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ABSTRACT
Rapid and unplanned urbanization, together with climate change, have
exacerbated flood risk which has caused devastating loss of human life
and property in Ho Chi Minh City, Vietnam. Our study utilized remote
sensing techniques combined with Geographic Information Systems-
based hydrological modelling to identify flood risk in this urban area.
QuickBird imagery was used to create land-use/land-cover information, an
important input into the U.S. Soil Conservation Service Technique Release
55 (SCS TR-55) model which is used for predicting rainfall-induced flood.
Tidal floods were examined using a Digital Elevation Model in a GIS
framework with water level in rivers as an input. The findings indicated
that rainfall-induced flood is not a serious problem with the flood depth of
2–10 cm while tidal flood is a substantial issue with 10–100 cm flood
depths. Increasing impervious surfaces and decreasing flow length areas
resulting from the growth of urbanization in combination with tidal effects
contributed significantly to increased flood risk. These findings have
implications on solutions for flood risk control in the district, including
managing urbanization processes with appropriate infrastructure and
improving the infiltration capacity of the runoff with optimized drainage
systems.
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1. Introduction

Ho Chi Minh City (HCMC) is among the cities that are most at risk of flooding worldwide (Eckert
2011; Hanson et al. 2011; Hallegatte et al. 2013). It is located on the edge of the Mekong Delta
and built mostly on marshy, low-lying land (Eckert 2011). Over 60% of the administrative area
is located below 1.5 m above mean sea level (Long 2007) and consists of an extensive network of
canals and rivers (Nguyen and Tung 2007). In addition, the tidal intrusion into the urban water sys-
tems causes periodic rises in water level (Lempert et al. 2013). Such geographic features, combined
with periods of intense rainfall and upstream areas, mean the city is facing a frequent and significant
flood risk (Storch and Downes 2011; Lempert et al. 2013). Climate change has also exacerbated the
risks of inundation in HCMC (Carew-Reid 2008; Nicholls et al. 2008; Hanson et al. 2011). During
the last 100 years, HCMC has experienced a rise in sea level of around 1 m resulting in the inunda-
tion of approximately half of the city and endangering nearly 12% of the population, or 660,000 city
residents (Carew-Reid 2008). Furthermore, the rapid growth of the city and expansion of the popu-
lation, which include many residents with lower socio-economic circumstances, will increase the
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economic, social and environmental impacts of flood phenomenon in the future (Ho 2008; Lempert
et al. 2013).

Geographic Information Systems (GIS) are important as common data analysis frameworks in
modelling (Tianhong et al. 2003; Shen et al. 2005). In hydrological modelling specifically, GIS can
be used to construct flooding projection models in catchments, and to prepare and analyse multi-
scale and multi-source spatial data (Merwade et al. 2008; Gallegos et al. 2009). When creating hydro-
logical models to investigate flood hazards in catchments, Digital Elevation Models (DEMs) are used
in a GIS background to acquire essential topographical variables such as stream networks, flow
direction, catchment geometry and slope from raster data on elevation (Tarboton and Ames 2001;
Siart et al. 2009). GIS is a critical tool used to project both qualitative and quantitative impacts of
floods and runoff (Sivertun and Prange 2003; Sdao et al. 2010; Huong and Pathirana 2013), and
GIS-based hydrological models have been successfully utilized for flood prediction in urban areas
(Seeni Mohd and Mansor 2000; Samarasinghea et al. 2010; Sarker and Sivertun 2011; Uddin et al.
2013).

GIS in combination with remote sensing (RS) techniques are an efficient tool for analysis, includ-
ing in identifying flood risk zones and flood impacts on inundated areas (Seeni Mohd and Mansor
2000; Samarasinghea et al. 2010; Sarker and Sivertun 2011; Isma’il and Opeluwa Saanyol 2013;
Uddin et al. 2013). RS provides a critical source of data (Seeni Mohd and Mansor 2000; Samarasing-
hea et al. 2010; Dano Umar et al. 2011), saving both time and manpower in topographical and geo-
morphological catchment data collection and data analysis (Nicandrou et al. 2004; Nicandrou
2011). GIS combined with RS can also be applied to acquire spatial information in digital form,
such as soil type and land-use/land-cover (LULC) variables particularly important for hydrological
modelling and flood studies (Seeni Mohd and Mansor 2000; Samarasinghea et al. 2010). RS techni-
ques can be used to analyse satellite imagery and enable more accurate classification of LULC
(Nicandrou et al. 2004; Nicandrou 2011). These techniques have been used effectively in a variety of
studies to support hydrological models and predict flood risk including Seeni Mohd and Mansor
(2000); Samarasinghea et al. (2010); Chowdhury (2000) and Wang et al. (2010).

The Soil Conservation Service Curve Number (SCS-CN) method was developed by the United
States Department of Agriculture (USDA) in 1954. The SCS-CN method uses the CN method to
estimate direct runoff from storm rainfall. This method determines CN values based on watershed’s
soil and cover conditions which represent the hydrological soil group, cover type, land-use treatment
strategies and hydrological condition, and the direct runoff is determined based on the CN values
(USDA 1986). Technique Release 55 (TR-55) is a commonly used hydrological model. This model
uses runoff depth data obtained from SCS-CN as an input to determine the peak discharge of water-
sheds and enables the model to effectively simulate runoff and peak discharge to identify flood phe-
nomenon in urban areas (Seeni Mohd and Mansor 2000; Holman�Dodds et al. 2003; Ramana
2014). The SCS-CN method, as included in TR-55, is widely used for predicting direct runoff vol-
ume for a given rainfall event, especially in urban areas (Kim et al. 2010; Dawod et al. 2011; Soulis
and Valiantzas 2011; Gajbhiye and Mishra 2012). A number of studies have found that the SCS-CN
method is the most effective method for determining runoff volume and peak discharge, examples
include Kim et al. (2010); Soulis and Valiantzas (2011); Dawod et al. (2011); Gajbhiye and Mishra
(2012) and Shadeed and Almasri (2010).

A particularly formative study by Seeni Mohd and Mansor (2000) used the SCS TR-55 model in
integration with GIS tools to estimate urban floods for small watersheds. The results obtained from
this study were so effective that they have promoted the use of RS techniques combined with hydro-
logical models, particularly SCS TR-55, for flood prediction in urban areas. Other studies found that
this combination of the TR-55 model with GIS sufficiently enhanced the process of estimating run-
off volume and peak discharge and was more accurate and quicker than other approaches, by vali-
dating their results with observed runoff (Holman�Dodds et al. 2003; Ramana 2014).

Despite a concerted effort to investigate and address the problem of flood risk in HCMC (Ho
2008; Long et al. 2010; Lempert et al. 2013), only a few studies have used GIS and hydrological
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models to evaluate flood risk in this city. Long (2007) applied GIS in combination with a Storm
Water Management Model to quantify the impacts of climate changes on flooding and assess miti-
gation alternatives. Long et al. (2010) used the Mike Flood Model to evaluate and forecast flooding
in HCMC, which better informed management of the flooding potential in the area and resulted in
reduced resources spent on flood management and improved efficiency of water drainage.

Despite these studies, there is a knowledge gap of flood risk management and research for
HCMC. Despite efforts to reduce flooding in HCMC, conditions have changed since the initial
flooding predictions and HCMC is still subject to flooding (Lempert et al. 2013). It has even been
suggested that new areas are being increasingly flooded (Long 2007; Ho 2008). Previous studies of
flood risk have limitations, such as not taking into account the overall properties of the whole basin,
ignoring the underlying causes leading to the flooding, and not realizing that the current rate of
urbanization is quickly reducing the drainage capacities of the existing canals (Long et al. 2010).
Additionally, studies did not take into account climate change, which is leading to extreme rainfall
with over 100 mm rainfall in three hours, as observed at the rain gauge located at HCMC airport
during the period of 1961–2007 (Dahm 2013); rising sea levels and higher peak tides than have been
seen historically may increase the risk of flooding in HCMC (Long et al. 2010).

If the conditions used to predict flooding are not updated, then current flood predictions of
gauged catchments are unlikely to be any more accurate than those used previously. Climate change
will likely lead to more excessive flooding events over the coming decades; however, there is high
uncertainty around the accuracy of these predictions (Field 2012). Future socio-economic circum-
stances may also affect flood risk. Cities with emerging economies, such as HCMC, are developing
at exceptionally fast rates, further affecting the ability to accurately forecast flooding in a highly
dynamic environment (Lempert et al. 2013).

Given the efficacy of RS and GIS-based hydrological modelling, especially the SCS TR-55 model,
for flood risk analysis and the changing flood dynamics of HCMC, we used RS techniques combined
with GIS and the SCS TR-55 hydrological model to evaluate the flood risk for District 8 of HCMC.
This approach will address the above knowledge gaps in flood risk prediction and provide a real sci-
entific basis for forecasting floods for District 8 based on current infrastructure of the city as well as
updated climate factors, including rainfall and sea level. This study:

� Examines how RS techniques can be combined with GIS-based hydrological modelling for
flood prediction mapping in urban areas in HCMC. Whilst this type of modelling is recom-
mended for flood prediction, it has not been utilized in HCMC.

� Identifies the flood prone areas and flood depth maps in the case study area of District 8,
HCMC.

� Provides analysis and the results of different factors affecting floods to the appropriate author-
ities for use in developing infrastructure to manage flood risk.

1.1. Study area description – District 8, Ho Chi Minh City

The study area, District 8, is located in the south-west of HCMC, between 10�45 00800N, 106�35 05100E
and 10�41 04500N, 106�41 02200E. This District is elongate in shape and oriented north-east–
south-west, covering an area of 1880 ha. Its topography is heavily dissected by a high density system
of rivers (Xuan 2014a) (Figure 1 – source: Vietnam GIS (2014)). The District is characterized by flat
topography with a terrain slope of less than 0.1%. Its average elevation is 1.2 m above mean sea level,
which is lower than many other districts in HCMC (Xuan 2014a). Two-thirds of District 8 is located
below the level of the highest tides ever recorded (1.6 m in November 2011). Parts of the district
seriously affected by high tides include the lowland areas of Ward 6, 7, 15 and 16 (Xuan 2014a). The
combination of the geography, topography and high density system of rivers and canals means Dis-
trict 8 is one of the most vulnerable areas in HCMC to flooding induced by tidal fluctuations. The
centre of the district is highly developed but older in comparison to other areas, thereby
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infrastructure, such as pipe systems for discharging runoffs, are old and ineffective and this can
accelerate flooding.

2. Materials and methods

2.1. Materials

QuickBird imagery was selected to produce LULC and impervious areas layers, which were
extracted as an input parameter for the hydrological model in this study (Figure 2).

GIS data used in this study included topographical database, soil type data and DEM. The data
were collected from the Department of National Remote Sensing, Vietnam. The topographical data-
base includes objects such as buildings and constructions, traffic route networks, LULC, water sys-
tems, administrative borders and elevation. Soil type data were used in the hydrological model to
calculate runoff volume and peak discharge. DEM at 2 m resolution was utilized to delineate sub-
catchments, to parameterize sub-catchments for the hydrological model and to identify flood-
induced tide.

Daily rainfall was highly variable during the observation period. TR-55 model uses amount of
rainfall based on 24-hour storm events as an input to estimate rainfall runoff. Based on this
approach, the highest rainfall amount of 3.59 inches, based on 24-hour storm events, was applied to
represent the highest risk of flooding, and this rainfall amount has occurred with high frequency in
recent years. This rainfall amount was obtained from the rainfall records obtained from the South-
ern Regional Hydro-Meteorological Centre.

Data of water level in rivers was obtained from PhuAn meteorological station located on the Sai
Gon River which is connected to the rivers and canals in the case study site and approximately 2 kil-
ometres from this study area. Therefore, PhuAn station was ideal for water level observation data
for the case study site. The highest values of water level in rivers were used to predict the risk of
induced tide flood; these values occurred with the highest frequency in the case study site in 2010.

Figure 1. Location of study area, District 8, in Ho Chi Minh City Vietnam, and network of canals shown in blue. Source: Vietnam GIS
(2014).
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2.2. Methods

2.2.1. Remotely sensed data processing
The QuickBird scene (Figure 3) was geometrically referenced using 15 Ground Control Points
(GCPs) to UTM map projection (UTM-48 N, WGS-84 datum). The GCPs were taken from topo-
graphical maps of the study area at a 1:2000 scale. Cubic Convolution Interpolation was then applied
to the QuickBird image using geometric correction to smoothen and sharpen the image. Due to the
low topographical variation of HCMC, a topographical correction of the QuickBird image was not
necessary (Vo et al. 2013).

Image classification was carried out to classify the LULC types in the study area, thereby creating a
LULC map of land-use types (Figure 3) to be used in the TR-55 model. A Maximum Likelihood

Figure 2. Flowchart showing the methodology used in this study.

Figure 3. QuickBird image (left) and land-use/land-cover map (right) of District 8 of HCMC, Vietnam.
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Algorithm was used for classification in which the classification was based on the number of training
samples identified from topographical maps and LULC maps. Five classes of LULC were identified:
(1) water bodies (rivers, streams, lakes, canals); (2) traffic routes (roads, pavement, concrete, airport
runways); (3) construction land (including land for residential development, houses, public service pla-
ces, public administration); (4) bare land (unplanted land, excluding concrete transport roads); (5)
green areas (vegetables, rice paddy fields and grass/ parks). The overall classification accuracy was 85%.

Visual interpretation and editing was used to tackle the misclassification problem to improve the
accuracy of the map for further use in the TR-55 model.

2.2.2. Sub-catchment delineation
The case study area was divided into 30 small sub-catchments using the hydrological tools in Arc-
GIS software with DEM as an input, so as to provide sufficient detail to support the SCS TR-55
model. Sub-catchments were delineated from 2 m DEM by computing the flow direction grid and
flow accumulation grid (with threshold value of 12,500 cells or 50 ha) by using Flow Direction tool
and Flow Accumulation tool, respectively (ESRI 2012). After this, the pour points for the sub-
catchments were added based on the flow accumulation grid to be the junctions of a stream network
derived from flow accumulation to divide the case study into small sub-catchments. The details
pertaining to the delineated sub-catchments are shown in Figure 4.

2.2.3. Sub-catchment parameterization
ArcGIS software was used to calculate the parameters of the sub-catchments that were used as input
for the SCS TR-55 model used for identifying the flood risk to HCMC. The parameters were LULC
type, flow length and channel slope.

LULC types within each sub-catchment were used as parameters for estimating the CN values for
each sub-catchment. The Zonal Statistics as Table Tool (ESRI 2012) was used to identify the forms
of LULC within each sub-catchment with LULC map as an input. Table 1 gives the data and soft-
ware used in the modeling.

Figure 4. Sub-catchments in District 8, Ho Chi Minh City, Vietnam.
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Channel slope and flow length were the parameters used to calculate the time of concentration
(conceptual) for calculating both the runoff and peak discharge for sub-catchments. These two
parameters were calculated using an extension of ESRI’s ArcGIS: the Hydrological Engineering
Centre’s Geospatial Hydrological Modelling System (HEC-GeoHMS) (Fleming and Doan 2009)
with DEM as an input.

2.2.4. Application of SCS TR-55 model for rainfall induced flood
In this study, the hydrological model SCS TR-55 was applied to investigate rainfall-induced flood
phenomenon. It is a simple method which can be used to forecast both runoff and peak discharge in
small sub-catchments. To determine flood occurrence, we compared the values of peak discharge to
the values of bankfull discharge, with flooding occurring if the peak discharge exceeded the bankfull
discharge. This required calculating peak discharge and bankfull discharge as shown in the
following.

2.2.4.1. Determination of peak discharge.

(1) Determination of runoff

The following equations were used in the SCS TR-55 model to determine runoff, based on the
USDA (1986).

Q ¼ ðP � IaÞ2
P � Iað Þ þ S

(1)

where Q = runoff (in), P = rainfall (in), S = potential maximum retention after runoff begins (in) and
Ia = initial abstraction (in).

Initial abstraction (Ia) is lost before runoff begins (includes water retained in surface depressions;
water intercepted by vegetation, evaporation and infiltration).

Ia is highly variable but is generally correlated with soil and cover parameters.
Ia was approximated by the following empirical equation (USDA 1986):

Ia ¼ 0:2 S (2)

Removing Ia as an independent parameter by substituting Equation (2) into Equation (1) gives

Q ¼ P � 0:2 Sð Þ2
P þ 0:8 Sð Þ (3)

S is linked to the soil and cover conditions of the sub-catchments through the CN, has a range of
0–100 and is related to CN by

Table 1. Data and softwares used in this project.

Data Spatial resolution (m) Date Software

QuickBird image 0.65 £ 0.65 (pan) 2010 Envi, ArcGIS
Topographical database 2008 ArcGIS
Water level of rivers data 2010 ArcGIS
Rainfall data 2010 ArcGIS
Soil type data 2010 ArcGIS
DEM 2008 ArcGIS
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S¼ 1000
CN

�10 (4)

Based on the SCS TR-55 model, the runoff CN for the soil type and land-cover conditions of the
sub-catchments in the case study area is as provided inTable 2.

The sub-catchments in the case study had complex land-use and land-cover, so the CN values of
the sub-catchments were identified using average CN values method as described in the following.

As catchments with sub-areas experience various types of land-use and land-covers, a composite
CN is determined by weighting the CN values for the different sub-areas in proportion to the land
area associated with each (Shadeed and Almasri 2010).

CNc ¼ CN1A1þ CN2A2þ � � � þ CNiAiþ � � � þ CNnAnPn

i�1
Ai

(5)

where CNc is composite curve number, CNi is the curve number of the sub-area i, Ai is the area of
the sub-area i and n is the total number of sub-areas.

Figure 5 shows CN values of the sub-catchments in the case study.

Figure 5. CN values of sub-catchments in District 8, Ho Chi Minh City, Vietnam.

Table 2. Curve number (CN) values for each land cover in the case study area of Ho Chi Minh City (USDA
1986).

Land-cover/land-use CN for hydrological soil group – B

Water body 100
Urban or built-up area 93
Street and roads 98
Grassland 65
Bare soil 86
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(2) Computation of travel time and time of concentration

Travel time (Tt) is the time that water takes to travel from one location to another in a watershed.
Tt is the ratio of flow length to flow velocity and is a component of time of concentration (Tc); the
time for runoff to travel from the hydraulically most distant point of the watershed to a point of
interest within the watershed. Tc is computed by summing all the travel times for consecutive com-
ponents of the drainage conveyance system. These values are calculated using the following equation
(USDA 1986):

Tt ¼ L
3600V

(6)

where Tt = travel time (hour), L = flow length (ft), V = average velocity (ft/s), 3600 = conversion fac-
tor from seconds to hours.

The average velocity (V) is computed using the Manning equation:

V ¼ 1:49r2=3s1=2

n
(7)

where V = average velocity (ft/s), r = hydraulic radius (ft), s = slope of the hydraulic grade line
(channel slope, ft/ft) and n = Manning’s roughness coefficient for open channel flow. For unpaved
areas, n is 0.05 and r is 0.4; for paved areas, n is 0.025 and r is 0.2 (USDA 1986).

Time of concentration (Tc) is the sum of Tt values for the various consecutive flow segments:

Tc ¼ Tt1þ Tt2þ � � � þTtm (8)

where Tc = time of concentration (hour), and m = number of flow segments.

(3) Determination of peak discharge

The peak discharge is computed by the SCS TR-55 graphical method, in which the peak dis-
charge is calculated by

qp ¼ quAmQFp (9)

where qp = peak discharge (cfs), qu = unit peak discharge (csm/in), Am = drainage area (mi2), Q =
runoff (in) and Fp = pond and swamp adjustment factor.

The value for qu is obtained from the Unit Peak Discharge graph for SCS type II rainfall distribu-
tion as shown in Figure 6 (USDA 1986). This type of rainfall distribution was selected to calculate
qu for the case study because this type of rainfall is characterized by most intense short duration
rainfall and is most relevant to rainfall style in the case study site.

2.2.4.2. Determination of bankfull discharge. The bankfull discharge was calculated using the fol-
lowing equation (Department of Water Sanitation and Environment 2008):

qb ¼ A � 1 þ C � logP
t þ bð Þn (10)

where qb = bankfull discharge (m3/s), A = 11,650, C = 0.58, b = 32, n = 0.95, P = 2 years (2-year
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period) (A, C, b and n are based on specific weather for HCMC, and associated with a design rainfall
event of 2 years (Cao 2011)), t = time of concentration (min).

Values of bankfull discharge were measured using Equation (10) with the concentration time cal-
culated in Equation (8). The values of peak discharge calculated in Equation (9) were converted to
m3/s for comparing with values of bankfull discharge.

Once the values for bankfull discharge and peak discharge values were obtained for each sub-
catchment, flood flows were calculated (qflood = qp ¡ qb) and then the runoff of flood (flood depth)
was identified using Equation (9) by assuming Q as unknown. These values of flood depth of each
sub-catchment formed the pixel values to create maps of rainfall induced flood.

2.2.5. Flood caused by tides
The definition of tidal flood was determined by overlaying and analysing two raster layers, DEM and
river water level. The values of river water were transferred and stored in raster format using the 3D
Analyst tools in ArcGIS (ESRI 2012), then the two raster layers were overlaid and analysed and cor-
responding pixels of the water level layer were subtracted from the DEM layer. In the results layer,
pixels with positive values were at risk of flooding because they had higher water levels than the ele-
vation. Conversely, pixels with negative or zero values were not flooded.

2.2.6. Overall flood map (flood map caused by rainfall and tides)
The overall flood map was produced using the Plus Tool (Analyst Tools) in ArcGIS (ESRI 2012).
The overall flood raster map was created by summing the values of the rainfall-induced flood and
tide-induced flood rasters on a cell-by-cell basis.

3. Results

The results indicate that a number of peak discharges exceeded the bankfull discharges in several
sub-catchments, and so these sub-catchments are deemed to be subject to flooding (Table 3).

Figure 6. Unit peak discharge (qu) for The U.S. Soil Conservation Service (SCS) type II rainfall distribution. Source: USDA (1986).
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3.1. Flood risk maps

3.1.1. Map of floods caused by rainfall
Figure 7 shows the areas of District 8 of HCMC where rainfall-induced floods occurred in 2010 and
also the level of the flooding based on the calculations in Table 3. Approximately 60% of the total
area of District 8 was subject to flooding caused by rainfall. The results of this case study show that
although much of the case study area is vulnerable to flooding, the depth of the flooding is minimal.
In 2010, flood depths ranged from just 2 cm to just below 10 cm. Around 70% of the flooded area
was flooded to a depth of less than 5 cm, with the remainder flooded to a depth of 5–10 cm. Addi-
tionally, the flooded areas and areas of high risk of flood with flood depth around 10 cm were
located in the north-east (centre) of the district, in places with a high proportion of construction
and transportation land use.

3.1.2. Map of floods caused by tides
District 8 is also subject to flooding caused by tides (Figure 8). In contrast with floods by rainfall,
floods by tide typically occurred in the south-west of District 8, in areas where the elevation of the
land was lower than the river water level when there was high tide. Approximately 60% of the total
area of District 8 was flooded by tide. Flooding caused by tides was significantly greater than flood-
ing caused by rainfall. Most areas were flooded to a depth of more than 10 cm by the tide, and in
some areas the flood depth reached 100 cm.

Table 3. Results of runoff, time of concentration, bankfull discharge and peak discharge for each sub-catchment in District 8, Ho
Chi Minh City in 2010. Rows in bold show those sub-catchments where the peak discharge is greater than bankfull discharge.

Sub-catchment Runoff (Q) (cm) Concentration time (hour) Peak discharge (m3/s) Bankfull discharge (m3/s)

1 8.0076 0.8760 1.6907 6.4296
2 7.8302 2.4063 3.2252 2.4770
3 7.1250 1.7686 2.9230 3.3145
4 6.9439 1.5939 2.3834 3.6567
5 5.6698 2.3808 2.1836 2.5021
6 6.8967 2.3483 4.0431 2.5349
7 7.3753 1.6493 2.1855 3.5405
8 7.2751 3.9541 2.7430 1.5474
9 7.0702 9.0052 2.7521 0.7088
10 6.8047 3.3660 5.4272 1.8025
11 6.2280 1.4910 1.8951 3.8946
12 8.1049 1.6962 4.8410 3.4479
13 5.7297 5.0911 2.6334 1.2177
14 7.1683 3.1753 1.6554 1.9049
15 6.6483 3.4528 2.3485 1.7596
16 6.1060 3.2732 2.8920 1.8509
17 7.0573 5.2480 2.2200 1.1831
18 7.1498 1.3943 1.1295 4.1492
19 5.2160 3.5312 1.6499 1.7225
20 6.1080 4.4074 1.1395 1.3961
21 5.8055 4.7112 1.2697 1.3106
22 5.3003 2.7100 2.0675 2.2134
23 6.2800 7.2955 1.9971 0.8656
24 6.5565 2.4059 1.8573 2.4773
25 5.2782 2.0901 2.7240 2.8302
26 5.9113 7.7410 2.5894 0.8183
27 5.3786 2.3278 2.5660 2.5560
28 4.2716 2.0680 2.0899 2.8588
29 4.8315 1.2531 1.4786 4.5892
30 4.9765 1.8656 0.6402 3.1513
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3.1.3. Map of flooding by both rainfall and tides
A flood map showing the combination of floods caused by both rainfall and tides is presented in
Figure 9. The results of floods caused by a combination of rainfall and tides indicates that tides
caused serious floods in the case study while rainfall was not a major contributor to severe flood risk
in the district. Furthermore, the combination of flooding by both tide and rainfall means that
approximately 80% of District 8 is susceptible to flooding, and in low-lying areas the flood depth
could be as deep as 100 cm, mostly due to tidal effects.

3.2. Factors affecting flood risk in District 8, Ho Chi Minh city, Vietnam

3.2.1. Land-use/land-cover
Figure 10(a) shows the effects of LULC on runoff depth in the case study site. The results show that
sub-catchments 1, 2, 3, 6, 7, 8, 10 and 12, which were composed of more than 80% impervious areas,
and sub-catchments 16, 17, 23 and 26, where the percentage of water body areas was greater than
30%, shared high CN values and high runoff in comparison to other sub-catchments (Figure 10
(a1)). Additionally, the correlation coefficient between runoff and CN (Figure 10(a2)) with r2 of
+0.99 illustrates the strong correlation between these two variables.

The results reveal that impervious areas considerably affected the flood phenomenon in the case
study. In fact, sub-catchments with more than 70% impervious areas generally have direct runoff
values between 6.5 and 8.1 cm. Sub-catchment 12 consists of 91% impervious area, and had the
highest runoff of all sub-catchments (8.1 cm), and had flood depth of 3.5 cm. Similarly, sub-
catchment 8 consists of 90% impervious areas, and had a runoff value of 7.28 cm, and experienced
flood depth of 3.17 cm. In contrast, sub-catchment 28 had the lowest direct runoff value of 4.31 cm
and only around 20% impervious area (Figure 10(b1)), so this sub-catchment was not flooded.
Therefore, sub-catchments with more impervious areas have higher runoff and so are more vulnera-
ble to flooding. Moreover, the correlation coefficient between runoff and impervious areas (Figure 10

Figure 7. Map of simulated flooding caused by rainfall in District 8 of Ho Chi Minh City in the year 2010.
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Figure 8. Map of simulated flooding caused by tides in District 8 of Ho Chi Minh City in the year 2010.

Figure 9. Map of simulated flooding caused by both rainfall and tides in District 8 of Ho Chi Minh City in the year 2010.
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(b2)) with r2 value of +0.73 indicates the strong correlation between these two variables, and this
shows that an increase in impervious areas exacerbates flood risk in District 8.

3.2.2. Flow length of the catchment
In general, an extensive flow length led to decreased flood risk of sub-catchments in the case study
(Figure 10(c)). Sub-catchments 1, 28 and 30, which had high flow lengths, had lower flood depth,
and so were not susceptible to flooding. In contrast, sub-catchments with flow lengths less than
25 m/ha had high flood depth and were typically flooded (sub-catchments 2, 6, 8, 9, 12, etc.)
(Figure 10(c1)). Furthermore, the correlation coefficient between runoff and impervious areas
(Figure 10(c2)) with r2 value of ¡0.86 confirmed the existence of a strong correlation between flow
length of sub-catchments and flood risk, implying that a decrease in flow lengths (decrease in areas
of canal and river) due to urbanization will increase flood phenomenon in the district.

Figure 10. Factors impacting flood risk in District 8, Ho Chi Minh city: (a) the relationship between CN values (based on types of
LULC) and runoff depth; (b) relationship between impervious area and runoff depth; (b) the relationship between flow length and
flood depth.
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4. Discussion

For the SCS method of predicting flooding, CN values are obtained from LULC features and vary
with the type of LULC, so LULC plays a vital role in affecting and determining the runoff volume
for sub-catchments. The results support the findings of Dawod et al. (2011) who also concluded that
the higher the CN values of sub-catchments were, the higher the runoff and flood hazards.

The results imply that the increase of impervious areas leads to growing runoff volume, and so
flood risk increases. This finding supports previous research results which indicated that impervious
areas growth due to urbanization have considerable effect on the hydrological cycle, including
increasing the runoff volume in urban sub-catchments(Camorani et al. 2005; Shuster et al. 2005;
Brilly et al. 2006; Pappas et al. 2008; Gholami et al. 2010), thereby increasing flood risk. Moreover, a
growth of both runoff volume and peak flow rates in urban areas due to urbanization usually leads
to a subsequent increase in both the magnitude of floods and the occurrence of local flooding
(Moscrip and Montgomery 1997; Doyle et al. 2000; Gholami et al. 2010).

This study also showed that increased flow length resulted in a decrease in peak discharge, and a
reduction in flood risk. This may explain why some sub-catchments which had a lot of impervious
areas were not flooded, for example sub-catchment 1. Dawod et al. (2011) concluded that flow
length is one of the main factors affecting runoff and flood risk in urban areas. Long et al. (2010)
argued that once flow length of sub-catchments increases, the values of bankfull discharge will be
improved, and so the flood hazard will logically be reduced in areas with a high rate of flow length.
This relationship also explains the situation in which rapid urbanization decreases the amount of
drainage area and drainage capacities of existing canals leading to a reduction of flow length in
urban areas, accelerating flood hazard (Long et al. 2010).

According to rainfall induced flood in District 8, areas of high risk of flood were highly developed and
were characterized by a high proportion of construction and transportation land use. These areas,
located in the centre of the district, are older in comparison to other areas, thereby infrastructure, such
as pipe systems for discharging runoffs, are old and ineffective which accelerate flooding (Xuan 2014b).
Some areas in the south-west of the district were also flooded despite having few impervious areas. This
can be attributed to their low elevation and large number of water bodies, including intensive system of
rivers and canals which contributes to increased runoff and flooding (Thanh Tu and Nitivattananon
2011; Xuan 2014a). The natural lowland with inadequate infrastructure system experiences serious
floods when there is a combination of high tide and rainfall (Thanh Tu and Nitivattananon 2011).

Critically, the methods developed in our research show that RS techniques used for identifying
rainfall-induced flood risk are effective in supporting hydrological models. RS techniques enable
updating vital variables for flood risk analysis, such as LULC and especially impervious areas,
extracted from satellite imagery. This overcomes the previous issue of a lack of up-to-date informa-
tion on infrastructure for use in flood forecasting in HCMC (Lempert et al. 2013) and so enables
flood phenomena to be predicted more accurately. This research also points out that the underlying
factors leading to flooding in the case study include increased impervious area and decreased flow
length, both due to increasing urban development. These findings are critical and need to be consid-
ered for informed decision-making and planning in flood risk prevention and management.

Relating to tide-induced floods, the method used was straightforward and simple, based on the
ArcGIS Analyst Tool. Due to the simplicity of this method, the accuracy of the input data plays a vital
role in producing an accurate result, particularly the quality of the DEM. The use of a DEM is consid-
ered to be the most effective means to estimate flood depth from remotely sensed or hydrological
data (Seeni Mohd and Mansor 2000; Sanyal and Lu 2004). Tikkanen (2013) also found that this 2 m
scale of DEM was successful in delineating sub-catchments and was reliable for extracting information
supporting hydrological models for flood risk analysis. However, to improve the accuracy of results,
Light Detection and Ranging (LiDAR) data should be used to create DEM as LiDAR data provide the
opportunity to create high-quality DEMs with improved vertical accuracy (Isenburg et al. 2006; Sand-
ers 2007; ESRI 2012).
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In our research, the reliability of the water level data collected from PhuAn meteorological station
and a 2 m resolution DEM enabled highly accurate results. Indeed, the results of flood risk caused by
tides closely match with observed data on flooding in HCMC. There are a number of locations along
Sai Gon River (including District 8) that were flooded extensively with 40–80 cm in depth caused by
tides (Tran 2011; Thanh Trung 2014). Importantly, many locations in low lying areas in HCMC are
flooded with flood depths that peak up to above 100 cm due to tides (Ho 2008; Thanh Trung 2014).
Our modelling predicts a number of low lying areas in District 8 that are subject to flooding, and
these correspond with a number of floods caused by tides. These findings show that the method
used is effective in predicting the cause of flooding and so could be utilized to assess the effects of
sea level rises on flood risks in the city.

In terms of overall flooding, the findings correspond to documented and observed records, verify-
ing the accuracy of the method developed in this study. Ho (2008) concluded that serious flood risk
in HCMC is mostly caused by tides as during high tides the water infiltrates back up storm water
conduits. These locations are also subjected to inundation frequently, even when the rainfall is not
heavy (Storch 2008; Nguyen 2013). Approximately 60% of the city area is subjected to tidal flooding,
resulting solely from monthly high tides (Storch 2008; Tran 2011). Some areas of District 8 are
always flooded due to occurrence of high tides (Nguyen 2013). Additionally, intensive rainfall exac-
erbates flooding caused by tides at certain times of the year when the annual peak tidal period coin-
cides with the annual peak in rainfall (Long 2007; Ho 2008; Tran 2011). Critically, the result of the
overall flooding map should significantly contribute to flood risk management by identifying specific
flooded areas and flood depths that were not previously undertaken in the case study.

Due to the limitations of data, in that there are no observed inundation maps in the case study, the
results of flood maps could not be validated. However, according to a few reports, some areas along Me
Coc, Pham The Hien, Luu Huu Phuoc, Phu Dinh street and residential areas surrounding these streets
were flooded with flood depths ranging from 10 to around 30 cm due to a combination of high tide and
heavy rainfall in 2010 (Nguyen 2011). Our results correspond to these observed data (Figure 11).

4.1. Limitations and uncertainty in this study

The SCS TR-55 model used to identify flood risk caused by rainfall was based on equations and vari-
ables developed using data from the United States. This is a limitation of the model as the values of
some of the parameters of LULC and soil may not be transferable to Vietnam. Thus, the model

Figure 11. Validating some flooded areas in District 8, Ho Chi Minh City, Vietnam in 2010.
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needs to be calibrated and validated for use in other cities. Backwater is also a factor in flood model-
ling but we did not consider it in this study since we do not believe it will make a significant differ-
ence in the results. In our study site, which is relatively flat and the river slope is very low to
negligible, we believe that backwater impacts would be negligible. The backwater effect is more of an
issue in faster flowing river systems with higher slope gradients, and more so in upstream condi-
tions. However, this could be tested in future research with further developments in the SCS-CN
and SCS TR-55 models. The current models do not take this into account.

Additionally, analysis of the flooded areas and flood depth caused by tides was identified simply
by comparing the elevation of land and water level in rivers using the ArcGIS tool. This method pro-
duced accurate results; however, there is still a need to calibrate the results by comparing calculated
values with field observations over a longer time period and multiple flooding events.

5. Conclusions

This study developed methods to predict flood hazard in District 8, HCMC. Flooded areas and levels
of flood caused by both rainfall and tidal effects in the case study site were projected based on cur-
rent infrastructure (rapidly updated from remotely sensed data),as well as updated climate factors
such as rainfall and sea level (previously not considered). Hence, the research contributes to solving
the issue of a shortage of up-to-date information on infrastructure and climate conditions for use in
flood forecasting, so as to enable flood phenomena to be predicted more accurately.

The maps of the flood prone areas and flood depth caused by both rainfall and tides provide a
vital understanding of the areas of District 8 that are subject to flooding so that councils can work to
reduce or prevent flooding in these areas. Tide-induced floods (flood depth ranged from 10 to
around 100 cm) are a more significant issue than flooding by rainfall (flood depth of less than
10 cm). Therefore, preventing flooding by tides should be a primary objective for management. One
of the most effective methods to do this is to improve storm water drainages so that they are above
the high tide level and so prevent flooding. The risk maps produced are important for determining
locations that are at high risk of flooding in order to prevent loss of life, minimize damage to prop-
erty and support planning.

Growing urbanization increases impervious surface areas; this is an important factor contributing
to increased flood risk in District 8. Hence, there needs to be schemes to manage urbanization pro-
cesses that involve utilizing appropriate infrastructure to minimize the risk of flooding. Additionally,
an increase in flow length of catchments will decrease runoff volume, and so a reduction of flood
hazard. Therefore, improving the infiltration capacity and decreasing the water overflow in the
urban landscape with optimized drainage systems will be an effective method to minimize and con-
trol flood risk in urban areas. These findings are critical to inform decision-makers and planning for
flood risk prevention and management.

The methods developed in this study has the advantage of being cost-effective, precise, outputs
are in a digital form and have the ability to re-use other LULC, rainfall and topography values, not
only in other urban areas of Vietnam, but also across the whole world. The non-calibrated SCS TR-
55 applications show promise for certain applications in using storm water modelling to evaluate
flood risk in urban areas. However, further research on application of SCS TR-55 in flood risk analy-
sis is still required, including calibrating the SCS TR-55 model and validating the results.
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