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Abstract: In urban areas of Thailand, and especially in Bangkok, recent flash floods have caused
severe damage and prompted a renewed focus to manage their impacts. The development of a
real-time warning system could provide timely information to initiate flood management protocols,
thereby reducing impacts. Therefore, we developed an innovative real-time flood forecasting system
(RTFlood system) and applied it to the Ramkhamhaeng polder in Bangkok, which is particularly
vulnerable to flash floods. The RTFlood system consists of three modules. The first module prepared
rainfall input data for subsequent use by a hydraulic model. This module used radar rainfall data
measured by the Bangkok Metropolitan Administration and developed forecasts using the TITAN
(Thunderstorm Identification, Tracking, Analysis, and Nowcasting) rainfall model. The second
module provided a real-time task management system that controlled all processes in the RTFlood
system, i.e., input data preparation, hydraulic simulation timing, and post-processing of the output
data for presentation. The third module provided a model simulation applying the input data
from the first and second modules to simulate flash floods. It used a dynamic, conceptual model
(PCSWMM, Personal Computer version of the Stormwater Management Model) to represent the
drainage systems of the target urban area and predict the inundation areas. The RTFlood system
was applied to the Ramkhamhaeng polder to evaluate the system’s accuracy for 116 recent flash
floods. The result showed that 61.2% of the flash floods were successfully predicted with accuracy
high enough for appropriate pre-warning. Moreover, it indicated that the RTFlood system alerted
inundation potential 20 min earlier than separate flood modeling using radar and local rain stations
individually. The earlier alert made it possible to decide on explicit flood controls, including pump
and canal gate operations.

Keywords: real-time warning; urban flood forecasting; high-resolution DEM; 2D (two-dimensional)
overland flow modeling; radar rainfall forecasting

1. Introduction

Flood vulnerability in urban areas has increased worldwide [1-3] and it is expected that
this situation will be exacerbated by a changing climate, particularly in Asia and Southeast
Asia due to the combination of long coastlines, a large population inhabiting the coastal
zone and river floodplains, compound flooding associated with rising sea levels, more
frequent intense storms, and potentially greater total rainfall [4-16]. Practices for modeling
urban flood dynamics that can help address such risks are well established in the Global
North [17-19], but while there is increasing experience with applied, dynamic, conceptual
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modeling for urban areas in the Global South [20-25], many challenges and knowledge
gaps remain [26]. In particular, drainage system design and maintenance, land use patterns,
and data availability in the Global South are quite different from conditions in the Global
North, where the theoretical conceptual models generally were developed [27,28]. The
hydrologic cycle and rainfall /runoff process relationships also may differ in temperate
climates typical of Global North countries compared with tropical climates of some regions
in the Global South [29-31]. In general, it is valuable to explore the ability of existing
conceptual models and modeling approaches to adequately represent urban conditions in
the Global South.

Real-time analysis and forecasting of the hydrometeorological system can enhance
urban resilience in two important areas, real-time control and the issuance of flood warn-
ings [32-36]. Qi et al. [37] noted that real-time control in urban drainage systems has
been investigated over the past few decades to mitigate urban flooding, with a particular
focus on combined sewer systems to abate wet weather combined sewer overflows. In
essence, real-time control is based on pre-established rules such as weather and/or hy-
drologic/hydraulic conditions, which can optimize and manage the discharge rate, filling
and emptying rate, and available capacity of the conveyance and storage elements in the
system [38]. An important component of the real-time control system is accurate forecast-
ing of the weather and hydrologic/hydraulic conditions that might trigger an automated
response for flow diversion or storage.

However, Brendel et al. [39] noted, “Despite the advances in high-resolution quanti-
tative precipitation forecasts, ensemble forecasting, hydrology, and hydraulics modeling,
few operational urban flash flood forecasting systems exist”. Interestingly, René et al. [40]
believed a priori that the limited implementation of real-time urban flood forecasting sys-
tems was related to the lack of relevant data, but ultimately concluded from their survey
of 176 urban flood professionals that “ ... a possible explanation for so few cases is that
urban flood managers or modelers (practitioners) may not be aware they have the means
to make a pluvial flood forecast”. In their review, Piadeh et al. [41] noted that early flood
warning systems had been widely used for real-time forecasting of floods in the case of
river basins, reservoirs, lakes, stream flows, mountainous areas, and prairies, but urban
environments present particular challenges to real-time modeling because of the rapid
hydrologic/hydraulic response. In the United States, the rapid urban hydrologic response
has meant that for smaller areas, flood and flash flood watches and warnings often are
based solely on quantitative precipitation estimates (QPEs), and quantitative precipita-
tion forecasts (QPFs) that are generated by integrating weather radar data and rain gage
observations, with no hydrologic modeling involved [42]. Piadeh et al. [41] noted that
comparatively little research has been conducted on real-time modeling for urban areas in
the Global South and Southeast Asia in particular, with a research gap in rain gauge-radar
merging methods being especially evident. Rohrer and Armitage [43] explored the viability
of implementing a simplified real-time control system in Cape Town, South Africa, to
better manage storage pond operations, but relied on historical rain gauge data rather than
rainfall forecasting. Both Brendel et al. [39] and Henonin et al. [44] noted that the Asian
Institute of Technology had established a real-time modeling approach for the Bangkok
Metropolitan Administration (BMA) that employed a combination of radar, rain gauge,
and water level data to drive a hydrologic and hydraulic model. However, this system
is no longer operational, and to help re-establish the possibility of real-time operations
in Bangkok, the BMA expressed interest in a trial project outlined herein. As such, the
novel contribution of this paper is the development of a modeling approach to accurately
forecast the hydrologic/hydraulic conditions that would trigger some type of real-time
response, using the seamlessly linked weather forecasts, weather radar, rain gauge data,
and a dynamic conceptual model for a Global South location.

Bangkok, Thailand'’s capital city, has increasingly experienced heavy flash floods and
severe damages due to a complex combination of several drivers, including rapid urban-
ization, changes in upstream conditions in northern Thailand, insufficient urban drainage
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capacity, tidal effects from the downstream river mouth, land subsidence due to ground-
water withdrawals, and climate change [45-49]. A particular challenge for Bangkok’s
drainage system is that the ground surface level is lower than the controlled water level of
the surrounding canals and the Chao Phraya River, thereby greatly limiting the efficiency
of gravitational flow. Generally, the solution to such hydraulic challenges is to increase
the number or capacity of pumping stations and drainage canals to minimize the risk of
severe inundation damage from heavy flash floods. However, land-use limitations exist
with respect to improving Bangkok’s urban drainage capacity and outbound canals [50-52].
Therefore, flood mitigation with a real-time flood forecasting system would help both the
administrative authority and, ultimately, the public in reducing severe flood damages. For
the administrative authority, it will provide the potential flooding location and also help in
monitoring the current situation. In addition, for the public side, such a system would be
helpful by providing communication about flood risk locations and warning for awareness.

The runoff response from largely impervious urban surfaces produces a generally
earlier and higher peak in the drainage system. Therefore, the real-time flood forecasting
system needs to have a short computation time so that the locations of flood inundation
can be predicted and allow time for mitigation options to be implemented. Hydrologic and
hydraulic models in 1D (one-dimensional) or 1D /2D (one-dimensional / two-dimensional)
are conventionally used to characterize natural flood processes. Still, a coupling effort of
these models with sufficient observed data/output as an integrated system is essential
for real-time forecasting with high accuracy [41,53-58]. A previous study conducted in
the Sukhumvit area of Bangkok [59] demonstrated the ability of a real-time system to
accurately model flooding conditions but also identified limitations due to data acquisition
and processing times. The approach applied in the Sukhumvit area achieved a 10 min lead
time using the real-time hydrologic/hydraulic model, with 40 min rainfall duration and
20 min processing time.

This paper integrates a quantitative rainfall forecast package with a hydraulic model
simulation and resultant output presentations in a single platform (RTFlood) for au-
tonomous real-time operations to address the shortcomings of the earlier effort [59]. More
specifically, the RTFlood system presented in this paper includes important refinements
to the work reported by [59] in five areas: (i) all aspects of the rainfall /runoff continuum
were included in a single platform rather than independently processing the radar rainfall
and the catchment model; (ii) the TITAN (Thunderstorm Identification, Tracking, Analysis,
and Nowcasting) model was added to enhance the timing and accuracy of the rainfall
forecasting; (iii) the RTFlood platform was coded in Python to facilitate data management
and visualization, representing the development of new IP; (iv) because the Python coding
was implemented, it supported a visually superior communications website that enabled
model results and flooded areas to be explicitly mapped; and (v) the RTFlood approach in-
cluded much higher temporal and spatial resolution compared with the earlier effort, which
improved model predictions. The RTFlood system consists of three modules: (i) a rainfall
data preparation module, (ii) a real-time task management module, and (iii) a stormwater
simulation module. This paper describes the three modules of the RTFlood system in detail
and reports a case study for the Ramkhamhaeng polder in Bangkok, demonstrating how
the RTFlood system could be applied to assess the risk of urban flash floods.

2. Materials and Methods
2.1. Study Area

In this study, we examined the Ramkhamhaeng polder, one of the 22 polders managed
by the Bangkok Metropolitan Administration, Department of Drainage and Sewerage
(BMA-DDS). The Ramkhamhaeng polder is in the middle part of Bangkok and northeast
of the Chao Phraya River, as shown in Figure 1. The Saen Saeb canal creates the northern
and western boundaries, the Tooyor and Hua Mak canals represent the eastern boundary,
and the east railway line provides the southern boundary. The canals form the primary
drainage system for the Ramkhamhaeng polder, while a secondary drainage system of
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underground pipes and smaller connector canals inside the polder area discharges to the
primary system (Figure 1).
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Figure 1. Top. Map of the Ramkhamhaeng polder, Bangkok, Thailand. The Ramkhamhaeng polder is
one of Bangkok’s water management polder systems [51]. Additionally, shown (bottom photographs)
are the typologies of the drainage system illustrating its distinct characteristics from those of the
Global North. Bottom left: A secondary canal within the study area. Bottom middle: Pumping
water from the central region of the study area towards the primary canal system. Bottom right: The
primary canal, Saen Seab, is in the foreground, with the mouth of a secondary canal visible to the
right of the temple area (photos by authors).

Bangkok has a tropical savanna type (Aw) climate with distinct rainy and dry seasons.
Mean annual precipitation is 1651 mm, 85% of which falls in the rainy season from May to
October. The Ramkhamhaeng polder is a densely urbanized central business district (CBD).
The catchment has an area of 11.44 km? and a population density of 8400 persons/km?.
The site essentially has a flat topography with the lowest elevation levels in Bangkok,
averaging 0.0 to 0.5 m above mean sea level [52]. As such, gravity flow is limited for the
stormwater to drain outside of the Ramkhamhaeng polder. Without pumping stations, the
stormwater drainage would be a challenge, resulting in severe inundation problems inside
the Ramkhamhaeng polder when the water level in the primary drainage system increases
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due to heavy flash floods during the rainy season [60] (Figure 1). The Ramkhamhaeng
polder was selected for study because it is an area with high-value commercial assets (CBD)
that floods frequently due to its imperviousness and flat, low-lying topography. Improved
forecasting of potential inundation conditions will support better decision making for
earlier pump operations to help reduce the risk of inundation. Other catchments in Bangkok
also experience pluvial flooding [61,62], and the general forecasting and flood modeling
approach prototyped in this study could be applied to these areas. We would note, however,
that in some areas of Bangkok, nature-based solution alternatives are being implemented
to manage runoff [63-65] (Figure 2). These green space opportunities would require a
different configuration within the modeling framework presented herein, as compared
with pumping operations, but nonetheless still could be accommodated.

im:duld iamsantfuthuasnsion
Tiny Forests for Water Storage and Retention

b

Figure 2. Phase two of the Benjakitti Park development in downtown Bangkok, which opened in
December 2021 and presents nature-based water storage and retention opportunities (photo by authors).

2.2. Real-Time Flood Forecasting System: RTFlood System

In this study, we evaluated the effectiveness of the RTFlood platform for urban flood
forecasts by applying it to 116 flash flood events reported in Ramkhamhaeng polder
between 2015 and 2018. The RTFlood system consists of three modules, as shown in
Figure 3. The first module of the platform handled rainfall data processing and forecasting.
This study used rainfall data at 10 min time steps from a radar station near Bangkok. The
rainfall data were forecast at 30 min time steps using the TITAN software [66-68]. TITAN is
able to forecast the movement of storm groups, calculating the overlapping areas between
the storm and study areas, thereby obtaining the amount of precipitation in the study
area. Further detail on the calculations of forecasting the storm movements is provided in
Figures 4 and 5. TITAN employs a storm cell-based approach for radar extrapolation which
focuses on locating and tracking specific storm cells using a centroid tracking algorithm
that is capable of forecasting the pattern of small, well-defined radar echoes associated
with upright convection, as well as more extensive precipitation echoes [69,70]. As noted
by [70], an additional advantage to this cell-based approach as compared with full-motion
convection field estimates occurs when a specific severe storm is moving differently from
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surrounding storms, as under such conditions, the cell can be more easily identified and
accurately tracked. Pierce et al. [69], in comparing rainfall forecasting accuracy with
5 different models for Australian conditions, concluded that the centroid tracking approach
used by TITAN was more reliable in convective scenarios than wind advection techniques
such as that employed in the Gandolf modeling system. Although there are a number
of different rainfalls forecasting models that could be applied [71-75], the TITAN system
has been used in studies around the world [76-79]. The second module of the platform
provided a real-time task management system that operated the overall RTFlood system
based on the PCSWMM (Personal Computer version of the Stormwater Management
Model) real-time software [80]. PCSWMM employs the U.S. EPA SWMM 5.1 computational
engine and includes a graphical user interface for enhanced data management, analysis,
and visualization, as well as a scalable GIS engine that supports leading open standard
and proprietary GIS and CAD formats to model dynamic rainfall runoff for single events
or long-term (continuous) events. The modeling functions in PCSWMM extend the fully
dynamic 1D approach in SWMM to represent 2D free surface flow [81]. PCSWMM is
a robust computational model that has been applied in water resource studies around
the world [20,21,23,82-93]. In this study, simulation consisted of a 1D flow model for the
drainage pipe network and a 2D overland flow model for the urban terrain. The 2D mesh
used in the module was generated with a high-resolution DEM (Digital Elevation Model),
discussed in more detail below. Information on the drainage pipe network was obtained
from BMA-DDS, followed by a ground-truthing survey to verify and update the details.

) Module 1 - Rainfall |
! Rainfall forecasting input data processing |
- = Measured and
: Rainfall from radar (TITAN model) Forecasted rainfall |
| l l input data |
I = Data preparation l
| : . [
| | Measured rainfall data l | Forecasted rainfall data = Rainfall forecasting |
| I | process :
[

Module 2 - ADOS

_ system
R Central database ,| Display |« Anautomated data
(Import and Export system)

transmission system
= Central database

[ Module 3 - Hydraulic
I Urban flood model modeling process

|
|
(PCSWMM model) * Drainage pipe :
|
|

|
|
|
|
system operation :
|
|

|

| network
} = DEM
|

Figure 3. The framework of the real-time flood forecasting system (RTFlood system). It contains
three modules, i.e., rainfall input data processing, automated data operation system (ADOS), and
hydraulic model processing.

The RTFlood system was developed using the open-source Python language for
the system’s mainstream. Python was chosen over other alternatives because, typically,
it is regarded as having superior data visualization features. It includes packages that
easily facilitate the retrieval of the radar data from the BMA-DDS server and the data
processing with the TITAN software [66—68]. Furthermore, the Python language made it
easier to develop applications with PCSWMM'’s real-time software. PCSWMM supports
Python scripting, allowing us to create the IP for an autonomous mechanism of overall
model integration.
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Figure 4. The framework for rainfall input data processing.
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Figure 5. Schematics of forecasting the storm movements.

The RTFlood system had two software dependencies., i.e., TITAN [66-68] and PC-
SWMM [80,94]. The TITAN software was installed in Module 1 of the RTFlood system to
collect and forecast the rainfall intensity distributions in the study area. The PCSWMM
software was used in Module 3 of the platform to perform the hydrological and hydraulic
simulations in simulating the flash flood inundation areas. Because of the RTFlood system’s
dependence on the rainfall forecasting model and hydraulic simulation model, pooling and
forecasting rainfall and execution of the hydraulic model simulations cannot be performed
on a single computer due to the computational time of each process and the limitation
of parallelizing workloads on the computer processing unit. This limitation could be
addressed in the future by porting the system to run in the cloud [69]. Thus, the RTFlood
system was originally implemented in a multi-computer-based device.

2.2.1. Module 1: Rainfall Input Data Processing
The rainfall input data processing has two components for data acquisition (Figure 4):
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e  Measured rainfall data

The measured rainfall data were obtained for the Nong Jok weather radar station [95],
which the BMA-DDS operates for use by the TITAN software to drive the rainfall forecasting.
The RTFlood system processed, converted, and stored these data in .csv format every 10 min
and subsequently distributed the data to the central database (Figures 3 and 4). The data
had the UF file format and are available in 5 min time steps.

e  Forecasted rainfall data

The TITAN software analyzed the radar rainfall data at 10 min intervals to track and
forecast the storm movement in the study area. Although the rainfall data were received at
5 min time steps, TITAN required a 10 min rainfall duration, which is two steps backward
from 5 min time steps to initiate the forecasting process. After the rainfall data are collected,
TITAN analyzes the trend of the storm movement. The schematics of the forecasting are
shown in Figure 5. An additional Python program was included to analyze the storm
movement to forecast the precipitation positions as they traveled into the study area.
The Critical Success Index (CSI) was used for evaluating forecasting accuracy in terms of
matching rainfall from forecasting with measured radar rainfall in the recorded events. The
CSI was defined with the following equation: CSI = (A)/(A + B + C), where A is a hit, B
is a miss, and C is false [96]. The CSI has frequently been used to describe the skill of a
forecast system to predict hydrometeorological phenomena (rainfall, rainfall thresholds for
flooding, flood inundation levels) [96-104].

2.2.2. Module 2: An Automated Data Operation System (ADOS)

The core component of the RTFlood system, Module 2, was an automated data op-
eration system (ADOS). The ADOS worked mainly to transfer and store both input and
output data within the RTFlood platform, as shown in Figure 6. The rainfall input data are
acquired in Module 1, and the ADOS subsequently pools and combines the data, delivering
them to the central database in Module 2. The ADOS also managed the timings to deliver
the rainfall input data to the stormwater model simulation with PCSWMM in Module 3
and subsequently transferred the output data for display on the website.

* Input and output data

Central database An automated data operation .
- Display system

N system fADOS)

PCSWMM model @ fle¢--------------

Figure 6. The flowchart of an automated data operation system (ADOS).

2.2.3. Module 3: Hydraulic Model Processing

PCSWMM sits on an open-source GIS to facilitate hydrologic and hydraulic attribute
inputs, outputs, and data management and has comprehensive flow modeling tools, i.e., a
real-time control analysis, time series management, Digital Elevation Model (DEM) sup-
port, automated reporting, and Google Earth visualization for hydrology, hydraulics, and
water quality modeling [105,106]. It could also model stormwater pollutant source control
technologies to predict water quantity and quality [96]. Therefore, PCSWMM was adopted
for this study to investigate flash floods in terms of their locations and depths within the
Ramkhamhaeng polder. It would be possible to use other physically based conceptual
models for the hydrology and hydraulics of the system within the RTFlood platform, and
efforts to provide this option will be explored as a goal of future research efforts.

e  Terrain data

The DEM with a spatial resolution of 2.5 cm was used to represent the terrain elevation
of the Ramkhamhaeng polder, as shown in Figure 7. The data were obtained from this
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study’s UAV (Unmanned Aerial Vehicle) surveys. The high-resolution DEM made it
possible to simulate the effects of buildings and roads in PCSWMM. The point cloud data
from the UAV surveys contained the 3D (three-dimensional) coordinates, 2D ortho map,
and elevation contour map. The accuracy of 2D urban runoff modeling is sensitive to
DEM resolution [107-110], and this was a particularly critical consideration for our study
catchment that exhibited micro-topographic relief.

Figure 7. Digital Elevation Model (DEM) of the Ramkhamhaeng polder, Bangkok, Thailand.

e A1D flow model for drainage pipe/secondary canal networks and a 2D flow model
for overland flow

In this study, the 1D model was developed using the pipe geometry and plan of the
drainage pipe network from BMA-DDS. The typical geometry of the pipe was circular, and
the diameter varied from 0.4 to 1.8 m. Open-flow secondary canal geometries (e.g., Figure 1)
were represented as rectangular channels. The 1D model was coupled to the 2D model to
represent the overland flow. The validation of the 2D model in PCSWMM was performed by
comparing the modeled flood areas with observed (mapped) flood risk areas provided by
BMA-DDS [51]. In PCSWMM, the streets and sewer links were connected as 1D lines, while
the 2D overland flow model was represented using a DEM. The elevation gradient in the
grid cells defined the topography of the study area. As shown in Figure 8, all components
were connected to 2D cells. The characteristics of the drainage system and typologies of
roads and buildings had a substantial influence on the water level in inundation areas.
These obstructions were introduced to the 2D hydraulic model, such as pipe networks in
the 1D node and link, and the topography of roads and buildings from the DEM in the
form of 2D cells for the overland flow simulation.

Table 1 summarizes the number of 2D cells, the cell density per unit area, and the DEM
resolution for the present model in the Ramkhamhaeng polder and the previous model for
the Sukhumvit area [59]. The comparison shows that the present study has seven times
higher cell density than the previous study, resulting in improved spatial terrain expression
for flash flood simulation.

Table 1. The 2D cell density in a unit area in the present model (Ramkhamhaeng polder) and the
previous model (Sukhumvit area).

Area
(km?)

Ramkhamhaeng 757,836 11.4 0.07
Sukhumvit 321,180 24.0 0.01

Location Number of 2D Cells Density (Cell/m?)
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Figure 8. The model setting of the 1D drainage pipe/secondary canal network on the 2D DEM terrain.

The flood inundation simulation by PCSWMM was calibrated from rainfall events
of 2015-2017 and validated with 2018 events since the corresponding observation data
were available from the flood location reports [51]. The SWMM model has a long history
of development and support, first being released in the early 1970s under the auspices of
the U.S. Environmental Protection Agency [111] and representative parameter values for
a variety of urban conditions, as well as standardized procedures for model calibration
and validation, are well-established [81,112]. While PCSWMM includes an auto calibrate
tool [113-116], our preference is to calibrate the model manually, particularly for small
catchment areas. Based on the study team’s experience and the literature [81,89,117-124],
10 surface catchment parameters are routinely identified as the primary focus for model
calibration due to a combination of model sensitivity and parameter value uncertainty (per-
cent imperviousness, the width of overland flow, depth of pervious surface storage, depth
of impervious surface storage, catchment slope, Manning’s N of pervious surfaces, Man-
ning’s N of impervious surfaces, the maximum infiltration rate of the Horton infiltration
equation, the minimum infiltration rate of the Horton infiltration equation, and the decay
coefficient of the Horton infiltration equation). In this study, we did not include drainage
network characteristics in the calibration effort since geometries and slopes generally are
well-documented. Furthermore, we did not conduct a full sensitivity analysis [124] as this
was not the focus of the study and we did not have extensive flow data to support such an
effort; instead, we were able to calibrate the model based on percent imperviousness and
Manning’s N of impervious surfaces. Irvine et al. [124] also showed that in Singapore, the
spatial variability of rainfall had a greater impact on model uncertainty than the surface
hydrology parameters. The model results were compared with the observed inundation
areas, as shown in Figure 9. Qualitatively the model results match well with the flooding
locations on roads and intersections from the flooded location records. Thus, the model’s
validation could be considered practical for the Ramkhamhaeng polder area.
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Figure 9. Comparison of flood locations recorded by BMA-DDS with those generated by PCSWMM
between 2015 and 2018 at Ramkhamhaeng polder, Bangkok, Thailand.

2.2.4. The Display System for Flood Forecasting

The designed presentations of water levels in time series, inundation maps, and their
animation were provided to help the BMA administration staff support their decision
making regarding flood management and community communication related to flood risk
in the area. The RTFlood system results were presented in two ways. First, the simulation
results were reported, for which the time series of water levels at nodes were automatically
visualized. The nodes’ selection was based on the significance of flood inundation risk.
Second, a real-time flood map was generated. The main display of the RTFlood system is
visualized on a website with a web mapping platform (e.g., Google Maps) by overlaying the
flood map result layer and the rainfall radar images on the same map, as shown in Figure 10.
This type of visualization can be beneficial for providing near-real-time implementation of
all urban flooding abatement measures.
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Figure 10. The result of the RTFlood system displayed on a website.
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3. Results
3.1. RTFlood System Operation

e A lead time of the flood inundation forecasts

The lead time of the RTFlood system was tested for several flood cases with different
measured and forecast rainfall durations. The interval time step of rainfall data was 5 min
from the radar. Several varied rainfall duration cases were analyzed to set up the system
runtime, starting from the minimum time step of rainfall data, 5 min to at least 60 min,
based on compatibility, stability, and duration of the computing process. Moreover, the
rainfall duration of the RTFlood system combines measured and forecast rainfall duration
components, which represent the total rainfall processing time of the system. The overall
processing time (including the PCSWMM runs, data management, and data visualization)
also needs to be considered.

The total processing time is one of the critical limitations of a real-time forecasting
system [39,44]. The forecast lead time is lost if the model runtime and the following
processing times are too long. Moreover, the radar forecast needs at least two time steps or
10 min of rainfall duration to forecast the rainfall. Thus, the measured rainfall processing
time was 10 min in the present study. The model results indicate that optimal performance
occurred with rainfall forecasting of 30 min into the future, with a CSI of 84.4%, as shown
in Figure 11. Although the CSI values were better at 10 min into the future forecasts, this
duration is too short for most mitigation measures to be implemented as the PCSWMM run
time, plus the other tasks took 10 min. Therefore, the modeling approach presented herein
could provide 20 min of lead time from the initiation of the RTFlood real-time analysis. An
example of the RTFlood system timeline is shown in Figure 12.

100

90 6/10/2015
9 23/08/2016
— 80
7 24/08/2016
—

70 13/10/2017

60 23/09/2018

10 30 50 ——24/09/2018

Duration(min)

Figure 11. Forecasting performance in CSI (%) in the rainfall forecasting process.

08:00 08:05 08:10 08:15 08:20 08:25 08:30 08:35 08:40

( Measured Rainfall )| Forecasted rainfall ]
- |
Modeling process : 20 minutes :
: Lead time of forecasting
I The system starts processing I I The system processing is complete I

Figure 12. An example of the timeline of the RTFlood system.

The RTFlood system was divided into three modules, as shown in Figure 2. The first
module is rainfall input data, which consists of 10 min of measured rainfall and 30 min of
the forecast rainfall. The input data were generated from the rainfall forecasting process
and automatically updated every 10 min. The second module contained the automated
data operation system (ADOS) to process and update data in terms of managing the timing,
retrieving input and output data from the other modules, and displaying the results on a
website. The third module was the hydraulic model processing, which simulated the 1D
and 2D flows using PCSWMM. These modules required a total of 10 min of run time based
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on the computer resource of this study, the size of the hydraulic model settings, and the
rainfall duration.

3.2. The Improvement of the RTFlood System

Observation data for 116 flood events were tested in this study. It was found that the
system could accurately provide 71 pre-warnings for the 116 floods. The accuracy of the
flood forecast (61.2%) also depends on the rainfall forecasting system’s accuracy. Thus, the
RTFlood system needs accurate rainfall from the forecasting system to provide an accurate
flood location in the study area. In turn, the accuracy of the rainfall forecasts and the
runoff modeling is dependent on the weather radar accuracy [125-127]. The flood system
provided notification of potential floods 20 min earlier than flood models with the separate
use of ground rain stations and measured radar data individually, as summarized in Table 2
and [59]. This earlier alert could allow BMA administrative staff to be more informed
and produce spatially explicit flood control decisions, including optimal operations of the
pumps and canal gates.

Table 2. A lead time and flood forecasting accuracy in the previous and present studies.

Total Measured Forecasted Model The Lead
. Rainfall Rainfall Rainfall Runnin Time of the Forecasted Flood Forecast
Location amnta amnta amnta wmg Forecast Rainfall CSI Accuracy
(min) (min) (min) (min) R
(min)
Ramkhamhaeng 40 10 30 10 20 84.4 61.2% (71/116)
Sukhumvit [59] 40 10 30 20 10 80.0 58.0% (40/69)

The previous RTFlood system for the Sukhumvit area [59], located near the Ram-
khamhaeng polder, was developed based on a similar concept. The previous system used
40 min of total rainfall processing, consisting of the input to the model containing 10 min
for the measured rainfall duration and 30 min of the forecast duration, which is the same
as the present study. However, the lead time for the Sukhumvit study was 10 min shorter
than the 20 min provided in this study based on the computer resources of the system.
In addition, the computation time was shorter for this study despite the much higher
resolution input data. With the CSI index, the rainfall forecasting accuracy also increased
from 80.0 to 84.4, which is the advantage of the TITAN application in this study. The CSI
results for this study, in general, are satisfactory, as CSI values reported for rainfall in the
literature generally are in the 20-80% range. The rainfall forecasting of the present study
improved in terms of storm direction and intensity prediction. Thus, the flood forecasting
accuracy improved from 58.0% to 61.2% by accurately providing pre-warning events, as
summarized in Table 2.

The ratio of the 2D cells per square meter in Ramkhamhaeng, as shown in Table 1,
was seven times higher than in the Sukhumvit area [59]. To compare the 2D flooding
area accuracy of the Ramkhamhaeng polder in this study and the Sukhumvit area in the
previous study [59], the ratio of the flooded cells to the total number of cells in the area was
used. The flood forecasting accuracy for the Ramkhamhaeng study site was evaluated by
comparing the simulated flooded area with the measured flood area. Because of the lack
of measured data on flood depth, we focused on the frequently flooded locations of three
zones reported by the BMA-DDS, as shown in Figure 13. The number of simulated 2D
flooded cells was similar to the measured number of cells, with a relative error of 3.5-5.8%
in the three zones, as shown in Table 3.
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Figure 13. The three zones of frequent floods were reported by BMA-DDS [52].

Table 3. The comparison of the measured and simulated results in the three zones of Figure 12.

Number of 2D Flooded Cells

Zone : Relative Error (%)
Simulated Observed
1 25,587 24,556 42
2 15,509 14,659 5.8
3 27,404 26,478 35

4. Discussion

The RTFlood platform, as defined in this research, is an integrated system that employs
a rainfall forecasting system using TITAN and an urban flood model using PCSWMM.
The rainfall forecasting system with radar data played an important role in determining
the whole RTFlood system’s accuracy, including forecasting the piped system flows and
overland floods. Rainfall forecasting was obtained approximately 30 min in advance in
this study. All the flooded locations from RTFlood were similar to flood risk locations
reported by BMA-DDS. The surface flooding was accumulated and concentrated at the
drainage outlet points. The amount of rainfall used in this study generally was in the range
of the 5- to 10-year return period used in Bangkok’s drainage system design [51]. Therefore,
the drainage system improvement should be prioritized by implementing Water Sensitive
Urban Design (WSUD) measures in the area. WSUD has the potential to reduce the surface
runoff by up to 50% [83,127,128] and may accrue other ecosystem service benefits, including
improved water quality, aesthetics, urban heat island mitigation, noise reduction, and en-
hanced biodiversity [105,129-132]. As illustrated in Figure 2 and discussed in [63-65], there
is increasing interest in WSUD and NbS designs to manage runoff in Bangkok, although as
shown in the recent review by [131], mainstreaming of WSUD/NDS designs in Southeast
Asia remains limited, with insufficient primary hydrological data and information on soci-
etal and environmental impacts. Application of conceptual, physically based models such
as PCSWMM are well suited to explore the hydrologic benefits of such green designs, as
the processes are explicitly represented and visualized, thereby facilitating design thinking
and optimization through the assessment of alternative scenarios [105].
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Information from the 2D hydraulic model can be used to show flood maps in terms
of inundation locations. A performance analysis was carried out using various flood
events from the BMA-DDS in this study. Flooded areas predicted by the model accurately
compared to the flood risk areas from the BMA-DDS in the study area. The RTFlood system
provided flood estimate results 20 min in advance. The comparison of the RTFlood system
with the previous system [59] showed improvement in terms of rainfall forecasting, high-
resolution terrain data, faster performance, inundation prediction, and forecasting lead
time. This lead time could be used as an accompanying announcement to administrative
staff responsible for drainage management so that pump operations could commence in
a timelier way, for example. However, this study’s lead time still seems to not be long
enough to effectively notify the public of flood evacuation.

This research provides an example of successful real-time modeling in a tropical Global
South context. Results from this project and an earlier project for the Sukhumvit area of
Bangkok suggest that existing conceptual hydrologic/hydraulic models can adequately
capture runoff and flood dynamics for this environment. However, four areas of caution
and future work remain. First, although the TITAN weather forecasting model was suc-
cessfully employed here, a more detailed analysis of its forecasting capability for a short
duration, intense, tropical convectional events should be carried out. In addition, the rela-
tive accuracy of the combined weather radar and rain gauge system implemented in this
study should be further evaluated. Uncertainty in the weather forecasting and radar/rain
gauge systems will propagate to produce further uncertainty in hydrologic and hydraulic
modeling. Second, although the study was able to acquire four years of flood location data
to calibrate and validate the hydrologic/hydraulic model results, it would be preferable
to have continuous flow monitoring stations in both the primary and secondary drainage
systems. The availability of continuous data has been a limitation of rigorous calibration
of hydrologic/hydraulic models in the Global South setting, but this shortcoming may
gradually be addressed through the use of cost-effective IoT technology [133,134], as well
as other creative indirect means such as crowdsourcing of flood locations and high-water
marks on buildings and trees [135-140]. Third, the run times for the entire RTFlood plat-
form were reasonable for the small area examined in this study. With larger city areas, run
times, particularly for the 2D modeling, may become prohibitive for effective real-time
forecasting. It is possible to run the 2D model in parallel on a computer cluster to speed
up run time or, more cost-effectively, accrue increased computational speed by porting the
model to the cloud [141]. We expect this latter approach to be utilized to a greater extent in
the future. Finally, Mosavi et al. [142] recently reviewed machine learning applications for
flood prediction as an alternative to conceptual, physically based models, noting that such
applications “ ... can numerically formulate the flood nonlinearity, solely based on histori-
cal data without requiring knowledge about the underlying physical processes”. For the
urban catchment modeling, as described here, we do not see a benefit for the data-driven
approach that relies on pattern recognition without understanding the underlying physical
processes, and because we have limited data. The runoff modeling is complicated by the
flashiness of the urban surfaces and connection to the drainage system. As noted above,
to assess design scenarios, a conceptual model also is preferable. However, recent studies
have suggested that hybrid machine learning approaches with traditional quantitative
rainfall estimates may improve forecast accuracy [143-145], and this should be explored as
a future enhancement to RTFlood.

5. Conclusions

A real-time flood forecasting platform, RTFlood, was developed and trialed for an area
of downtown Bangkok that is particularly vulnerable to flash floods. The RTFlood system
contains three modules, namely, rainfall input data processing, automated data operation
system (ADOS), and hydraulic model processing. The real-time platform accurately pro-
vided 71 pre-warnings 30 min in advance for 116 observed floods. This level of advanced
warning would be sufficient to implement real-time control (e.g., pump operations, gate clo-
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sures) within the system. However, flood warnings and evacuation probably could not be
achieved. This project provided valuable information on the efficacy of real-time modeling
approaches for cities in the Global South, particularly those in tropical climates. However,
improvements should be considered in future efforts, particularly a deeper assessment of
the TITAN rainfall forecasting model and the weather radar/rain gauges and porting the
platform to the cloud to enhance run times.
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