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ABSTRACT. In recent years, flooding has frequently occurred in the Ca Mau Peninsula, a low-lying coastal area
(LCA) of the Mekong Delta, Vietnam, causing obstacles to many aspects of people's lives. Extreme rainfall is the key
cause that led to the flooding of the area. The study, therefore, is to establish flood hazard mapping (FHM) for the Ca
Mau Peninsula of Vietnam based on simulating the rainfall intensity-duration-frequency (IDF) model.

To deploy the research, daily rainfall data sequence at six observation stations across the area for the 1984 -2019
period (baseline) and future Representative Concentration Pathway (RCP) RCP4.5 and RCP8.5 scenarios correspond to
2050 timescale is used to simulate the rainfall intensity-duration-frequency model. The reliability of the flood hazard
mapping was appraised by comparing the model results to the measured field and issued reports.

The results state that intensities of extreme rainfall events (ERESs) various durations with different return periods
are all probably to increase over time 42.5 and 57.9% for RCP4.5 and RCP8.5 scenarios compared with baseline. In
general, the highest intensity of rainfall occurs at a 50-year return period at all different rainfall intervals of the baseline
as well as future scenarios. Results pointed out that the sub-areas of high flood hazard for the baseline and future
scenarios coincide with the lowest locations of the western provinces and part of the northeastern provinces.

Key words - Coastal, CumFred software, Flood depth, Global warming, Infrastructures.

1. Introduction and flooding emerges directly from extreme rainfall
events (ERESs) (Alfieri et al., 2015; Courtey et al., 2019).

In recent years, natural disasters, such as floods and Extreme rainfall is wvalued to be the main
droughts have expected increasing trends on a global scale cause of flooding, affecting many aspects of life
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Fig.1. Map of the study area, with rainfall observation stations

marked by red circles (Source: Ho and Dang, 2021)

(Skilodimou et al., 2021; Termeh et al., 2018). They
contribute approximately one-third of global hazardous
events, and the number of flood incidences has
significantly increased over the past few decades (Madsen
et al., 2014; Ouma and Tateishi, 2014).

Recently, studies indicated that extreme rainfall has
recorded an increasing trend in the other regions of
Vietnam, leading to flooding for many regions, especially
coastal cities (Dang, 2020; Lee and Dang, 2020).
Moreover, the most recent report by the Ministry of
Natural Resources and Environment (MNRE) (2016)
judges that the frequency and magnitude of extreme
rainfall events (EREs) across the Mekong Delta will
continue to increase in the next decades. This is especially
true for the Ca Mau Peninsula, a low-lying coastal area
(LCA) of the Mekong Delta have frequently flooded in
recent years. A study on flood warnings across the Ca
Mau coastal area under the impacts of climate change
(ICC) by Dang (2020) indicated that the area has
experienced a significant upward in extreme rainfall over
the past three decades. For example, an EREs on 9
October 2019, has been prolonged heavy rainfall,
thunderstorms, causing local flooding in many places of
the Ca Mau Peninsula. Agricultural production, navigation
and irrigation works were also seriously affected(Dang,
2020). According to Komolafe et al. (2018), the fast-
urbanization processes in many municipalities, replacing
vegetation with concreted soil surfaces which impede the
store's sizable amounts of rainfall, caused by the decrease
in soil surface permeability, resulting in the surface runoff
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peaks will increase quickly in the LCAs. IPCC (2019)
notified that the frequency and severity of EREs in the
LCAs are strongly affected by flooding depth in the
context of climate variability (CCV).

As a consequence of global warming, the climate
parameters have been recognized in increasing trends of
drought, EREs and flooding (David et al., 2020; Feloni
et al., 2020). Studying the potential changes in the ERES
is enhancing one of the most important practical interests
for engineering design (Tsanakas et al., 2016; Radwan
et al., 2019). The intensity-duration-frequency (IDF)
curve relationship of the rainfall extremes is commonly
epitomized as a useful tool for understanding the
characteristics of EREs (Bathrellos et al., 2017; Ouma and
Tateishi, 2014). However, issued studies on IDF are
commonly based on observational rainfall data and these
curves are rarely updated until new observations are
available. According to Bathrellos et al. (2017), the
simulation of IDF relies on an assumption of rainfall
series stationarity that the intensity and frequency of EREs
remain unchanged over time. In fact, such assumptions
may not be appropriate in the CCV.

Therefore, in this study, the rainfall data for baseline
and future conditions will be applied to simulate the IDF
curve across the study area. Specifically, the study will
focus on the Ca Mau Peninsula, Vietnam. We first
appraise the quality of the rainfall data sequence at
observation stations across the entire study area based on
Buishand’s range test. The generalized extreme value
(GEV), Gumbel or Pearson Type Il function are
evaluated before applying them to the rainfall IDF curve
simulation under current climate conditions and future
scenarios. The projection lasts in the 36-year (1984-2019)
for baseline and future corresponds to timescale 2055s
(2046-2065) of RCP4.5 and RCP8.5 scenarios. The
simulated results of rainfall annual extremes for the
baseline are compared with the issued reports to validate
the performance of the CumFred model simulation.
Finally, the rainfall projections for the baseline and future
scenarios are applied to simulate rainfall IDF curves and
towards to establish flood hazard mapping across the
study area.

2. Materials and method

2.1. Study area

Ca Mau Peninsula is located in the southeast of the
Mekong Delta, Vietnam, which lies between 8°33'36”-
10°19'12” N latitude and 104°42'367-106°14'24” E
longitude including part of Kien Giang Province, Can Tho
City and the provinces of Ca Mau, Bac Lieu, Soc Trang
and Hau Giang (Fig. 1).
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TABLE 1

Description of basic statistical characteristics of averageannual rainfall (AAR) and standard deviation (SD)
across study area in the 1984-2019 period

No. Station Longitude (E) Latitude (N) AAR (mm) SD (mm) Period (year)
1. Bac Lieu 105.72 9.28 1949 299.8 1984-2019
2. Ganh Hao 105.42 9.03 1885 278.5 1984-2019
3. Ca Mau 105.15 9.18 2356 311.7 1984-2019
4. Nam Can 105.07 8.75 2339 289.4 1984-2019
3. Thoi Binh 105.09 9.35 2337 276.9 1984-2019
6. Rach Gia 105.07 10.00 2168 356.2 1984-2019

TABLE 2

Change in rainfall compared to the current climate condition according to RCP4.5 and RCP8.5 scenarios at
observation stations across the study area

(=}
=
=

Jan

Rach Gia

Feb  Mar

Apr May  Jun  Jul  Aug
Time (menth)

Sep Oct Nov  Dec

Fig. 2.

Rainfall distribution at stations across the study area in the
1984-2019 periods
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experienced flooding and significant land subsidence in
recent years (Dang, 2020).

No. Station  Current climate (mm) RCP4.5 scenario (mm) Change (%) RCP8.5 scenario (mm) Change (%)
1. BacLieu 1949.2 2164.2 +11.0 2271.4 +16.5
2. CaMau 2356.4 2492.6 +5.8 2610.4 +10.8
3. Ganh Hao 1885.7 2092.8 +11.0 2196.5 +16.5
4. Nam Can 2339.1 2474.9 +5.8 2591.9 +10.8
5. RachGia 2168.5 2367.6 +9.2 2480.3 +14.4
6.  Thoi Binh 2337.8 24727 +5.8 2589.6 +10.8
Average 2185.3 2344.2 +8.1 2456.7 +13.3
600 Current climate condition The key reason for selecting Ca Mau Peninsula for a
) Ca Mo study area was the fact that it is the LCA and deputizes
5001 Gash Hao Vietnam’s most vulnerable region to climate change with
00 o Tho! Bk an elevation varying from 0.5 to 1.5 m above average sea
. 400 01 Bin . - -
g N € level and partially urbanized catchment characterized by
= MNam Lan - . .
= 200 el high intense rainfall (Table 1) and the area has recently
[E ~ c Lien
;5::'

Through preliminary analysis, the average annual
rainfall across the area varying from 1885 mm at Ganh
Hao station to 2356 mm at Ca Mau station (Table 1). The
climate is dominated by the tropical monsoon circulation
with high-intensity rainfall compared to other provinces in
the entire Mekong Delta, with around 90% falls in the
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Fig. 3. Changes in rainfall for RCP4.5 and RCP8.5 scenarios (percentage error bars)

rainy season from May to November. The area has a deep
divergence of rainfall depending on seasonal and intensity

(Fig. 2).
2.2. Rainfall data collection

In this study, rainfall data sequence at 6 observation
stations across the Ca Mau Peninsula were obtained from
the National Centre for Hydro-meteorological Forecasting
(NCHF) in the 1984-2019 period was used to simulate the
IDF depth, while rainfall data changed corresponds to
2050 timescale of RCP4.5 and RCP8.5 scenarios were
consulted from the latest updated report on emission
scenarios from regional climate modelling of MNRE
(Fig. 3, Table 2).

According to the latest update report of MNRE
(2016) on future change scenarios for the Ca Mau
Peninsula in the middle stage of the century, the AAR
increases compared to the baseline by 5.8-11.0% for the
RCPA4.5 scenario and 10.8-16.5% for the RCP8.5 scenario
(Table 2).

2.3. Rainfall sequence quality appraisal

To simulate flooding depth, first, the rainfall data
sequence at 6 observation stations across the Ca Mau
Peninsula for the 1984-2019 period was arranged into an
increasing time series applying R software. Second, the
rainfall data sequence at all observation stations was
appraised using Buishand’s range test. Buishand’s range
test is constructed by Buishand (1982) to detect the break
in the midpoint of any data sequences. The adjusted
partial sum (Sy), that is the cumulative deviation from the
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average value for k™ observation of a data series y1, Ya, Va,
weer Yn With (7) is an average value of observation data series

and can be calculated using the formula:

SO

In this study, Buishand’s range test was applied to
detect the inhomogeneity of rainfall data sequence at all
observation stations across the study area for the 1984-
2019 period at a 95% significant level. Therefore, if the p-
value from any rainfall observation station is smaller the
a-value rainfall data sequence will be considered as
inhomogeneous (Ho and Dang, 2021).

-y)k=1..

@)

(yi =L.,n

2.4. Rainfall IDF depth simulation model

To define the short time-interval from daily rainfall
data, an empirical conversion formula is sorted as
Eqgn. (2).

t
R =R,,3—
t 24 24

where, R; is the rainfall amount at hour time-interval,
Ry, is the rainfall amount at daily-interval and t is the
lasting intervals of rainfall events.

O]

To simulate the rainfall IDF depths, rainfall data
sequence at 6 observation stations corresponding to
different durations (varying from 15 to 720 min) is
clarified applying cumulative distribution function (CDF).
The maximum rainfall intensity corresponding to each
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TABLE3

Results of the rainfall data sequence appraised based on Buishand’s range test

No. Station a-value p-value Results
1. Bac Lieu 0.05 0.483 homogeneous
2. Ganh Hao 0.05 0.734 homogeneous
3. Ca Mau 0.05 0.594 homogeneous
4. Nam Can 0.05 0.527 homogeneous
3. Thoi Binh 0.05 0.684 homogeneous
6. Rach Gia 0.05 0.876 homogeneous
frequency, duration, and extreme rainfall intensity,
Input rainfall data therefore, can be obtained using a distribution function.
— 1 The cumulative distribution function [F(x)] is calculated
Data sequence by Eqn. (3)
quality appraisal
‘. =
F(x)=exp{— {1+ k(—yﬂ (3)
Duration rainfall CumFreg CDF frequency o

conversion software simulation

Fisher-Tippett Gumbel
distribution function | distribution function

i

Rainfall IDF
determination

!

Digital elevation
model

!

Establishment ‘

}_' determination
Log-Pearson 111 ‘
distribution function

of flood hazard
mapping

Fig. 4. The flow chart of steps in the process of establishing the

flood hazard mapping

interval is related to return periods obtained from the
CFD. The maximum cumulative frequency, duration and
intensity of rainfall can be simulated by applying
generalized extreme value (GEV). A probability
distribution will be adopted from the extreme value
distributions Gumbel, Pearson types I, Il and Il and
Fisher-Tippett types I, Il and 111 functions. The cumulative
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where, p, o and & are the parameters that represent
location, scale, and shape, respectively.

The location parameter is calculated by Eqgn. (4)

plt) =t + pg (4)

In Eqn. (4), t is time while yx; and wo present the
intercept and slope parameters, respectively.

For maximum rainfall data sequence, the time-
variant parameter [m(t)] is obtained by calculating the 95"
significant level u (t). The model parameters will then be
applied to simulate the rainfall intensity.

1

5
qp = (_WJ -1 x%+;~1(5¢0) (5)

where, p is frequency, and the n-year rainfall
intensity refers to the annual maximum rainfall of
specified depth/intensity and duration having a probability
of exceedance of 1/n. In this way, rainfall intensity is
impressed as a function of the return period and the
average length of time between rainfall events of a given
intensity and duration.
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TABLE 4

Analysis results between the calculated and observed frequencies of the distribution functions by Cum Freq software

Distribution function

No. Station
Gumbel Pearson Fisher-Tippett
1. Bac Lieu 2.62 2.78 2.86
2. Ca Mau 1.97 2.22 1.99
3. Ganh Hao 3.05 3.99 3.21
4. Nam Can 2.96 3.07 324
5. Thoi Binh 1.82 1.89 1.87
6. Rach Gia 2.38 3.49 2.57
Basic statistical characteristics

Max. 3.05 3.99 324

Min. 1.82 1.89 1.87

Ave. 2.46 2.90 2.62

TABLES

Frequency analysis results for daily rainfall correspond to various return periods of the baseline period and RCP4.5 and RCP8.5 scenarios

Frequency distribution Daily rainfall at various return periods (hr)

Station function

0.25 0.5 1.0 15 2.0 3.0 5.0 8.0 120

Baseline period
Bac Lieu Gumbel 153.7 96.6 60.4 46.8 38.7 295 186 155 114
Ca Mau Gumbel 133.4 83.6 52.5 40.7 33.8 256 165 137 109
Ganh Hao Gumbel 153.1 95.4 60.8 45.5 37.6 289 185 158 114
Nam Can Gumbel 164.5 103.4 65.7 49.5 414 315 198 162 128
Rach Gia Gumbel 148.7 94.3 59.5 45.4 375 286 180 149 118
Thoi Binh Gumbel 106.3 67.0 425 32.8 26.7 209 127 108 89

RCP4.5 scenario
Bac Lieu Gumbel 2185 135.7 97.2 62.8 51.8 418 274 215 1638
Ca Mau Gumbel 187.9 116.2 75.9 61.1 47.8 36.7 245 189 157
Ganh Hao Gumbel 217.6 146.8 88.7 70.9 61.1 456 287 237 188
Nam Can Gumbel 252.4 1715 101.9 82.8 68.7 529 338 279 207
Rach Gia Gumbel 201.8 121.9 78.9 64.7 54.2 418 262 206 165
Thoi Binh Gumbel 1475 99.8 60.8 49.8 411 311 189 168 129

RCP8.5 scenario
Bac Lieu Gumbel 245.5 151.9 94.9 69.7 65,1 449 298 242 164
Ca Mau Gumbel 209.8 130.7 78.8 59.7 56,5 378 249 207 152
Ganh Hao Gumbel 242.6 151.8 92.4 68.7 64,3 435 301 221 178
Nam Can Gumbel 264.7 164.9 103.4 75.2 69,6 48.6 31.6 257 189
Rach Gia Gumbel 227.6 141.7 83.7 64.3 61,0 417 274 209 169
Thoi Binh Gumbel 167.8 104.3 63.5 48.6 452 309 205 151 125

360



DANG : R/F INTENSITY-DURATION-FREQUENCY CURVE FOR CA MAU PENINSULA OF VIETNAM

300 4 300 1 300 1
Baseline period RCP4.5 scenario RCP8.5 scenario
250 4 250 A 250 A
— ===Thoi Binh ~e=Thoi Binh =e=Thoi Binh
‘,:1’5200 +Nam Can 200 A ~+~Nam Can 200 1 +-Nam Can
E =+=Ganh Hao =+-Ganh Hao ' =+~Ganh Hao
;’5‘] 0 Ca Mau 150 1 ‘ Ca Mau 1501 \ Ca Mau
éloo ~RuchGia 0 |1 ~+-Rach Gia 100 4 ~+Rach Gia
= ~+Bac Lieu ~e-Bac Lieu Bac Lieu
50 s0{
0 v Y ’ ’ , 0 T . T T r )
0 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Duration (hr) Duration (hr) Duration (hr)
Fig. 5. Projected rainfall intensity for the Ca Mau Peninsula under the baseline period and future periods scenarios correspond to various

durations (i.e., 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 8.0 and 12.0 h) with return period 50-year return period

A detailed process of the establishment of flood
hazard mapping based on simulating rainfall IDF depth is
given in Fig. 4.

3.  Results and discussion

3.1. Rainfall data sequence quality

The rainfall data sequence quality at all observation
stations across the study area in the 1984-2019 period is
appraised based on Buishand’s range test. The rainfall
data sequence is rated to be homogeneous if the null
hypothesis is accepted with the obtained p-values larger
than the significance level of a. Results point out that at a
95% significant level, the values of p in Buishand’s range
test reach from 0.483 to 0.876, respectively (Table 3).
Table 3 shows that the critical values of p are more than
the significance level of a, which is synonymous with the
rainfall data sequence quality applied for the study area
being homogeneous.

3.2. Analysis results of the GEV distribution
function

The analysis of the maximum 1-day cumulative
frequency of rainfall shows the correlation between the
actual and calculated cumulative frequency rainfall from
the applied distribution functions. Based on the findings,
the Gumbel function has the lowest mean deviation
compared to Pearson and Fisher-Tippett functions
(Table 4). Specifically, results show that average,
maximum and minimum values of the Gumbel function
are 2.46, 3.05 and 1.82, respectively while corresponding
values of Pearson and Fisher-Tippett functions are 2.90,
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3.99, 1.89 and 2.62, 3.24, 1.87, respectively. Results
imply that the Gumbel distribution function obtains the
best simulation results, and the Gumbel distribution
function is, therefore, selected for rainfall IFD depth
simulation in this case study.

3.3. Rainfall intensities

Results show that the extreme rainfall intensity at the
50-year return period at all observation stations ranged
from 106.3 to 164.5 mm hr™ for short-duration rainstorms
(15 min) of baseline while corresponding values range
from 167.5 to 252.4 mm hr™ and from 167.8 to 264.7 mm
hr?, respectively for RCP4.5 and RCP8.5 scenarios
(Table 5).

Specifically, for the durations from 60 to 720 hr, the
maximum rainfall intensities at the 50-year return period
at recorded 164.5 mm hr' for baseline while the
corresponding values of RCP4.5 and RCP8.5 scenarios
simulated up to 252.4 and 264.7 mm hr, respectively at
Nam Can station (Fig. 5). A similar study result for
Central Vietnam by Thanh and Remo (2018) confirmed
that the EREs are expected to frequently increase under
the ICV.

3.4. Flood hazard mapping analysis

In recent years, the Ca Mau Peninsula is undergoing
rapid subsidence, along with a fast urbanization process
and rising seawater level, leading to increased flooding
areas. It is, therefore, essential to establish the flood
hazard mapping for the entire study area, contributing to
minimizing negative impacts on people's lives. Two
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Fig. 6.
(c) RCP8.5 scenario over the entire study area

rainfall events that appeared in 2018-2020 were rated
because they produced noticeable flooding in the Ca Mau
Peninsula. Specifically, the storm was recorded on 15
September 2018 and lasted for 120 min with a total
rainfall depth of 75 mm and an average intensity of
37.5 mm h', which corresponds to a 50-year return
period. Although no significant damage was recorded, this
short-term storm resulted in high flooding depth at the
LCAs. The second event occurred on 10 March 2020 and
lasted for 180 min with a total rainfall depth up to 82 mm
and an average intensity of 27.3 mm h™, which also
corresponds to a 50-year return period. In this event, the
rain lasted longer than the one from 2018, with several
peaks and intensities for different durations that
correspond to various return periods ranging from 2 to 50
years. In contrast to the 2018 event, this rain caused
severe flooding locations such as Ca Mau city, over the
entire northwestern area of the area (KienGiang province)
and its central area includes a part of HauGiang, Bac Lieu
and Soc Trang provinces. Most houses, practicability and
rice paddies in the area were flooded by the flood rainfall
event.

Fig. 6 presents the maximum flood hazard mapping
for both present climate and future climate scenarios
corresponding to RCP4.5 and RCP8.5 scenarios over the
entire study area. Fig. 6 shows that flooding depth may
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Simulation results of maximum flood hazard mapping correspond to (a) current climate condition, (b) RCP4.5 scenario and

increase significantly in future climate scenarios due to
climate variability compared to baseline.

Specifically, the maximum 1-day rainfall intensity
for a 50-year return period was 164.5 mm hr-1 for the
baseline period while the corresponding values of RCP4.5
and RCP8.5 scenarios were 252.4 and 264.7mm hr,
respectively. It means that the maximum 1-day rainfall
intensity for a 50-year return period of RCP4.5 and
RCP8.5 scenarios increased 53.4 and 60.9% compared to
the baseline. The spatial distribution of flooding depths
under the baseline is lower than that under future rainfall
scenarios. Specifically, the results of maximum flood
depth at a typical location corresponding to baseline was
0.53 cm while the corresponding values of RCP4.5 and
RCP8.5 scenarios were 0.62 and 0.75 cm, respectively. It
implies that the maximum flood depth at the same location
may increase 16.9 and 41.5%, respectively for RCP4.5
and RCP8.5 scenarios. This conclusion agrees with
previous research by Lee and Dang (2020), who reported
that an increasing trend in rainfall recorded at the sub-area
of the Mekong Delta and a high risk of the large-scale
flood may occur across the area in the future. The flood
peak depth is higher 18.2 and 43.7% in the future climate
conditions compared to the baseline. In general, the
simulation results show that exceed rainfall under the
RCP4.5 and RCP8.5 scenarios produced higher peak
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depths in the same locations compared to the baseline of
the same return interval.

As a limitation to this study, the impacts of land-
cover and social alterations were not mentioned in this
work. It is, thus, needed to consider in studies on flood
hazard mapping establishment in further study.

4.  Conclusions

This study established the flood hazard mapping
based on simulating the rainfall intensity-duration-
frequency model for the Ca Mau Peninsula of Vietham.
The flood depth mappings were constructed integrating
ArcGIS software and available topographical data in the
entire Ca Mau Peninsula under current rainfall and future
change scenarios. The average rainfall amount for specific
flood events increased around 7.2 and 12.4% for RCP4.5
and RCP8.5 scenarios compared with the baseline while
the largest 1-day rainfall intensity for 50-year return
period increased approximately 53.4 and 60.9% and the
largest flood depth at the same location increased 16.9 and
41.5%, compared to baseline.

In general, the establishment of flood hazard
mapping can be useful information to alert areas where a
high potential for flooding risks in the future. The applied
method is simple and provides a tool for the improvement
of flood risk management methods.
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