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Abstract: This paper aims to demonstrate the research-to-application and operational use of numerical hydrologic and hydraulic modeling to (a) quantify potential flash flood risks in small urban
communities with high spatial resolution; (b) assess the effectiveness of possible flood mitigation
measures appropriate for such communities; and (c) construct an effective operational urban flash
flood warning system. The analysis is exemplified through case studies pertaining to a small community with dense housing and steep terrain in Tegucigalpa, Honduras, through numerical simulations
with a customized self-contained hydrologic and hydraulic modeling software. Issues associated
with limited data and the corresponding modeling are discussed. In order to simulate the extreme
scenarios, 24-h design storms with return periods from 1 to 100 years with distinctive temporal and
spatial distributions were constructed using both daily and hourly precipitation for each month of the
rainy season (May–October). Four flood mitigation plans were examined based on natural channel
revegetation and the installation of gabion dams with detention basins. Due to limitations arising
from the housing layout and budgets, a feasible plan to implement both measures in selected regions,
instead of all regions, is recommended as one of the top candidates from a cost-to-performance ratio
perspective. Numerical modeling, customized for the conditions of the case study, is proven to be an
effective and robust tool to evaluate urban flood risks and to assess the performance of mitigation
measures. The transition from hydrologic and hydraulic modeling to an effective urban flash warning
operational system is demonstrated by the regional Urban Flash Flood Warning System (UFFWS)
implemented in Istanbul, Turkey. With quality-controlled remotely sensed precipitation observations
and forecast data, the system generates forcing in the hydrologic and hydraulic modeling network to
generate both historical and forecast flow to assist forecasters in evaluating urban flash flood risks.
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1. Introduction

with regard to jurisdictional claims in

Watershed management has been a popular engineering topic and important infrastructural endeavor that draws the attention of different levels of government, national
and international public-benefit nongovernmental organizations (NGOs), and other independent organizations [1]. The topic covers a wide range of studies and engineering
applications regarding various natural and human-activity-related issues, including flood,
soil erosion, and water body pollution [2]. Disastrous flood events pose one of the most significant challenges in daily watershed management activities, as they are often associated
with very high property damage and the loss of human lives [3–6]. Therefore, mitigation
of flood risks is critical for effective watershed management, and such mitigation often
includes revegetation campaigns, hydraulic construction (e.g., detention basins), contour
terracing, and municipal planning [7].
The performance of the aforementioned mitigation measures usually relies on the
specific conditions (e.g., natural or urban) and requirements of a specific watershed. The
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evaluation of the individual and combined impacts of different mitigation measures still remains a challenge to hydrologists [8,9], and should be performed taking into consideration
the type of watershed and flood [10–12].
Among the different types of flood, a flash flood often poses imminent threat to areas
associated with human activities due to their localized nature and rapid development and
propagation through the watershed [4,13,14]. Flash flooding normally refers to flooding
occurring within 6 h or less after the causative rainfall event [15]. Other than heavy rainfall
and saturated or impervious ground, a flash flood could also be caused by dam failure
and debris flow [16–18]. The factors that determine the level of flash flood impact include
intensity, location and distribution of rainfall, soil type and saturation level, vegetation type
and density, and land use and topography [19–22]. Due to the relatively high percentage of
impervious surfaces (e.g., rooftops and paved roads etc.), urban areas are more prone to
flash flood occurrence [23–25]. Global warming [26] is another major factor that contributes
to the occurrence and seriousness of urban flash flooding. A steeply sloped terrain also
contributes to the flash flood occurrence risks.
Mitigation options for flash floods are often limited to low-impact measures due to
the constraints of space and cost. Channel revegetation and the construction of small hydraulics works such as gabion dams are of particular interest in the present study. Channel
revegetation is one of the most common stream channel rehabilitation practices [27], with
the purpose of attenuating the flood peak magnitude and postponing the arrival of the
peak downstream [28–32]. Anderson et al. [33] pointed out that the flood wave propagation
is affected by the channel roughness, and the impact varies for different flood magnitudes.
They found that a larger reduction in magnitude and less delay can be expected for larger
events, and the opposite is more likely for smaller events. Check dams are small barriers
that provide temporary water storage to slow down the flow in the drainage system [34].
Therefore, the general impact of flood mitigation on such a dam is to delay the arrival
of the flood peak. However, their general performance in terms of changing the flood
wave propagation pattern has not yet been extensively studied. Accordingly, by taking
advantage of numerical physically based modeling, the individual and combined effects of
both channel revegetation and gabion check dams on urban areas are analyzed in detail in
this paper.
A recent significant study in steep Haiti ravines examined the feasibility and effectiveness of community-scale mitigation measures through numerical experiments supported
by high-resolution field data supported by drone flights and on-site field surveys [35,36].
The methodology and models developed and applied in that study provide important
tools for examining the feasibility of construction and the likely impacts of gabion dams
and vegetation coverage applications (e.g., hillside and channel revegetation campaigns)
in steep mountainous areas upstream of populated areas. Intensity–Duration–Frequency
curves were developed with available data, which were then used to develop design storms
associated with different return period frequencies. Results indicate that channel vegetation can reduce the peak discharge and significantly delay the arrival of flood peaks.
The combined impacts of gabion dams and channel vegetation are highly nonlinear, and
depend on the shape and duration of storm peaks and the watershed drainage topology.
This manuscript demonstrates the process of research-to-application and eventually
to operational use with a numerical approach for urban flash flood evaluation, mitigation,
monitoring, and forecast. Following the general methodology of the Haiti case study, the
first goal is to develop a new robust and efficient numerical tool that contains the full
package of hydrologic and hydraulic modeling (without the use of third-party software
such as HEC-HMS or HEC-RAS, as was conducted, for example, in [35,36]) with specified
design storms. With proper parameterization, the purpose is to aid disaster management
and urban planning agencies to easily perform numerical experiments to evaluate the
performance of different flash flood mitigation plans. The region for the case study to
demonstrate the development and use of this numerical tool is a highly urbanized community in Tegucigalpa, Honduras. Together with the design storms with representative
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Figure 1. Flowchart of the components and links used in the numerical modeling software.

2.1. Site Description and Basin Delineation
2.1. Site Description and Basin Delineation
The region of interest in this study is the conveyance network that drains three districts
The region of interest in this study is the conveyance network that drains three disin the City of Tegucigalpa in Honduras: Jose Ángel Ulloa, Jose Arturo Duarte, and Nueva
tricts in the City of Tegucigalpa in Honduras: Jose Á ngel Ulloa, Jose Arturo Duarte, and
Providencia (Figure 2). This region is about 5.5 km northwest of the Toncontín International
Nueva Providencia (Figure 2). This region is about 5.5 km northwest of the Toncontín
Airport, and has an area of 2.43 km2 . There are two
main branches that convey water from
International Airport, and has an area of 2.43 km2. There are two main branches that conthe west, which eventually drains into Rio Guacerique downstream. The most distinctive
vey water from the west, which eventually drains into Rio Guacerique downstream. The
features of this area are the steep terrain and dense housing both within and downstream
most distinctive features of this area are the steep terrain and dense housing both within
of the watershed. The average slope of the area is 16.1%. What makes the situation worse
and downstream of the watershed. The average slope of the area is 16.1%. What makes
is the widespread and largely unplanned housing conditions in the downstream part of
the watershed (Figure 2). The fact that residents in the neighborhood suffer from flooding
around their houses is one of the main motivations behind this study.
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different return periods. For this extreme value distribution analysis, the Generalized
Extreme Value (GEV) distribution [38] was used. The GEV has been shown to be more
applicable than the Gumbel extreme value distribution for the extreme events of Central
America, especially under climatic changes that increase the intensity of extremes in
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precipitation [39,40]. By fitting a GEV distribution curve through the top 37 24-h storms,
the total volume of a design storm with specific return period can be determined.
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top four storms. The weighted average distribution captures the two events between the
16th and 18th hour, and between the 20th and 24th hour, which reflects the general pattern
of the top four storms.
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evapotranspiration,
redistribution
of
production,
and
channel
inflow
generation.
infiltrated water among the five soil storage elements in two soil layers, surface and subtime-continuous
SACchannel
model applied
to each delineated sub-basin is based on the
surfaceThe
runoff
production, and
inflow generation.
set of
ordinary
differential
equations
of watertoconservation
for each
soil layer
formulated
The
time-continuous
SAC
model applied
each delineated
sub-basin
is based
on the
by
Georgakakos
[43].
This
formulation
adopts
a
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response
instead
set of ordinary differential equations of water conservation for each soil layer formulatedof
the
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behavior [44],
which
enables the
soil water
storage
elements
by
Georgakakos
[43]. This formulation
adopts
a nonlinear
reservoir
response
instead
of
to
generate
outflow
even
if
not
full,
and
the
outflow
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the original threshold-type behavior [44], which enables the soil water storage elements
soil. The
integration
these
with a given
initial
condition
andlevel
givenofinput
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generate
outflow
even ifofnot
full,equations
and the outflow
depends
on the
saturation
the
produces the time evolution of the soil water contents of each soil compartment, and
of the total channel inflow that aggregates surface and subsurface runoff and feeds the
hydraulic model.
The percolation function controls the movement of water from the upper layer to the
lower layer, which depends on the soil texture and the relative saturation of the two soil
layers. Carpenter and Georgakakos [41] showed how the soil parameters can be estimated
from soil texture and soil depth data. The available soil texture and depth data for the
study region are from the United National Food and Agriculture Organization databases
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(e.g., see [45] and associated online data repository). The parameters of the Sacramento soil
water accounting model for the study area are listed in Table 1.
Table 1. Parameters of the Sacramento (SAC) soil water accounting model for the region.
UZTWM
(mm)

UZFWM
(mm)

LZTWM
(mm)

LZFPM
(mm)

LZFSM
(mm)

UZK
(Fraction)

LZPK
(Fraction)

LZSK
(Fraction)

ZPERC

REXP

PFREE
(Fraction)

SIDE
(Fraction)

ADIMP
(Fraction)

9

5.4

36

15.22

6.38

0.145

0.000651

0.0453

85

2.5

0.295

0

0.05

The hydrologic model subdivides each delineated sub-basin into a pervious and an
impervious area. The impervious area represents the part of the sub-basin that does not
allow infiltration of precipitation into the soil (where soil response is absent) and, thus,
precipitation directly becomes surface runoff. For this specific study area, dense housing
introduces significant impervious area fraction, which enhances the flash flood risks as the
capability of soil absorption is diminished. Due to the lack of high-resolution digital spatial
information for such a small watershed, the impervious area fraction for the sub-basins
was determined by visual examination of high-resolution aerial photographs. The average
impervious fraction is 0.39 for the whole watershed. The sub-basins with high impervious
fraction are mostly in the downstream part of the study area and the area with a fraction
larger than 0.5 is about 1.15 km2 , which is more than 45% of the watershed.
The initial condition of the soil water in the elements of the hydrologic model, has a
significant influence on the timing of the production of runoff by the model throughout
an extreme event simulation. To establish initial conditions for extreme event analysis,
a simulation was first conducted from 2013 to 2016 with historical data of precipitation
and climatological data of reference evapotranspiration to identify the monthly extremes
of soil saturation of the study area. The historical precipitation data consist of hourly
gauge-corrected satellite rainfall precipitation estimates obtained from the archives of the
Central America Flash Flood Guidance System (CAFFGS) that covers the study area, and
is one of the regional Flash Flood Guidance System (FFGS) worldwide [46–49]. From the
simulation, the soil condition corresponding to the highest total soil water saturation was
selected as a representative initial condition to run extreme events for each month.
2.3.2. Distributed Hydraulic Routing Model
The hydrologic model generates runoff for each delineated sub-basin, which is accumulated to comprise the total channel inflow at the upstream point of the basin main stream
channel. The hydraulic component propagates the flow to the downstream end. The routing
model adopted for this study is the nonlinear Muskingum–Cunge diffusive model [50,51],
which is one of the widely used one-dimensional distributed routing models used to simulate the propagation of flood in stream channels [52–55]. Nonlinear Muskingum–Cunge
routing is appropriate for both steep and mild channel bed slopes, and should provide good
results down to slopes of 0.0001. As mentioned in Section 2.1, the slopes are much steeper
than this lower limit, and the application of this hydraulic routing model is warranted.
Therefore, the flow of each of the delineated channels (Figure 2) is simulated with this
one-dimensional approach. For streams that have no upstream basins, the only forcing is
the total channel inflow of the basin generated by the soil model, which is at the inlet of the
stream. For streams that have upstream basins, the upstream flow is the additional forcing
at the inlet.
The parametric support of the routing model consists of the cross-sectional geometry
for the natural stream channels in the study area. Correspondingly, the channel slope and
roughness information are required parameters. Unfortunately, due to security reasons,
very limited survey efforts were made in the study area to collect cross-sectional profiles.
Therefore, an alternate approach was adopted by taking advantage of the 1-m resolution
DEM to establish a regional regression to estimate the channel bankfull geometry relationships in the channel network [56]. Manning’s roughness parameter was estimated to be
0.035 based on the observations made during a field trip to the study area [57], and fol-
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be 0.035 based on the observations made during a field trip to the study area [5
following Chow [58]. The modification to this parameter corresponds to one of th
posed mitigation measures (i.e., revegetation of the channel). As demonstrated in
3, the streets that convey water are assumed to have rectangular shape. The width
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The channel
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in collaboration
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in the hydraulic
model
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upstream detention basins. The goal of revegetating the channel is to delay the flood
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and
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to roughness
reduce peak flow
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propagation
and
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the magnitude
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peak. are
Theused
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delay
the in
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[36].beThe
detention
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and the c
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the hydraulic
routing model can
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from the
literature
various
types
of
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tations are performed assuming level pool routing [50], given the relatively small d
dams
and (width
detention
basins
of various
sizes
are used toFigure
reduce6peak
flows
sionsGabion
of such
ponds
and
length
in tens
of meters).
demonstrates
th
and delay the peak arrival downstream [36]. The detention basin pool water and the
figuration
of the detention basin and gabion dam with rectangular shaped weir, d
computations are performed assuming level pool routing [50], given the relatively small
appropriate
this
study.
dimensions offor
such
ponds
(width and length in tens of meters). Figure 6 demonstrates
the configuration of the detention basin and gabion dam with rectangular shaped weir,
deemed appropriate for this study.

Figure 6. Longitudinal cross-section of a detention basin (upper panel) and front section of a gabion
dam (lower panel). Dimensions are as shown in the panels.

Thus, the governing equation is the mass conservation equation for the detention basin:
dV/dt = Q0 (t) − Q(t)

(2)
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where V is the water volume in the detention basin, Q0 (t) is the upstream flow hydrograph, Q(t) is the outflow rate determined by the water level and the rectangular weir
flow equation.
The mass conservation Equation (2) is solved using the fourth-order Runge–Kutta
method. In order to take full advantage of the storage capacity of the detention basins and
streamline the computation procedure, it is assumed they are always built near the end of
a delineated sub-basin in the study area, i.e., the outflow rate of a dam is the outflow of
the corresponding sub-basin. Another reasonable assumption is that gabion dams are only
available to sub-basins drained by natural streams instead of streets.
The model representation of gabion dams and their detention basins was constructed
as a separate module that takes the outflow of the hydraulic routing module as the input
forcing for the sub-basin of interest. The dimensions of the detention basin and gabion
dams used for the study area are provided in Table 2. The detention basins are considered
empty at the start of the simulations. It should be noted that floods could accumulate
significant amount of sediment near the gabion dam, which reduces the capacities of the
detention basins over time [61]. In this work, the sediment accumulation is not considered,
which means the gabion dams always have full capacity to hold water at the start of each
simulation. In application, the gabion dams should be maintained regularly by removing
the accumulated sediment.
Table 2. Dimensions (m) of gabion dams and associated detention basin reservoirs (see Figure 6).
Length of
Reservoir (L)

Width of
Reservoir (W)

Width of
Weir (Ww )

Height of
Weir (Hw )

Total
Height (H)

50

10

1

2

3

3. Results and Discussion
The discussion is conducted concentrating on the following topics: (1) the climatological and geologic features of the area; (2) the seriousness of the current flooding condition;
(3) determining effective and, more importantly, feasible mitigation measures for the region.
It is noted that the numerical modeling software was provided to the local municipality engineers in Tegucigalpa, and the third topic benefits greatly from the discussions with these
engineers regarding their independent numerical sensitivity analysis conducted based on
their ample experience with flooding in the study area.
3.1. Estimation of Storm Precipitation of a Given Return Period
As mentioned in Section 2.2, the design storm of interest to the study area is of
a 24-h duration. The GEV distribution is fitted using the 37 extreme values for 24-h
storm extracted from the 37-year daily precipitation record collected at Toncontín Airport
(Figure 7). The fitting curve coincides reasonably well with the observed data points, which
leads to a projection of 201.1 mm/day for the storm with 100-year return period. The
Kolmogorov–Smirnov goodness of fit test statistics of the GEV distribution is 0.104. For a
sample size of 40, the Kolmogorov–Smirnov table value is 0.21 at the alpha level of 0.05.
Therefore, it can be concluded that GEV is a good fit for the data. It should be noted that
Hurricane Mitch, which is a category-5 hurricane that struck Honduras in 1998, is also
included in the observed data points. Due to the finite length of the daily record, the
inclusion of storms such as Hurricane Mitch could potentially lead to an overestimation of
GEV predictions. For the sensitivity analysis, this issue can only be solved by the access of
longer precipitation records. However, for the purpose of this study, which is to analyze
extreme flood situations, the overestimation of precipitation volume (if it is in fact later
confirmed) could serve as a safety factor that ensures that a worst-case scenario is covered.
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(3)
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Table 3. Coefficients of linear regression between elevation and mean monthly daily precipitation
average for each month.
Table 3. Coefficients of linear regression between elevation and mean monthly daily precipitation
average forMonth
each month.
α (1/d)
β (mm/d)

JAN
Month
FEB
JAN
MAR
FEB
APR
MAR
APR
MAY
JUN
JUL
AUG
SEP
OCT
NOV
DEC

0.002029
α (1/d)
0.001084
0.002029
0.001389
0.001084
0.0008147

0.001389
0.0008147
0.003453
0.007451
0.003383
0.002351
0.005956
0.007418
0.002696
0.001937

−2.041
β (mm/d)
−1.122
−2.041
−0.9467
−1.122
−0.9621
−0.9467
−0.9621
1.013
−3.268
−2.179
2.348
−0.5184
−2.796
−1.995
−1.505
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tropical convective storm, with most of the precipitation volume falling after 2:00 p.m.
local time, when the temperature and dew point temperature (index of water vapor content) reach maximum values during a typical day. The very nature of this high temporal
nonuniformity contributes to serious flood risks, as high-intensity rain events tend to occur over relatively short periods.
12 of 27
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contributes to serious flood risks, as high-intensity rain events tend to occur over relatively
next section.
short periods.
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difference
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serious local damage to the buildings and properties due to the high instantaneous flow
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on theHowever,
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difference
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(3) the
difference
is added
discharge.
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could
stillvolume
be harmful
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tomembers
the total as
volume
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volume
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the
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total
it might prolong the inundation period for the houses near the mainthe
branches.
volume
of analysis
the sub-basin
is multiplied
with
thetypes
hourly
distribution
(Figurein8)the
to next
obtain
the
Detailed
and discussion
for the
two
of storms
is provided
section.
hourlyThe
precipitation
forcing.
software
allows the
user to select
the extreme
return period
total volume,
and The
spatial
and temporal
distribution
of the
events(1–
are
separately determined for each month. In summary, the calculation steps for hourly precipitation of each sub-basin are: calculate (1) the total 24-h precipitation volume at Toncontín
Airport (999 m elevation) based on the selected month using GEV distribution (Figure 7);
(2) the volume difference between the sub-basin and Toncontín airport is calculated based
on the elevation difference using Equation (3); (3) the volume difference is added to the
total volume at the airport to obtain the total volume of the sub-basin; (4) the total volume
of the sub-basin is multiplied with the hourly distribution (Figure 8) to obtain the hourly
precipitation forcing. The software allows the user to select the return period (1–100 year)
and month for the design storm (May–October). Despite the fact that this modeling package
was specifically designed for the three neighborhoods in Tegucigalpa (Figure 2), the software is scalable and can be transferred to study new regions as long as the basin delineation,
parameterization, and design storm estimation are performed as discussed earlier.
3.2. Flow Discharge Analysis
This section presents and analyzes the flow discharge hydrograph at the outlet of the
watershed for storms with typical return periods and spatial and temporal distributions.
The associate design storms for the analysis and the corresponding reference precipitation
volume at Toncontín Airport are listed in Table 4. In terms of temporal distribution, the
design storm of May and September are selected as representative cases for the two types
of temporal distribution as discussed in the last section (Figure 8). May is the month
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with the most concentrated temporal distribution of precipitation, which is represented
by the fact that 42.5% of the rain falls during the 21st hour of a stormy day (Figure 8). In
are also two
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the 14th of
and
23rd hourflow
withdischarge.
fractions of 0.11
longer addition,
duration there
of precipitation
leads
to apeaks
longeratduration
significant
and
0.22,
respectively.
In
combination,
the
precipitation
volume
for
these
separate
One distinctive feature of the September cases is that all the five discharge peaksthree
correhours
comprises
75.3%
of
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total
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design
storm
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is
sponding to different return period storms are in sync with the precipitation peak at the
characterized
by
a
longer
duration
of
rain
within
the
day,
with
a
more
uniform
distribution
20th hour. In contrast, only the discharge peak of the 100-year storm is in sync with the
between the 16th and 21st hour. The 6-h storm comprises 71.6% of the total volume.
precipitation at the 16th hour despite the fact that the precipitation fraction is very close
to the one
of4.the
20th hour.
This
probably
be(mm)
attributed
thedesign
different
flow conditions
Table
Reference
values
ofcan
the total
volume
of the to
24-h
storms.
prior to the two precipitation peaks. Prior to the 16th-hour peak, there is relatively little
5-Year
25-Yearpotentially diminish
50-Year the “stacking”
100-Year
rain (and flow)
and the empty10-Year
stream channels could
of sub-basin peaks
that generates high
flows. As the storm
83.64 at the outlet99.98
129.46
160.21intensity becomes
201.08
smaller (from 100-year to 25-year design storm) and the variability of the saturation rates
of the sub-basins increases, the flow peak is delayed by 1 h through a gradual hydrographThe hydrographs of flow discharge at the outlet of the watershed for the different design
shape change as we progress from the high to the lower return period forcing. The flow
storms in May and September are presented in Figure 9. The output of the flow discharge is
is characterized by a hydrograph plateau instead of single peak for the 50-year storm,
also kept hourly to be consistent with the precipitation resolution for easy comparison. The
which is a representation that the individual peaks of the sub-basins arrive at the outlet in
actual hydraulic routing simulations were conducted with the spatial–temporal scale that is
a more orderly fashion instead of simultaneously [62]. No such plateau is observed during
determined by incoming channel inflow magnitude (hence the nonlinear nature of the model).
the storm of the 20th hour.

(a)

(b)
Figure Figure
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storms storms
9. Hydrograph
flow discharge
at theof
outlet
of thearea
study
for different
with precipitation fraction in (a) May and (b) September.
with precipitation fraction in (a) May and (b) September.

Using the total channel inflow generated by the soil model, the unit peak discharge
of the area is 9.98 m3/s/km2 for September, which is comparable to some of the observed
extreme flash flood events [4,63,64]. Due to the concentrated distribution of the design
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For the month of May (Figure 9a), the major discharge peak occurs on the 21st hour
of the day for all design storms, which is in sync with the arrival of the most intense
precipitation. Among the five return periods, the magnitude of the major flood peak
increases from 18.32 m3 /s to 56.31 m3 /s with the return period increasing from 5 to 100 year,
which is a 3.07-fold increase. In comparison, the precipitation volume only increases by
2.4 times, which confirms the nonlinear nature of the hydrologic and hydraulic processes
despite the small size of the watershed. For the smaller precipitation at the 14th hour, the
discharge peak arrives 1 h later for return period 100-year, 50-year, and 25-year, and 2 h
later for 10-year and 5-year. This is an indication that the response of this watershed is
correlated with the absolute intensity of the precipitation, i.e., the watershed responds faster
to the more intense storms. This is also confirmed by the steeper increase and decrease rate
around the 21st hour as the storm is becoming more intense.
As the rainfall becomes more intense, the peak surface flow generated flushes through
the whole watershed faster. This finding works against the flood risk warning for the many
residents within and downstream of the area as there is very little time left to issue flood
warnings, and this situation is only worsening as the storm becomes more intense. Failure to
issue warning in time could lead to significant property damage and even the loss of human
lives. Therefore, for the design and evaluation of flood mitigation measures, it should be
always kept in mind that the delay of the arrival of the flood peak is a desirable outcome.
The findings pertaining to the flow hydrographs generated by the design storms in
September (Figure 9b) are mostly similar to those obtained for May. As expected, the longer
duration of precipitation leads to a longer duration of significant flow discharge. One
distinctive feature of the September cases is that all the five discharge peaks corresponding
to different return period storms are in sync with the precipitation peak at the 20th hour.
In contrast, only the discharge peak of the 100-year storm is in sync with the precipitation
at the 16th hour despite the fact that the precipitation fraction is very close to the one
of the 20th hour. This can probably be attributed to the different flow conditions prior
to the two precipitation peaks. Prior to the 16th-hour peak, there is relatively little rain
(and flow) and the empty stream channels could potentially diminish the “stacking” of
sub-basin peaks at the outlet that generates high flows. As the storm intensity becomes
smaller (from 100-year to 25-year design storm) and the variability of the saturation rates
of the sub-basins increases, the flow peak is delayed by 1 h through a gradual hydrographshape change as we progress from the high to the lower return period forcing. The flow is
characterized by a hydrograph plateau instead of single peak for the 50-year storm, which
is a representation that the individual peaks of the sub-basins arrive at the outlet in a more
orderly fashion instead of simultaneously [62]. No such plateau is observed during the
storm of the 20th hour.
Using the total channel inflow generated by the soil model, the unit peak discharge
of the area is 9.98 m3 /s/km2 for September, which is comparable to some of the observed
extreme flash flood events [4,63,64]. Due to the concentrated distribution of the design
storm in May, the peak discharge of the area is significantly higher, 23.85 m3 /s/km2 , which
is close to some of the most extreme events reported [63,65].
Due to the absence of any flow or water level measurements in the region, and the lack
of remotely sensed observations of flooding conditions, quantitative validation of flow is
not possible for the current case study. Alternatively, qualitative validation and estimation
of flooding is conducted with additional simulations in HEC-RAS. It should be noted that
HEC-RAS is only used for the purpose of qualitative validation, and it is not part of the
numerical simulation tool. In order to visualize the flood impact and to validate the results,
the inundation map (Figure 10) is created along the two main branches, where observations
of high water levels were reported by the community members. Steady state simulations
were conducted in HEC-RAS for the sub-basins along the two branches using the peak
instantaneous flow discharge of the basin. Cross-sectional profiles of the two branches
were extracted from the 1-m DEM. As expected, one of the most seriously flooded areas
is the outlet basin of the watershed (inset with red border in Figure 10). The inundated
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Figure 10. Inundation map along the two main branches of 100-year design storm in May.
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3.3. Impact of the Mitigation Plans for Flood Control
In this section, the performance of different mitigation plans is evaluated for the
design storms in May and September. The analysis is conducted by comparing the flow
hydrograph between cases before and after mitigation measures are implemented, with the
purpose of finding the most efficient design. The word “efficient” is not just referring to
the best performance, because the local situation (e.g., dense housing) and constraints on
budget might limit the options. Therefore, the emphasis is for a feasible flood mitigation
plan that has a relatively low cost-to-performance ratio. The cases presented in Section 3.2,
which represents the current flooding situation of the area without any mitigation measures,
are referred to as the “nominal” cases in the context of the discussion.
As stated in Section 2.4, the proposed mitigation plans include revegetation of the
natural stream channels, construction of gabion dams with detention basin, and the combination of both. Four mitigation plans were proposed accordingly: (1) revegetate all the
natural streams (Figure 11a) by increasing the Manning’s roughness from 0.035 to 0.05;
(2) construct gabion dams with detention basins on all natural streams (Figure 11a); (3)
combine (1) and (2) (Figure 11a); (4) apply revegetation and gabion dams on selected
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infeasible for the local conditions due to the high expense and man power needed, as well
as the logistics of resident relocation.
Therefore, making compromises is inevitable. With the additional knowledge of
the area and experience with construction provided by the officials of the Tegucigalpa
Municipality and engineers from the disaster management agencies of Honduras, another
plan is designed, which only involves several selected sub-basins along the two main
branches in the downstream part (Figure 11b). The new plan only involves 18 sub-basins
where constructions are feasible. The corresponding flow hydrograph exhibits similar
pattern (Figure 12a). The arrival time of the flood peak is delayed by 1 h, with the magnitude
increased by 17%. Considering the primary goal of flood mitigation for highly urbanized
area is to save human lives, successful delay of the peak has proven this compromised plan
effective. Moreover, the potential cost could also be reduced by more than 80%. Therefore,
from a cost-to-performance ratio perspective, this is the mitigation plan regarded as one of
the top candidates for implementation.
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This
distinctive feature of this month is that revegetation of all the natural streams alone is
able to delay the first peak (at 16th hour) and decrease the magnitude by 15% at the same
time. This is consistent with previous findings that channel revegetation has relatively
good mitigation effect when the flow is not very high [36]. However, no delay is observed
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for the second peak at 20th hour. This might be again attributed to the different flow
conditions prior to the storm. If the appropriate emphasis is placed to assure evacuation
before the major flood peaks hit, then the first plan is the best choice among the four as
the constructional work of revegetation is orders of magnitude less compared with the
construction of gabion dams.
The combined effects of channel revegetation and gabion dam is similar for May and
September, which is delaying the peak arrival but increasing the peak magnitude. This
consistent trend was not observed in the previous study [36], which concentrates on smaller
storms. This highlights the importance of comprehensive evaluation of different type of
storms (different return period and temporal distribution). In order perform such analysis,
a quadrant chart is proposed for more direct and simple visualization (Figure 13). The
chart is designed to reflect the performance of both peak magnitude decrease and arrival
delay. The vertical axis represents the difference of magnitude of the first major flood peak
in percentage. The horizontal axis represents the delay of the arrival of the first major
flood peak in hours. The values of the first major peak discharge at the watershed outlet
under different design storms are presented in Table 6, which was used as reference to
calculate the percentage differences in Figure 13. Therefore, the lower right corner of the
chart represents better mitigation effect, which means the flood peak is decreased and
delayed significantly. Correspondingly, the upper left corner represents worse mitigation
effect. The first major flood peak corresponds to the storm during the 21st hour and 16th
19 of 28
hour for May and September, respectively (Figure 12). For the design storms with the same
return period, the storm intensity in September is about 39% of the intensity in May.
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Several general patterns revealed in Figure 13 confirm the findings obtained in Figure
12. Revegetation of the stream channel generally leads to a reduction in flood peak. Nonetheless, there is no obvious dependence between the level of reduction and storm intensity. For smaller storms, revegetation is also capable of delaying the arrival of the flood
peak. Gabion dams are generally effective in terms of delaying the arrival of the flood
peak. Although there is no monotonic correlation between the level of increase in flood
peak and storm intensity, it seems to be the case that the increase is reversed for relatively
small storms. The combination of both revegetation and gabion dams for all the natural
basins provides the best mitigation effects as it delays the arrival without significantly
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Table 6. Values of reference peak discharge (m3 /s) under different design storms.

May
September

5-Year

10-Year

25-Year

50-Year

100-Year

18.3
6.19

24.8
8.05

36.2
10.9

46.2
13.2

56.3
19.9

Several general patterns revealed in Figure 13 confirm the findings obtained in Figure 12.
Revegetation of the stream channel generally leads to a reduction in flood peak. Nonetheless,
there is no obvious dependence between the level of reduction and storm intensity. For smaller
storms, revegetation is also capable of delaying the arrival of the flood peak. Gabion dams
are generally effective in terms of delaying the arrival of the flood peak. Although there is
no monotonic correlation between the level of increase in flood peak and storm intensity, it
seems to be the case that the increase is reversed for relatively small storms. The combination
of both revegetation and gabion dams for all the natural basins provides the best mitigation
effects as it delays the arrival without significantly increasing the peak. For smaller storms, it
is also capable of decreasing the peak significantly. In comparison, the combination of both in
selected basins could still achieve the delay of the peak, but the magnitude of the peak is larger
in most cases. The anomaly for the 25- and 50-year return period storm of September is due to
the change of the shape of the hydrograph, which is represented by the observation that the
flood peak exhibits a plateau between the 16th and 17th hour in the nominal case as the peak
moves from 16th to the 17th hour with decreasing precipitation intensity (Figure 9b). This is a
strong indication that the mitigation effect is also dependent on the flow hydrograph shape.
This numerical tool has a graphical user interface. The user can use the interface to
specify the return period and month of the design storm and the mitigation measures
they intend to implement in certain basins to set up a simulation. With the delivery of
this numerical tool to the municipality engineers and local disaster management agencies,
they can perform simulations with different storms and mitigation measures themselves
based on their knowledge of the area (e.g., cost of revegetation and gabion dam, relocation
of community members, etc.). Together with quadrant charts, as in Figure 13, a more
comprehensive analysis can be performed to determine the overall best practice of flash
flood mitigation for all types of storms in the area.
4. Operational Urban Flash Flood Warning System (UFFWS)
To further extend the application of this hydrologic and hydraulic modeling approach
to simulate flood propagation, the modeling component of the numerical tool is modified
to serve as the backbone to develop an operational warning system, the Urban Flash Flood
Warning System (UFFWS). UFFWS is a sub-system of the FFGS [49], with the specific
capabilities to evaluate and forecast flash flood risks in urban areas. The goal of the UFFWS
is to provide real-time informational guidance products pertaining to imminent or forecast
small-scale flash flooding with the urban environment of application.
Similar to the case study in Tegucigalpa (Figure 2), the urban area of interest needs
to be delineated with high-resolution DEM (preferably higher than 10 m) to capture the
main drainage network. Instead of using design storms, the precipitation forcing of each
delineated basin is calculated from the quality-controlled gridded satellite and/or radar
precipitation observations. The quality control process is conducted through bias corrections with real-time rain gauge observations. The bias corrections added to the gridded
precipitation observations include both climatological and dynamic bias adjustment, which
aim to reduce both long-term and short-term uncertainties, respectively. In addition to
historical precipitation estimate, the UFFWS is also capable of incorporating multiple numerical weather predictions (NWP) and generating forecasts of mean areal precipitation
(MAP) of the basins. With the forcing, the UFFWS uses the land–surface models with high
resolution to provide estimates of simulated historical flow over the urban area of interest.
With multiple NWP products incorporated, the UFFWS also provides ensembles of flow
forecast accordingly. The realization of the data links between the FFGS and the UFFWS
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Figure 14. Data exchange between FFGS and UFFWS components.

In order to facilitate the use of the system by forecasters in their workflow, an interactive MapServer interface was developed to incorporate the products and display them.
Figure 15 shows the system interface of the UFFWS-Istanbul. User can review the products
online or download them for further application in forecasting activities. The watershed of
interest in Istanbul is called the Cendere Basin. The upstream region is the mountainous
area with high elevation. The downstream region covers part of the business district of
the city. The area is about 180 km2 with 377 delineated basins. The Basin MapView page
with different panels is demonstrated in Figure 15. It serves as the primary map–viewer
interface, allowing the user to display products overlaid with information layers. The Map
Layers panel contains the available layers and their respective visibility options. User can
use the Product Date picker panel to select the date and time of interest. Below the Product
Date picker, the Product Selection panel provides options for selecting basin and stream
product to display in the map. In general, there are two types of products. The first is
called SIM/OBS; this is the product from the historical simulation or observation. The
second type of product is the forecast. For Istanbul, we have two types of forecast, one is
based on the forecast forcing from ALADIN, and the other is based on the WRF model. For
forecast products, the user can specify the lead time, which can go up to 48 h. On the right,
there is the Product Color Scale for the corresponding selected basin and stream product.
Near the bottom, there is the Animator button, which can generate a short animation in the
MapView. At the bottom, there is the Navigational Page, which navigates to other pages
with different plots and functionalities.
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Figure 16. The Forecast
Plot
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Figure
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The Forecast
Plot page of the UFFWS-Istanbul.

In order to validate the numerical predictions of flow in the UFFWS-Istanbul, historical flow observation data at a station close to the outlet was used. As shown Figure 17, in
general, the simulation is able to predict the flood peak and its arrival with reasonable
accuracy. However, differences can still be observed between simulation and observation.
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In order to validate the numerical predictions of flow in the UFFWS-Istanbul, historical
flow observation data at a station close to the outlet was used. As shown Figure 17, in
general, the simulation is able to predict the flood peak and its arrival with reasonable
accuracy. However, differences can still be observed between simulation and observation.
For the first event between the 50th and 100th hour, the simulation did not capture the
continuation of the flood peak. This is probably caused by the underestimation of precipitation estimation. For the major event, the simulated flood peak arrives earlier with smaller
magnitude, which is an indication that additional calibration might be necessary in terms
of adjusting soil parameters and channel roughness. Due to various sources of uncertainty
(e.g., precipitation, model parameters and hydraulic structures etc.), it is recommended that
the UFFWS should be used as one of the sources to help forecasters evaluate and predict
the flash flood risks. In contrast to natural watersheds, hydraulic structures are quite
common in urban areas, and can be a major source of uncertainty. For example, in Istanbul,
there is, to our knowledge, a seawater pumping station in the watershed, which provides
5 m3 /s base flow when there is very little water in the channel. However, due to the lack of
operating information, we chose not to model this considering it is only responsible for a
relatively small base flow during dry period. Nevertheless, with quantitative operating
information, we are able to develop and include the modeling of hydraulic structures in
the routing simulation. For example, in the UFFWS-Jakarta, we included the modeling
of
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flow diversion controlled by sluice gates with the quantitative operating policy (based on
upstream water level).
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a highly urbanized area in Tegucigalpa, Honduras, using sparse data typically available
in developing countries. The software was used to estimate current flooding risks with
in developing countries. The software was used to estimate current flooding risks with
different design storms for the two representative months. Four mitigation plans were
different design storms for the two representative months. Four mitigation plans were
proposed based on the two types of measures adequate for the study area. The performance
proposed based on the two types of measures adequate for the study area. The perforof the four plans was evaluated extensively for storms with different intensities, and
mance of the four plans was evaluated extensively for storms with different intensities,
recommendations were constructed for different scenarios.
and recommendations were constructed for different scenarios.
For this specific study, the urbanized feature of the region is represented by the dense
For this specific study, the urbanized feature of the region is represented by the dense
housing in the downstream area, and the fact that some of the streets become channels
housing in the downstream area, and the fact that some of the streets become channels to
to convey water during heavy rainfall. The dense housing condition is modeled by the
convey water during heavy rainfall. The dense housing condition is 2modeled by the imimpervious area fraction of a sub-basin. A target basin size of 0.01 km was determined for
pervious area fraction of a sub-basin. A target basin size of 0.01 km2 was determined for
basin delineation as it successfully captures some of the streets as stream channels. Paramebasin delineation as it successfully captures some of the streets as stream channels. Paterization was also performed accordingly to differentiate the natural stream channels and
rameterization
was also
performed
accordingly to differentiate the natural stream chanstreets used as storm
sewer
conveyance.
nels and streets used as storm sewer conveyance.
In order to capture the extreme nature of storms together with the unique climatological and geological features pertained to the area, both daily and hourly precipitation
records were used to generate 24-h design storms with return period of 1 to 100 years. The
total precipitation volume of the design storm is determined by a GEV fitting curve
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In order to capture the extreme nature of storms together with the unique climatological and geological features pertained to the area, both daily and hourly precipitation
records were used to generate 24-h design storms with return period of 1 to 100 years.
The total precipitation volume of the design storm is determined by a GEV fitting curve
through the largest storms of the 37-year record. Moreover, unique temporal and spatial
distribution was developed for the design storms of each month during the rainy season to
reflect sub-seasonal patterns and spatial variance introduced by the steep slope of the study
area. Statistical analysis showed that the spatial variability for this small steep study area
may be ignored compared with the total volume of the design storms involved in this study.
The one-day hourly temporal distributions for the months of the rainy season successfully
capture the features of the convective storms in the tropical region. Among several months,
design storms in May and September were selected as representative storms to analyze,
corresponding to the two scenarios: (a) short but highly intense storms, and (b) longer
storms with more uniform rainfall, respectively.
Due to the lack of flow measurements in the study area, the numerical result is
qualitatively validated by the fact that it identifies the high-risk locations reported by local
community members. The inundated area could be as wide as 27.27 m at the outlet of the
watershed, which would definitely cause damage to the houses in the area. Dangerous
spots are also identified along the two main branches due to local bed form (e.g., confluence
scour hole). The sensitivity analysis of the flow discharge hydrograph at the outlet reveals
that the watershed responds quicker to more intense storms due to its relatively small size,
which is represented by the fact that flood peak is in sync with the rainfall peak. It is also
found the channel response to precipitation is also affected by the flow condition prior to
the storm. Relatively empty channels tend to distribute the flow peaks of sub-basins over
time, which could lead to delay of the flood peak arrival for less intense storms.
In order to effectively mitigate flash flood risks to the neighborhood, four plans were
proposed based on the two types of mitigation measures, channel revegetation and gabion
dam with detention basin. Revegetating all the natural stream channels can effectively
reduce the magnitude of the flood peak. If the storm is not intense, it can also delay
the arrival of the peak. Gabion dams are able to delay the arrival of the flood peak
in general, which is especially valuable for short storms with high intensity. However,
a major disadvantage is that it increases the flood peak magnitude. These effects are
analogous to what was found for more natural basins [36], but in this case, the large
fraction of impervious areas and the faster conveyance of overland flow to downstream
channels by the streets acting as storm sewers, makes for a more moderate impact of the
mitigation measures.
The combination of both mitigation measures for all the natural streams yields the
best plan in terms of performance that delays the peak without significantly increasing
the magnitude. However, due to the situation of local dense housing and limitation on
resources, this idealistic plan is currently infeasible for the region. Therefore, a compromise
was made to implement revegetation and gabion dams only on the two main branches
in the downstream part of the watershed. This plan is considered reasonably effective in
terms of saving human lives as it can still delay the peak to allow extra time for warning
and evacuation, despite the fact that the flow peak magnitude is further increased.
The numerical package is proven to be effective as a robust tool in terms of evaluating
flood risks and different mitigation plans (measures). For regions such as these three
neighborhoods, where flow monitoring is absent, the numerical modeling package provides
a “virtual environment”, imitating the hydrologic and hydraulic conditions for engineers
to easily simulate the flow to facilitate decision making process of municipal projects.
Although this particular package is site-specific, it is still relatively easy to transfer to
another site using proper parameters and input forcing. The export of flow hydrograph
has hourly resolution at the outlet of each basin. In order to examine the details of flow
propagation with higher temporal resolution, the numerical tool can be improved by
allowing the user to specify time steps for the routing component.
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With proper calibration, quantitative validation, and system infrastructure construction, the modeling components of this self-contained hydrologic and hydraulic numerical
tool has been expanded to establish the operational Urban Flash Flood Warning System
(UFFWS). This system inputs and performs quality control on real-time remotely sensed
precipitation observation and forecast data to generate forcing in the modeling component,
and generates both historical and forecast flow estimates in real time to provide guidance
to the local authorities and residents. To facilitate the use of the system, an interactive
interface was developed to visualize various products to help forecasters derive estimations
and forecasts of the urban flooding conditions. The numerical predictions of the hydrologic
and hydraulic modeling were verified by comparing with the observed hourly flow hydrograph near the outlet of the watershed. For the modeling system built in the package,
the potential future inclusion of dynamic routing model would enable the consideration of
downstream boundary condition for the flow, which is critical for simulating river systems
that eventually drain into the ocean as the stage at the outlet changes with the coastal
waves. This improvement would enrich the functionality of the package and system for
cities in coastal regions (e.g., Jakarta, Indonesia).
For operational use of the coastal inundation modeling network and products, a
simplified 1D + 2D approach is recommended to simulate flow interactions between
channel, floodplain, and sea [68,69]. The flow in the channel network is simulated with the
1D routing model. The interactions between channel and floodplain and between floodplain
and sea are simulated via a simplified 2D inundation model as an external coastal module.
The forcings that drive the inundation model are the incoming channel flow and sea level
along the coastline. The main advantage of this strategy is that it keeps the dynamic
nature of coastal flooding with the GIS-based topographic raster grid compared with the
simple horizontal submergence approach [70], and at the same time, significantly reduces
the computational cost and complexity compared with the direct application of full 2D
hydrodynamic models.
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A.; et al. A compilation of data on European flash floods. J. Hydrol. 2009, 367, 70–78. [CrossRef]
Kastridis, A.; Theodosiou, G.; Fotiadis, G. Investigation of Flood Management and Mitigation Measures in Ungauged NATURA
Protected Watersheds. Hydrology 2021, 8, 170. [CrossRef]
Marchi, L.; Borga, M.; Preciso, E.; Gaume, E. Characterisation of selected extreme flash floods in Europe and implications for
flood risk management. J. Hydrol. 2010, 394, 118–133. [CrossRef]
Paola, B.L. When streams collide. Nature 1997, 387, 232–233. [CrossRef]
Sumer, B.M.; Fredsoe, J. The Mechanics of Scour in the Marine Environment; World Scientific: Singapore, 2002.
Yu, D.; Lane, S.N. Urban fluvial flood modelling using a two-dimensional diffusion wave treatment, part 1: Mesh resolution
effects. Hydrol. Process. 2006, 20, 1541–1565. [CrossRef]
Yu, D.; Lane, S.N. Urban fluvial flood modelling using a two-dimensional diffusion wave treatment, part 2: Development of a sub
grid-scale treatment. Hydrol. Process. 2006, 20, 1567–1583. [CrossRef]
Brown, I. Modelling future landscape change on coastal floodplains using a rule-based GIS. Environ. Modell. Softw. 2006,
21, 1479–1490. [CrossRef]

