. Although 
new methods such as artificial intelligence (AI) and 
machine learning techniques have been recently ap-
plied5), some hydraulic researchers have developed a 
real-time forecasting system for urban inland flood-
ing6). However, in order to analyze urban inland 
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floods on a global scale, most studies recommend the 
use of commercial software such as InfoWorks, 
MOUSE and XP-SWMM; however the uses of these 
programs have been very limited due to their high 
cost, with regard to developing countries where espe-
cially vulnerable to severe inland flooding2).  

Thus, to overcome these issues, researchers can 
use the New Integrated Lowland Inundation Model 
(NILIM 2.0), which is a conventional free and open 
source model (National Institute for Land and Infra-
structure Management, Japan, http://www.ni-
lim.go.jp/lab/rcg/newhp/seika.files/nilim/down-
load.html)7), 8) for inland flooding simulations. How-
ever, only a few researchers have applied the NILIM 
2.0 model (Sunaguchi and Tsuchiya9) and Tashiro 
and Min10)), and thus, the software developers have 
not updated the program code in recent years. Hence, 
we also discuss the advantages and disadvantages of 
NILIM 2.0 by verifying its performance using origi-
nally collected data in order to develop an accurate 
model for inland flooding. Furthermore, to better un-
derstand inland flooding and develop effective sens-
ing and modeling, a case study was conducted in the 
downtown area of Tsushima City, located in the Nobi 
plain, which is the western lowland area of Aichi pre-
fecture. The study area features a storm drain system 
composed of a small combined sewer and drainage 
open-channel networks. 

 
2. SENSING INLAND FLOODING 
 

In this study, we present the estimation procedures 
for local inland flooding processes in the downtown 
area of Tsushima City using water depth loggers and 
a digital elevation model, both of which are cost-ef-
fective and do not require the latest technology. 
 
(1) Materials and methods 

Tsushima City (35º 10' 37’ N and 136º 44' 29’ E) 
has a total area of 25.09 km². In 2012 the total popu-
lation was 65,118, i.e. a population density of 2,596 
inhabitants per 1 km² 11). Topographically, the city is 
in a low-lying area with elevations ranging from 3.6 
m below to 8.2 m above mean sea level. Due to its 
location in the East Asian monsoon region, the city 
experiences a rainy season in June; annual precipita-
tion is approximately 1,500 mm.  

The typical forms of land cover have undergone 
rapid changes; e.g., urbanized land increased from 
30% in 1976 to 51% of total area in 2009, whereas 
the extent of crop fields decreased from 65% in 1976 
to 42% in 200912). Most inundation is in the form of 
inland flooding; river flooding has hardly been ob-
served in this area since the Isewan Typhoon (VERA) 
of 1959.  

We conducted a survey with four measuring sta-
tions (Sts. 1, 2, 3, 4), including a total of six observa-
tion points (Sts. 1-1, 1-2, 1-3, 2, 3, 4) that were set up 
at the two drainage channel systems (Channel A: Sts. 
1, 2 and Channel B: St. 3) and the effluent stream (St. 
4) which receives the water drained from both these 
channels. The channel dimensions such as the height 
and width of every station were measured (Table 1). 
Self-recording depth loggers (HOBO U20L-01, On-
set Computer) were installed in storm water drainage 
channels at these observation points. The time series 
data for water level elevations were obtained by add-
ing the measured water depth to the altitude of the 
stations in the GSI map based on the digital elevation 
model acquired by airborne laser surveying with a 0.3 
m altitude resolution (Geospatial Information Au-
thority of Japan, https://maps.gsi.go.jp/). 

The survey period was approximately 450 days, 
from October 2017 to January 2019; however, the 
water level was not measured in some non-flooded 
seasons. The overflows of water channels at the sur-
vey sites are recorded using loggers, and these results 
are used to describe the inundation area from the al-
titude distribution of the area surrounding these sites. 
Hourly rainfall data were available from the nearest 
local rain gauge station “Aisai” approximately 6 km 
away from our study site, published in the website of 
the Japan Meteorological Agency (http://www.jma.go.jp/ 
jma/index.html) during the survey period. The 10 
min rainfall intensities were also collected in Tsu-
shima City by the River Division of Aichi Prefecture. 
 
(2) Results and discussions 

Fig. 1 shows the water level fluctuations at each 
station along with the rainfall hyetograph. The heav-
iest recorded rainfall was 32 mm/hr (23:00 on Octo-
ber 22, 2017) when Typhoon No. 21 (LAN) was ap-
proaching the city (Fig. 2), and the second heaviest 
rainfall was 30.5 mm / hr (21:00 on July 7, 2018) dur-
ing a heavy rain event, which caused water level in-
creases at the measuring stations. By comparing each 
of these water levels and channel dimensions such as 
heights and bed elevations (Table 1), the overflow 
from the drainage channels could be monitored if the  

Table 1 Dimensions of observed drainage channels.  

 Width 
(m) 

Height 
(m) 

Bed eleva-
tion (m) Remarks 

St. 1-1 2.00 1.25 -2.15 open straight type 
 -1: upper, -2: mid-
dle, -3: lower part 

St. 1-2 2.00 1.18 -2.08 

St. 1-3 2.00 0.99 -2.09 

St. 2 2.15 1.14 -2.44 open straight type 

St. 3 1.20 0.65 -2.35 junction of open / 
closed channels 

St. 4 5.00 1.28 -2.68 effluent stream 
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Fig. 4 Structure of the adopted NILIM model7), 11) with one-

dimensional sewers and two-dimensional overland flows. 
 
water levels exceeded the height of the channel top as 
follows: -0.9 m, -0.9 m, -1.1 m, -1.3 m, -1.7 m, and -
1.4 m in Sts. 1-1, 1-2, 1-3, 2, 3, and 4, respectively. 
According to these conditions, overflow was ob-
served in Sts. 1 and 2 for a total of 8 and 10 hoursre-
spectively, for both events (Typhoon LAN Oct. 2017 
and heavy rain event July 2018). However, 11 over-
flow events were also observed for a total of 34 hours 
at St. 3 where drainages merge from three directions, 
and 3 overflow events for a total of a 12 hours were 
observed at St. 4 where drainages poured. 

Fig. 3 shows the inundation area at the peak of 
flooding as Typhoon LAN was approaching in Octo-
ber 2017 (see Fig. 2) when the water levels reached -
0.9 m in altitude (higher than each of the channel 
tops), estimated from the collected water level at each 
of the stations and the terrain altitude distribution of 
the surrounding area by the GSI map. It was clarified 
that the inundation expanded along drainage channels 
and roads at relatively lower areas in the eastern part 
of the downtown (see Fig. 3). Because Typhon LAN 
caused inland flooding in this area between 21:00 to 
5:00, it could not seriously damage public/private 
properties at that time, owing to the less traffic in this 
area. These processes are important, because thus far, 
the inland drainage process during heavy rainfall in 
urban areas has hardly been analyzed empirically.  
 
3. COMPUTING INLAND FLOODING 
 

To model the entire process of inland flooding us-
ing an open source program, we selected the NILIM 
2.0 model7). In Tsushima City, the combined type of 
sewer system has been used in the downtown area 
since 196411). This system comprises sewer pipes, 
manholes, regulators and pumping stations, and the 
drainage channel networks that help drain storm wa-
ter. Data on the position of each component, includ-
ing the slope, shape, and diameter of pipes, were ob-
tained from Tsushima City authorities. The drainage 
infrastructure of the sewer system encompasses 796 

 
Fig. 1 Water level variations in the drainage channels and rainfall 

distributions in the target area during the survey period 
(rainfall data source: Japan Meteorological Agency). 

 
Fig. 2 Water level variations in the drainage channels and  

rainfall distributions in the target area  
as Typhoon LAN approached in October 2017  

(rainfall data source: River Division of Aichi Prefecture). 

  
Fig. 3 Severest inundation map as Typhoon LAN approached in 

Oct. 2017 estimated with collected water level variations in 
measuring stations (Sts. 1 - 4) and digital terrain model of the 

GSI map, on networks of roads (gray lines) and drainage chan-
nels (blue lines) in the target area, drawn by ESRI Arc GIS 10.2. 
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manholes, 28 km of sewer pipes, and 3,159 flow reg-
ulators. 
 
(1) Simulation model 

The NILIM 2.07) model is an integrated flood 
model that combines three separate modules: a one-
dimensional unsteady river flow model, a sewerage 
network model, and an urban floodplain overland 
flow mesh model. An overview of the NILIM model 
is shown in Fig. 4. The model can analyze complex 
hydraulic interactions between the surcharging flow 
from sewer pipes and the flow of overland surface 
flooding by considering detailed conditions of the 
surface topography and the features of the under-
ground sewer network. In the sewer system, two flow 
conditions are considered: open channel state and 
pressure state. The open channel state is considered 
when the water level is lower than the pipe crown and 
the pressure state is considered when the water level 
is higher than the pipe crown. The selection of basic 
equations for the simulations depends on this situa-
tion. For floodplain surface conditions, a variety of 
structures and drainage facilities can be specified on 
the mesh and regarded as the roughness or boundaries 
of the surface water calculation. 
 
(2) Setup for the computation environment 

a) Computational domain 
The computational domain was selected consider-

ing the distribution of the combined sewer system 
and the drain channel networks by reviewing flood 
data from the Tsushima City authorities to cover the 
areas that frequently experience inland flooding. This 
domain includes the Tsushima station and some parts 
of the core downtown areas, involving a total area of 
202.59 ha. A two-dimensional surface model (30 m 
× 30 m) was established using the digital elevation 
model (DEM) of LiDAR data (5 m resolutions) with 
a vertical resolution of 0.1 m, and the actual building 
distribution in the period 2014–2015. Both datasets 
were part of the basic geographic data for Japan pro-
vided by MLIT’s Geospatial Information Authority 
(http://www.gsi.go.jp/kiban/). 

Fig. 5 shows the computational domain with mod-
eled sewer systems and drainage channel networks. 
We described 122 manholes and 6.6 km of pipes 
(larger than 0.6 m in width) in total for the modeled 
sewer system, and 115 channels (larger than 1.2 m in 
width) with a total length of 7.2 km in the computa-
tional domain. These settings were given based on 
the information provided by the water and sewage de-
partment of Tsushima City. 
In this computational domain, each manhole was 
modeled to be combined with its drainage area, and  

 
Fig. 5 Computational domain and measuring stations (Sts. 1 to 4 and rain gauge) in the map of railway, road and water location 

(green and light-blue lines) with a 30 m square mesh configuration,  icluding modeled sewer manholes and pipes (arrows and plots)  
and drainage channels (broken lines, Channels A and B). 

St. 1 

100 m 

St. 2 

St. 3 St. 4 

Channel A 

Channel B 
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Fig. 6 Hyetograph used for the inland flooding computation, 

made from the rainfall data in every 10 min  
(data source: River Division of Aichi Prefecture). 

 
it was to be treated as an interfaces for the 2D surface 
and 1D sewer flow7), 8). An infiltration rate of 10 
mm/hr was selected as the condition for the area with-
out buildings according to the NILIM 2.0 manual8). 
b) Computational condition 

The rainfall event considered in this simulation is 
the 29-hour rainfall from 00:00 on October 22 to 
05:00 on October 23 when the 2017 Typhoon No.21 
was approaching. This is the period when the study 
area was most recently inundated by severe inland 
flooding (Figs. 1-3). A hyetograph was plotted from 
the data recorded at the regional prefectural office 
near the study location (Fig. 6). These data were col-
lected in the “Rain gauge station” as shown in Fig. 5 
and it was provided by the River Division of Aichi 
Prefecture. 

For the roughness condition (given as the Man-
ning’s n values) in the domain, the building occupa-
tion ratio in each of the meshes was reflected in the 
2D overland flow calculation, whereas common val-
ues such as 0.015 were used for sewer pipes and 

0.013 for drainage channels for the 1D sewer and 
drainage flow calculations. As boundary conditions, 
the base flow discharges were provided based on es-
timates using the watershed area and the specific dis-
charge (0.015 m3/s/m2) for each of the manholes, 
whereas the water level data monitored in St. 4 were 
at the downstream end of pipe. These default values 
are inputted as per the NILIM 2.0 manual8). 

Moreover, because the NILIM model can reflect 
the inundation phenomenon with drainage channel 
networks as its optional function, both cases with and 
without these channel networks were simulated. 

 
(3) Results and discussions 

The simulations provided information on the over-
land flooding processes and the performance of the 
existing drainage network. We identified that inland 
flooding firstly occurred around at 21:00 October 22, 
2017 when the city had heavy rains with an intensity 
more than 30 mm/hr (Fig. 6) which continued up to 
the end of the simulation duration in both NILIM 
modeling cases. They were caused by water over-
flowing from the manholes due to the sewer system 
saturations, and the total volume of inundating water 
reached around 29,000 m3 and 65,000 m3 with and 
without drainage channels at 3:00 October 23, re-
spectively. Fig. 7 shows the two cases of computed 
inundations with (left) and without (right) the drain-
age channel network at 03:00 on October 23, 2017 
when Typhoon LAN was approaching. We identified 
that the storm water was collected by the sewer net-
work, leading to inundations at lower elevations in 
the south or east flatlands. Furthermore, these simu-
lation figures show that the channel networks practi-
cally drained the storm water to decrease not only the 

     
Fig. 7 Computed inundation depth distributions with (left) and without (right) the drainage channel network with  

the sewer system network (red arrows and plots), at 3 am October 23, 2017 in the severest situation. 

Inundation depth 
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area, but also the depth of inundation. Moreover, the 
computed inundation distribution without drainage 
channels is closer to the observed one (Fig. 3). 

We could simulate and describe the spatiotemporal 
processes of detailed inundations (in 30 m meshes 
with 10 min intervals) in the case of urban flooding 
due to heavy rainfall. However, by comparing the 
temporal processes, although both of the starting 
times of inundations are equally around 21:00 Octo-
ber 22, the severest times were quite different. Severe 
inundation actually occurred around 01:00 (Fig. 2) 
but was computationally predicted around 03:00 Oc-
tober 23 (Fig. 7). Moreover, the depths and locations 
of computed inundations (Fig. 7) were under-esti-
mated in both of the computational cases compared 
to the actual situation (Fig. 3). The computed results 
could be improved by tuning (but would not be so 
meaningful under the anomalous conditions), if we 
change the setting of the pipe and channel conditions 
such as roughness coefficient and so on. However, 
we consider that the drainage functions might be de-
teriorated by clogging due to sediments or garbage 
from upstream drainage areas as described in official 
reports13) and as observed in the field. There are few 
studies which focused on these clogging effects on 
drainage capacities, although there have been several 
studies that reported on enlarging sewer pipes9) or 
raising the infiltration rate of the surface area10) to 
mitigate inland flooding using conventional software. 
Solid wastes and sediments are more crucial issues in 
effective maintenance and the development of drain-
age systems not only for sanitation improvements but 
also for flood mitigations in (sub) urban areas.  
 
6. CONCLUSIONS 
 

We presented procedure for estimating local plu-
vial flooding processes in an urban area using water 
depth loggers and a digital elevation model, which 
are cost-effective and do not require the latest tech-
nology. The recorded water depths in storm water 
drainage systems could be utilized for tracking the in-
land drainage process by combining it with high-res-
olution altitude distribution. 

Further, we demonstrated that the NILIM 2.0 model 
could describe the spatiotemporal processes of de-
tailed inundations and could identify the effect of 
drainage channel networks on mitigating inundation 
depth and reducing the inundation area in our study 
area. However, there are some gaps between ob-
served and computed processes of the flooding. We 
therefore suggest studying the effect of clogging of 
drainage systems by solid wastes and garbage to 
flood mitigation in urban areas.  
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