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Abstract: Extensive hydrological analysis is carried out to estimate floods for the Batu Dam, a hydropower
dam located in the urban area upstream of Kuala Lumpur, Malaysia. The study demonstrates the
operational state and reliability of the dam structure based on hydrologic assessment of the dam. The
surrounding area is affected by heavy rainfall and climate change every year, which increases the
probability of flooding and threatens a dense population downstream of the dam. This study evaluates
the adequacy of dam spillways by considering the latest Probable Maximum Precipitation (PMP) and
Probable Maximum Flood (PMF) values of the concerned dams. In this study, the PMP estimations are
applied using comparison of both statistical method by Hershfield and National Hydraulic Research
Institute of Malaysia (NAHRIM) Envelope Curve as input for PMF establishments. Since the PMF is
derived from the PMP values, the highest design flood standard can be applied to any dam, ensuring
inflow into the reservoirs and limiting the risk of dam structural failure. Hydrologic modeling using
HEC-HMS provides PMF values for the Batu dam. Based on the results, Batu Dam is found to
have 200.6 m3/s spillway discharge capacities. Under PMF conditions, the Batu dam will not face
overtopping since the peak outflow of the reservoir level is still below the crest level of the dam.

Keywords: PMP; PMF; flood mitigation; Batu Dam in Malaysia; energy

1. Introduction

A dam can be considered a large dam if its height from the foundation is 15 m or
higher, or between 5 and 15 m, and its storage capacity is larger than three million cubic
meters as defined by the International Commission on Large Dams (ICOLD) [1]. Large
dam failure raises concerns in many nations because of the serious economic and social
consequences that might result from it [2]. The hydrological regime may alter the dam’s
usual condition as a result of climate change and runoff will likely shift significantly in
the 21st century as a result of changing rainfall patterns and rising temperatures [3]. In
common usage, the term “hydrology” now refers to research on precipitation and runoff
that has been connected to issues with the design and management of water resource
projects including dam functioning as flood control and water supply [4].

Traditional dam design methods concentrate on deterministic consideration of severe
occurrences, suich as the probable maximum flood (PMF). The PMF is the maximum amount
of flooding a logically possible set of meteorological and hydrologic circumstances might
possibly expect. In other words, PMF assumes the dependability of zero failure while
taking into account the maximum range of flood potential [5]. PMF is usually estimated by
using Probable Maximum Precipitation, which also known as PMP using as an input in
hydrologic modeling software.

The PMP over the study region is needed to calculate the PMF against the dam. There
are several methods available for PMP estimation which can be categorized as hydrome-
teorological and statistical [6-8]. The meteorological approach is based on maximization
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of atmospheric moisture content during intense storm conditions, whereas the statistical
approach is based on frequency-based statistical analysis and is computed using maxi-
mum rainfall occurred over historical periods and standard deviation of annual maximum
rainfall [8]. The moisture maximization method, storm transposition method, general-
ized method, storm separation method, and depth-area duration method are all common
hydrometeorological methods. The Hershfield method and its variants, as well as the mul-
tifractal approach, are common statistical methods [7]. It has the advantages of taking real
historical data in the area of interest into consideration, describing it in terms of statistical
characteristics, and being simple to apply [8,9].

The common potential failure mode for the dam will be overtopping. In order to
prevent overtop at the dam crest, a study is conducted for the hydrological evaluation to
determine if the dam has the spillway capacity to safely manage the PMEFE. This typical
method for calculating the hydrological risk of dam overtopping is based on a univariate
analysis that only takes into account flood peak discharges from the most PMF [5,10,11].

In this paper, the study area will be the Batu Dam, which is located in the urban area of
Kuala Lumpur in the country of Malaysia. The primary objective of this study is to perform
hydrological analysis including rainfall time series and double mass curve to verify the
reliability of the hydrological data. Then, an analysis of PMP is conducted by comparing
two statistical methods of Hershfield’s [12,13] and by NAHRIM envelope curve specifically
for Peninsular Malaysia [14], which then will be an input to estimate the PMF for dam
safety check with the spillway design capacity to predict the probability of overtopping.

2. Materials and Methods
2.1. Study Area

In response to the disastrous flood that hit Kuala Lumpur in 1971, USBR (The United
States Bureau of Reclamation) developed the flood control and water supply dam known
as Batu Dam as part of the Kuala Lumpur Flood Mitigation (KLFM) Project. It began to
be constructed in 1985 and was finished in 1987. Approximately 20 km north of Kuala
Lumpur, the Batu Dam catchment is situated in Peninsular Malaysia at 3°16’20"" N latitude
and 101°41’9" E longitude. The Batu Dam location is near Gombak Selangor, about 16 km
upstream of the Kuala Lumpur city center, and is situated just downstream of the meeting
point of two rivers known locally as Sungai Batu and Sungai Tua [15].

The Batu dam is built on schist, with schistosity dipping downstream. This schist is
weathered to varied degrees, ranging from entirely weathered to fresh. The foundation
of the embankment’s core zone and upstream part is made of weathered and fresh schist,
whereas the foundation of the embankment’s downstream section is made of alluvial gravel
layer [16]. Batu Dam is located in state of Selangor, which has an equatorial climate that is
heavily influenced by the East Asian Monsoon. Selangor typically has two rainy seasons
every year, with the south west monsoon from June to September and the north monsoon
from November to March [17,18]. The Batu Reservoir was constructed to be used as a water
supply for municipal and industrial purposes, as sediment management, and to partially
regulate flooding in Kuala Lumpur. It offers flood storage up to the 100-year frequency of
flood. The construction of the dam cost RM 20 million (excluding land purchase). Flood
in the downstream communities has been decreased by activating Batu Dam and raising
the level of water in the reservoir. In order to supply various areas of Kuala Lumpur with
household and industrial water, Puncak Niaga is now abstracting water from the dam [15].

An earthfill main embankment, a spillway, and outlet work make up the project’s pri-
mary components. The dam is an earthfill embankment that is zoned [16]. A side-channel
entrance structure with a crest works as the spillway. The outlet works are situated at
the base of the left abutment to the right of the spillway structure. Water is delivered by
the outflow works to the control structure’s municipal and industrial pipeline [15]. The
combined spillway and outlet work total surcharge of 251.6 m3/s is offered as insurance
against the likely maximum flood (PMF) and 234.2 m? /s of spillway capacities when outlet
works is malfunction. Figure 1 shows the location of the dam in world map. Figure 2
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displays an overview of Batu Dam and its components while Table 1 shows Batu Dam’s
salient features.
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Figure 2. Components of Batu Dam.
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Table 1. Salient features of Batu Dam.

BATU DAM

Function

Water supply for both municipal and industrial, sediment

control, and flood control

Direct Catchment Area

50 km?

Surface Area at Maximum FSL 2.5 km?

Normal Pool Level EL 102.7 m

Full Supply Level EL 1073 m
RESERVOIR

Storage Capacity 36.6 Mm3

Peak inflow design flood (IDF) 492.7m3/s

Design Discharge Capacities

251.6/s (spillway and outlet)
234.2 m3/s (spillway only)

DAM
Type Earthfill
Height 44 m
Length 550 m
Crest Elevation (m) El. 109.0 m
SPILLWAY
Crest Elevation ElL 104.85 m

Invert Elevation

El 97.83 m at upstream

Crest Length 23 m
Total length 226.53 m to the stilling basin
2.2. Methods

2.2.1. Hydrological Analysis
1. Rainfall Time Series

Time-series analysis has evolved into an important technique in hydrology. It is used
to construct synthetic hydrologic records, anticipate hydrologic occurrences, and discover
patterns and shifts in hydrologic records [19].

2. Double Mass Curve (DMC)

DMC is used to assess the regularity of various hydrologic data by assessing data from

one station of interest to a pattern made of data from different stations in the region [20].
Due to its minimal data approach and high transferability, the DMC is frequently used
for trend analysis [21]. Any DMC breakdowns may be the result of modifications made
to the method of data collection or to physical modifications that have an effect on the
relationship [20].

3.  Rainfall Temporal Pattern

For both rural and urban catchments, runoff routing methods or hydrologic models
like unit hydrographs require rainfall temporal patterns in order to estimate floods [22]. In
this study, the rainfall temporal pattern for Batu Dam catchment is available and published
in Chapter 8 of Hydrological Procedures 1 (HP1) revised and updated 2015, which falls
on Region 5-Urban Area (Kuala Lumpur) [23]. The patterns were available for 9 standard
durations, 0.25,0.5, 1, 3, 6, 12, 24, 48, and 72 h.



Int. |. Environ. Res. Public Health 2022, 19, 16530 50f 15

4.  Probable Maximum Precipitation (PMP)

PMP is “the highest depth of precipitation for a given duration meteorologically
achievable for a given size storm area at a certain place at a particular time of year” [23,24].
For the catchment of a dam, hydrologists utilize a PMP magnitude together with its
geographical and temporal distributions to determine the likely maximum flood (PMF). In
the construction of hydrological structures, a variety of conceptual flood events are utilized,
including the PMF. It is mostly used to design spillways that decrease the probability of
a dam overtop [14].

Hershfield developed the statistical method that is used to calculate the PMP rainfall
for a specific place or region using a general frequency equation they established [25,26]
There are statistical techniques for estimating PMP that may be applied whenever there is
enough precipitation data [27]. These methods are especially helpful when doing rapid
estimations or when additional meteorological data such as wind records and dew point
are absent [14]. The statistical approach developed by Hershfield is frequently employed
today [7-10].

For stations with lengthy rainfall records, the Hershfield’s statistical methods are
frequently employed to estimate PMP. If the data are not long enough to capture the
excessive rainfall, PMP values may be underestimated [28]. Therefore, since the daily
rainfall records are available for the study area, it is thus deemed appropriate to conduct
a study on the approximation of PMP for hourly (1-, 3-, 6-, and 12-h and daily (1-, 2-, 3-,
and 5-day) duration using the Hershfield approach using the following formula:

Xpmp = Xp + Km - oy (1)

where Km represents the frequency factor, oy, is the series of standard deviations (SD), and
Xn is the mean of the annual maximum precipitation. In order to make the decision, it
is necessary to obtain the mean and SD of the series for each station without taking into
account the 10 years” worth of highest precipitation, where

Kn = (Xl _Ynfl)/o_nfl )

Hershfield discovered that if an adequate envelope curve could be built based on
the research area’s locations, it would yield accurate estimates of the PMP for different
time periods of rainfall [12,28]. In 2008, National Hydraulic Research Institute Malaysia
(NAHRIM) established an envelope curve for both in West and East Malaysia as a standard
method of estimating PMP in Malaysia [14].

Figure 3 shows the Km envelope curve (west Malaysia), which is considered as
an alternative method to calculate the Km frequency factor, which was developed by
NAHRIM [14]. The PMP is computed using both Km frequency factors, and the most
critical values from each approach are used as the input rainfall for the PMF simulation.

2.2.2. Hydrological Modeling
1.  Probable Maximum Flood (PMF)

The flood that could be predicted from the most acute combination of adverse meteo-
rological and hydrologic circumstances is known as the PMF [29]. The PMF is produced
using the probable maximum precipitation (PMP) input data for this research area [27].

The Hydrologic Modeling System (HEC-HMS) software developed by USACE will be
used to model the entire hydrologic process of branched watershed systems due to PMP
to determine the PMF inflow of Batu Dam. For the HEC-HMS simulation, the required
data are hydrological data, rainfall data, details of the dam, elevation-storage curve, and
elevation-discharge curve. This model consists of several inputs such as basin model,
meteorological model, control specification, time series data, and paired data as shown
in Figure 4 [30]. Then, the deterministic steps for HEC-HMS simulation are illustrated in
Figure 5 [29].
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2. Delineation of Subcatchment

The overall catchment area for Batu Dam is about 50 km?2, which is then divided into
six smaller subcatchments, namely S1-S6 characterized by different soil type and land
use pattern delineated using GIS features in the HEC-HMS 4.8 model providing Digital
Elevation Model (DEM) of ALOS PALSAR with resolution of 30 m in a coordinate system
of Universal Transverse Mercator (UTM). The delineated six subcatchments are depicted

in Figure 6.
» EQUATIONS OF ENVELOPE CURVES
1 |y=0.0012x2-0.2429x + 16.224 (30 min)
u 2 |y=0.0005x2-0.1564x + 15.331 (1-h)
& R \\ 3 |y=0.0004x2 - 0.415x + 16.077 (3-h)
_ 4 |y=8x105x2-0.0782x + 15.298 (6-h)
:E_ - \\\\\\\ 5 |y=6x105x2 — 0.0614x + 15.281 (12-h)
S 6 |y=6x105x2 —0.0557x + 16.141 (1-day)
.53 . \\\\\\\ 7 |y=4x105x - 0.0424x + 16.212 (2-day)
5 8 |y=2x105x2 —0.0324x + 15.948 (3-day)
§ 6 9 |y=2x105x - 0.0284x + 16.419 (5-day)
= ® ® ® ® 10 |y=2x105x2 - 0.029x + 17.576 (7-day)
Q0® @ ©
4 1 | s 30-min| 6 | == 1-day
2 | — 1-h| 7 e 2-day
2 3 3-h| 8 | === 3-day
4 | — 6-h| 9 5-day
%0 % 4 s e S —— 12h[10]-—— 7dy

Mean Maximum Rainfall (mm)

Figure 3. The Km envelope curve (West Malaysia) [14].

HEC-HMS Input

BASIN MODEL
O  Loss Method
(e.g., SCS, Initial Constant,Green- Ampt)
O Transform Method
(e.g., SCS, Synder’s)
O Baseflow Method
(e.g., Constant Monthly, Recession)

METEOROLOGICAL MODEL
O  Precipitation
(e.g., Specified By Hyetograph)

CONTROL SPECIFICATIONS 1

Q Starting and end date/time 1
O Timeinterval :
1

1

OPTIONAL

TIME-SERIES DATA
O Starting and end date/time 1
@ Time series of PMP o ]
O Time interval (e.g., Precipitation Gage &
Discharge Gage)

: PARAMETER OPTIMIZATION
1 -Uses observed streamflow data
I .Fit subbasin and routing

| parameters

1

PAIRED DATA
Q E.g., Elev-storage, Elev-Discharge

Figure 4. HEC-HMS Input.
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The deterministic steps for HEC-HMS are generally as follows:

4

1.Dividing drainage area into sub-areas |

—L‘? 2.Deriving runoff model |

|—v 3. Determining and arranging PMP increments into logical storm rainfall pattern |

“T 4. Estimating for each time interval the losses from rainfall |

LV 5 .Deducting losses from rainfall to estimate rainfall excess values |

—L% 6. Applying rainfall excess values to a runoff model of each sub-area of the basin |

7. Adding to storm runoff hydrograph allowances for base flow of stream, runoff prior
storms, etc, to obtain the synthesized flood hydrograph for each sub-area

l:) 8.Routing of flood for each sub-area to point of interest |

9.Routing the inflow through the reservoir storage, outlets, and spillways to
obtain estimates of storage elevations, discharges at the dam, etc that describe
the passage of the flood through the reservoir

Figure 5. Steps for HEC-HMS simulation.

N
3°23'30"N- -
3°23'0"N+ -
3°22'30"N o
3°22'0"N+ -
3°21'30"N+ -
3°21'0"N+ -
3°20'30"N o
3°20'0"N+ -
3°19'30"N- -
3 190N Legend L
I-I Dam
3°18'30"N+
q—.; Junction
3°18'0"N+ -
|=.'“ Subbasin
3°17'30"N == -
= Reach
370N D Subcatchment B
3°16'30"N- . -
1.5 3 Kilometers
I T T ) N T S |
T T T T T T T T T T T
98°10'0'E 98°11'0"E 98°120"E 98°130'E 98°14'0'E 98°150'E

Figure 6. Basin Model Setup for Batu Dam Scheme.
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All physical characteristics of the Batu Dam subcatchments such as the area of sub-
catchments, the longest flow path, elevation, and slope of the river can be obtained from
the GIS features in HEC-HMS model after completing the delineation process, while study
by the authors of [31] still used the ArcGIS tool to determine the physical parameter of the
catchment for the input in the HEC-HMS model. All these physical characteristics then
will be used to determine the input parameters by using the Malaysia guideline from [32]
and calibrated by using guidelines from [33] as tabulated in Table 2.

Table 2. Input Parameter of HEC-HMS.

Loss Method Transform Method Baseflow Method
Sub-Basin Initial and Constant Clark (UH) Constant Monthly
Ini:;allml;oss COI;::::/;I;ate Imperviousness (%) SCS T Eq. (h) II;IE;I; &I;/ZSZ
S1 30 25 10 3.11 1.218 0.905
52 30 2.5 10 2.66 1.116 0.584
S3 30 2.5 10 2.18 0.839 0.496
54 30 2.5 10 6.03 2.262 1.073
S5 30 2.5 10 4.68 1.957 0.597
56 30 2.5 10 3.00 1.279 0.449

3. Results and Discussion
3.1. Rainfall Time Series

For this study, four selected rainfall stations that fall within the Batu Dam catch-
ment are used for the hydrological analysis which are Kg Sg Tua (3216001), Ibu Bekalan
KM16 (3217001), Air Terjun Sg Batu (3317001), and Genting Sempah (3317004) as shown
in Figure 7.

From the plotted daily rainfall time series (Figure 8), it can be observed that the
highest recorded rainfall in station Kg Sg Tua (3216001) is 168.5 mm on 16 October 1976,
Ibu Bekalan KM16 (3217001) with 158.5mm on 27 June 1994, Air Terjun Sg. Batu (3317001)
with 204.0 mm on 1 February 2008, and Genting Sempah (3317004) with 128.4 mm on
31 May 2012.

3.2. Double Mass Curve

According to the plots (Figure 9), all four stations records show the consistency of data.
The slope of all four mass curves with good consistency and quality as the slope value is
close to 1 (Station No. 3216001: 0.99; Station No. 3217001: 0.99, Station No. 3317001: 1.03;
and Station No. 3317004: 1.04).

3.3. Isohyet Map

Based on the hydrological analysis, maximum rainfall for (3-, 6-, and 12-h) and (1-, 2-,
and 3-day) was acquired from the historical data up to the latest year. The interpolation
method from GIS analysis has been carried out to create an Isohyet map for the studied
catchment. The isohyet method was used to split the area based on the rain intensity, with
contours functioning as dividing lines for the differences in rainfall intensity [34]. Figure 10
shows the maximum rainfall intensity of the Batu Dam catchment for different durations.
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Figure 7. Rainfall stations within the Batu Dam catchment.
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Daily Time Series for Station Kg Sg Tua (3216001)
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Rainfall (mm)

Daily Time Series for Station Genting Sempah (3317004)

Figure 8. Daily rainfall time series of the station (a) Kg Sg Tua (3216001), (b) Ibu Bekalan KM16
(3217001), (c) Air Terjun Sg Batu (3317001), and (d) Genting Sempah (3317004).
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(b).-\nnual Mass Curve for Station 3217001 (Ibu Bekalan Km 16, Gombak)
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(d) Annual Mass Curve for Station 3317004 (Genting Sempah)
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Figure 9. Double mass curve of the station (a) Kg Sg Tua (3216001), (b) Ibu Bekalan KM16 (3217001),
(c) Air Terjun Sg Batu (3317001), and (d) Genting Sempah (3317004).

Based on Figure 10, the rainfall intensity for 3-h and (1, 2, and 3-day) durations are high
at the center of the catchment which is located at the rainfall station of Air Terjun Sg Batu
(3317001). Based on Google Earth, it can be observed that the location of this rainfall station
is located in a thick rainforest while the location of the dam is located near to population
downstream. The highest received rainfall in the Batu Dam catchment was in the range of
201mm to 220mm for (1, 2, and 3-day) durations, which are located at the middle upstream,
can cause the increase of reservoir water level as it flows into the reservoir. Thus, dam
monitoring during heavy rainfall event is very crucial for us to estimate the Rate of Rise
(ROR) of the dam in case an emergency Action Plan (EAP) need to be activated.

3.4. Probable Maximum Precipitation (PMP)

Using the statistical approach, PMP is predicted for the following time periods: (1, 3,
6, and 12-h) and (1, 2, 3, and 5-day). Table 3 displays the projected PMP for Batu Dam for
these periods using both statistical method by Hershfield’s and NAHRIM. By comparing
both methods, it is found that PMP values using NAHRIM envelope curve gives higher
value than Hershfield’s method. Thus, by considering worst case scenario, PMP values
derived by using NAHRIM method will be adopted in this study to estimate the PMF.

The approach that gives the greatest PMP values is chosen as the most preferable
method to be employed as rainfall inputs for PMF analyses. Previous studies by [35,36] also
found that based on these two methods of PMP estimation between Hershfield’s method
of derived Km and the NAHRIM Km envelope curve, the NAHRIM envelope curved is
found to be the most reliable since it gives the higher estimation of PMP.
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Figure 10. Isohyets Map for the recorded rainfall (extreme events) in mm different durations.

Table 3. Probable maximum precipitation (PMP) estimation of Batu dam.

PMP in mm for Various Durations

Method
1-h 3h 6-h 12-h  1.Day 2-Day 3-Day 5Day
Statistical-Hershfield’s Method 10438 18262 19726  187.02 21568 30563 32990  437.27
(Derived Km)
Statistical-NAHRIM Method 17931 26191 28043  309.01 39842 54959 55778 61327

(Km Envelope Curve)
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3.5. Probable Maximum Flood (PMF) and Dam Safety Check

By using the HEC-HMS model, PMF is then simulated for the duration of (1-, 3-, 6-,
and 12-h) and (1-, 2-, 3-, and 5-day). Plotted results of PMF simulation at Batu Dam for
various durations can be referred to in Figure 11. From Figure 11, it is found that the
extreme flood of Batu Dam peaked at 3-h duration with PMF inflow of 522.7 m3/s.

PMF Simulation at Batu Dam

600
——1hr=380.5 m?/s
—— = 3
500 3hr=522.7 m?/s
——6hr=4249 md/s
400 ——12hr=300.3 m¥s
& ——1day=2712 m¥/s
£ 300 ——2day=2351 m¥s
2
o 3day=151.0 m3/s
(TN
i ——5day=1009 m¥/s
N W
0
0 12 24 36 48 60 72 84 % 108 120

Time
Figure 11. PMF simulations at Batu dam.

The dam’s designed inflow value is compared with the highest PMF value for the Batu
dam. It was discovered that the PMF of Batu Dam is 6.1% above the designed inflow values.
Since the modified design flood is based on recent standards as required by ICOLD, and
the inflow design is calculated using the Inflow Design Flood (IDF), the value is reasonable
and expected. Additionally, the spillway capacity for the Batu dam is discovered to be
sufficient to resist the peak flood PMF.

The PMF simulated spillway capacity for the Batu dam is 200.6 m3/s. It was found
that these values are 14.4% lower in comparison to the designed spillway capacities. The
simulated reservoir level also found to be 0.6 m lower than the designed level. Table 4
compares the designed inflow and revised PMF for the Batu dam along with the designed
spillway capacities and the simulated reservoir level.

Table 4. Designed inflow and designed discharge capacities based on PMF values.

Reservoir Level

Dam De31gne3d Inflow PME (m%/s) De51gne‘d‘ Dlsc};arge Rev1se.d‘Sp111‘;Iay for Designed Slrn.ulated
(m°/s) Capacities (m>/s) Capacities (m”/s) Reservoir Level (m)
Inflow (m)
Batu 4927 522.7 2342 200.6 108.0 107.4

Even though the inflow of PMF is higher than the design inflow, the design spillway
capacity still can cater the revised spillway discharge. The simulated reservoir level is lower
than the reservoir level obtained from designed inflow, implying that the simulated inflow
volume from PMF in this study is lesser than the designed inflow volume. The discrepancy
may be due to different initial dam condition boundary including adopted elevation-storage
curve during the design stage and current simulation resulting in lower peak discharge
compared to design capacities. It can be concluded that the existing spillway still can cater
to the estimated inflow due to PMF which reduces the probability of overtopping with
freeboard of 1.6 m from the dam crest.
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4. Conclusions

Since the statistical method of estimating PMP require real historical rainfall data
in the study area, hydrological analysis including rainfall time series and double mass
curve allow us to discover the patterns of the historical rainfall data and reliability of the
record. Computation of PMP and PMF are important in dam safety as it can be a simple
safety check and suggestions on future dam failure criteria especially in hydrological
type of failure mode. By comparing both statistical methods of computing PMP values
by Hershfield’s derived Km and using the recent NAHRIM published envelope curve,
it can be observed that PMP values by using the NAHRIM envelope curve are higher
than the Hershfield’s derived Km method, which then has been adopted as input for the
hydrological modeling to estimate the PMF. This finding seems to be concurrent with the
statement by Hershfield [12,37] as if an envelope curve can be built based on the study area,
it would yield accurate estimation of the PMP values. An established hydrologic modeling
software by USACE, which is HEC-HMS, is then used to estimate the PMF value for Batu
Dam as well as the simulated spillway discharge due to PMF inflow. The estimated PMF
for the Batu dam is found to exceed the capacities of the design inflow. Nevertheless, under
PMF conditions, the Batu dam will not face overtopping since the simulated reservoir level
is still below the crest level of the dam. The spillway capacities of the Batu dam also seem to
be adequate with the design capacities of 200.6 m>/s. Therefore, it is suggested to allocate
additional facilities such as rainfall stations at the upstream catchment to observe the inflow
into the catchment and streamflow stations at the downstream to observe the outflow of the
catchment. It is also recommended to implement Risk Informed Decision Making (RIDM)
for the Batu dam as a tool for dam safety assessment to minimize the impact of dam failure
located in an urban area.

Author Contributions: Conceptualization, L.M.S. and H.B.; Formal analysis, SM.A.O. and WN.HW.A;
Funding acquisition, L.M.S.; Investigation, S.M.A.O. and WIN.H.W.A.; Methodology, SM.A.O., LM.S.
and H.B.; Project administration, M.H.M.K.; Resources, H.B.; Software, S.M.A.O.; Supervision, L.M.S.
and H.B.; Validation, L.M.S. and H.B.; Writing—original draft, S.M.A.O.; Writing—review & editing,
SM.A.O., LMS., HB. and A.N.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Higher Education (MoHE), Malaysia, grant
number TRGS/1/2020/UNITEN/01/1/1. The research also received financial support from Univer-
siti Tenaga Nasional (UNITEN) grant number J510050002-1C-6 BOLDREFRESH2025.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data adopted in this study are available at the National Hydrologi-
cal Network Management System (SPRHiN). Any interested person(s) could get it from the website
at http://sprhin.water.gov.my/bin/borang/login.cfm (accessed on 18 May 2022).

Acknowledgments: The authors acknowledge the Ministry of Higher Education (MoHE), Malaysia,
for the financial support through the Trans-Disciplinary Research Grant (TRGS). The authors would
like also to acknowledge the BOLD Refresh Grant. Additionally, we would like to express our
gratitude to the Malaysian Universiti Tenaga Nasional (UNITEN) and its Institute of Energy and
Infrastructure (IEI) for its support of this project. The Department of Irrigation and Drainage (DID)
deserves special gratitude for its contribution to provide the data needed for this study.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Gebregiorgis, A.S.; Hossain, F. Hydrological Risk Assessment of Old Dams: Case Study on Wilson Dam of Tennessee River Basin.
J. Hydrol. Eng. 2012, 17,201-212. [CrossRef]

2. Gabriel-Martin, I.; Sordo-Ward, A.; Garrote, L.; Granados, I. Hydrological risk analysis of dams: The influence of initial reservoir
level conditions. Water 2019, 11, 461. [CrossRef]


http://sprhin.water.gov.my/bin/borang/login.cfm
http://doi.org/10.1061/(ASCE)HE.1943-5584.0000410
http://doi.org/10.3390/w11030461

Int. |. Environ. Res. Public Health 2022, 19, 16530 14 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

Norouzi, N. Climate change impacts on the water flow to the reservoir of the Dez Dam basin. Water Cycle 2020, 1, 113-120.
[CrossRef]

Raudkivi, A.J. Hydrology: An Advanced Introduction to Hydrological Processess and Modelling; Elsevier: Amsterdam, The Netherlands,
2013.

Goodarzi, E.; Shui, L.T.; Ziaei, M. Dam overtopping risk using probabilistic concepts-Case study: The Meijaran Dam, Iran. Ain
Shams Eng. ]. 2013, 4, 185-197. [CrossRef]

Tingsanchali, T.; Tanmanee, S. Assessment of hydrological safety of Mae Sruai Dam, Thailand. Procedia Eng. 2012, 32, 1198-1204.
[CrossRef]

Singh, A.; Singh, V.P; Ar, B. Computation of probable maximum precipitation and its uncertainty. Int. J. Hydrol. 2018, 2, 504-514.
[CrossRef]

Suribabu, C.R. An alternate method for finding Probable Maximum Precipitation (PMP) for Indian monsoon precipitation. ISH J.
Hydraul. Eng. 2021, 27, 371-375. [CrossRef]

Koutsoyiannis, D. A probabilistic view of Hershfield’s method for estimating probable maximum precipitation. Water Resour. Res.
1999, 35, 1313-1322. [CrossRef]

Lave, L.B.; Balvanyos, T. Risk analysis and management of dam safety. Risk Anal. 1998, 18, 455-462. [CrossRef]

Liu, Z.; Xu, X.; Cheng, J.; Wen, T.; Niu, J. Hydrological risk analysis of dam overtopping using bivariate statistical approach:
A case study from Geheyan Reservoir, China. Stoch. Environ. Res. Risk Assess. 2018, 32, 2515-2525. [CrossRef]

Hershfield, D.M. Estimating the Probable Maximum Precipitation. J. Hydraul. Div. 1961, 87, 99-106. [CrossRef]

Hershfield, D.M. Method for Estimating Probable Maximum Precipitation. J. Am. Water Work. Assoc. 1965, 57, 965-972. [CrossRef]
National Hydraulic Research Institute of Malaysia (NAHRIM). Derivation of Probable Maximum Precipitation for Design Floods in
Malaysia, NAHRIM Technical Research Publication No. 1 (TRP 1); No. 1, NAHRIM: Seri Kembangan, Malaysia, 2008; Volume 1.
Department of Irrigation and Drainage (DID). Batu Dam. 2017. Available online: https://www.water.gov.my/index.php/pages/
view /1241 (accessed on 9 August 2021).

Suratman, S. Geology and related activities in the construction of Batu Dam, Kuala Lumpur. Bull. Geol. Soc. Malays. 1994,
35,15-23. [CrossRef]

Ali Benzaghta, M. Prediction of evaporation in tropical climate using artificial neural network and climate based models. Sci. Res.
Essays 2012, 7, 3133-3148. [CrossRef]

Desa, M.N.M.; Noriah, A.; Rakhecha, P. Probable maximum precipitation for 24h duration over southeast Asian monsoon
region—Selangor, Malaysia. Atmos. Res. 2001, 58, 41-54. [CrossRef]

Naill, P.E.; Momani, M. Time Series Analysis Model for Rainfall Data in Jordan: Case Study for Using Time Series Analysis. Am. ].
Environ. Sci. 2009, 5, 599-604. Available online: http://www.thescipub.com/abstract/?doi=ajessp.2009.599.604 (accessed on
7 September 2022).

Searcy, ].K.; Hardison, C.H. Double Mass Curves—Manual of Hydrology: Part 1. General Surface-Water Techniques; Issue 1541, U.S.
Government Printing Office: Washington, DC, USA, 1960.

Gao, P; Li, P,; Zhao, B.; Xu, R.; Zhao, G.; Sun, W.; Mu, X. Use of double mass curves in hydrologic benefit evaluations. Hydrol.
Process. 2017, 31, 4639-4646. [CrossRef]

Hong, J.L.; Jafri, A.; Ibrahim, I.; Shafie, S.; Hong, K.A.; Naubi, I. Design Rainfall Temporal Patterns for Upper Klang Catchment.
J. Inst. Eng. Malays. 2018, 79, 21-30. [CrossRef]

Department of Irrigation and Drainage (DID). Hydrological Procedure No. 1 (Revised and Updated 2015) Estimation of Design Rainstorm
in Peninsular Malaysia; No. 1; DID: Kuala Lumpur, Malaysia, 2015; Volume 1.

Hansen, E.M.; Schreiner, L.C.; Miller, ].E. Hydrometeorological Report 52 Application of Probable Maximum Precipitation Estimates—United
States East of the 105th Meridian; U.S. Department of Commerce: Washington, DC, USA, 1982.

WMO. Operational Hydrology Report No. 1: Manual for Estimation of Probable Maximum Precipitation, WMO: Geneva,
Switzerland, 1986.

Te Chow, V. A General Formula for Hydrologic Frequency Analysis. Trans. Am. Geophys. Union 1951, 32, 231-237. [CrossRef]
Durbude, D.G. Estimation of Probable Maximum Precipitation for Planning of Soil and Water Conservation Structures. ]. Water
Conserv. 2008, 7, 31-35.

Deshpande, N.R.; Kulkarni, B.D.; Verma, A.K.; Mandal, B.N. Extreme rainfall analysis and estimation of probable maximum
precipitation (PMP) by statistical methods over the Indus river basin in India. J. Spat. Hydrol. 2008, 8, 22-35.

Lariyah, M.S,; Faizah, C.R.; Mohd Noh, A.; Rahsidi, S.M.; Azwin Zailti, A.R.; Mohd Nor, M.D.; Hidayah, B.; Intan Shafilah, A.A.
Development of Probable Maximum Flood (PMF) for Sultan Abu Bakar Dam. In Proceedings of the EnCon 2012, 5th Engineering
Conference, “Engineering Towards Change—Empowering Green Solutions”, Kuching Sarawak, Malaysia, 10-12 July 2012.
Fleming, M.]. Hydrologic Modeling System Quick Start Guide; US Army Corps of Engineers; Hydrologic Engineering Center: Davis,
CA, USA, 2013; p. 52.

Boota, M.W.; Nabi, G.; Abbas, T.; Yaseen, M.; Faisal, M.; Azam, M.I. Estimation of Probable Maximum Flood (PMF): A Case Study
of Pothwar Region, Pakistan. Int. J. Sci. Res. Eng. Dev. 2015, 2, 6471-6475. Available online: http://www.sci-int.com/pdf/636339
897657542910.pdf (accessed on 7 September 2022).

Department of Irrigation and Drainage (DID). Hydrological Procedure No. 27: Estimation of Design Flood Hydrograph Using Clark
Method for Rural Catchments in Peninsular Malaysia; No. 27; DID: Kuala Lumpur, Malaysia, 2010.


http://doi.org/10.1016/j.watcyc.2020.08.001
http://doi.org/10.1016/j.asej.2012.09.001
http://doi.org/10.1016/j.proeng.2012.02.077
http://doi.org/10.15406/ijh.2018.02.00118
http://doi.org/10.1080/09715010.2019.1660236
http://doi.org/10.1029/1999WR900002
http://doi.org/10.1111/j.1539-6924.1998.tb00360.x
http://doi.org/10.1007/s00477-018-1550-0
http://doi.org/10.1061/JYCEAJ.0000651
http://doi.org/10.1002/j.1551-8833.1965.tb01486.x
https://www.water.gov.my/index.php/pages/view/1241
https://www.water.gov.my/index.php/pages/view/1241
http://doi.org/10.7186/bgsm35199403
http://doi.org/10.5897/SRE11.1311
http://doi.org/10.1016/S0169-8095(01)00070-9
http://www.thescipub.com/abstract/?doi=ajessp.2009.599.604
http://doi.org/10.1002/hyp.11377
http://doi.org/10.54552/v79i1.5
http://doi.org/10.1029/TR032i002p00231
http://www.sci-int.com/pdf/636339897657542910.pdf
http://www.sci-int.com/pdf/636339897657542910.pdf

Int. |. Environ. Res. Public Health 2022, 19, 16530 15 of 15

33.

34.

35.

36.

37.

Department of Irrigation and Drainage (DID). Hydrological Procedure No. 11: Design Flood Hydrograph Estimation for Rural Cachments
in Malaysia; DID: Kuala Lumpur, Malaysia, 2018.

Nur, H.S.; Mohd, K.; Mohd, E.T.; Hafizan, J.; Ata, EM.; Azman, A.; Noor Jima, A.W.; Umar, R.; Khalit, S.I.; Makhtar, M.
Relationship of rainfall distribution and water level on major flood 2014 in Pahang River Basin, Malaysia. Environ. Asia 2017,
10, 1-8.

Yiau, S.S.; Putuhena, EJ. Probable Maximum Precipitation (PMP) Analysis for Bakun Dam Area. J. Civ. Eng. Sci. Technol. 2011,
2, 53-59.

Razali, J.; Sidek, L.M.; Rashid, M.A.; Hussein, A.; Marufuzzaman, M. Probable Maximum Precipitation comparison using
hershfield’s statistical method and hydro-meteorological method for Sungai Perak Hydroelectric Scheme. Int. . Eng. Technol.
2018, 7, 603-608. [CrossRef]

Sammen, S.; Mohamed, T.; Ghazali, A.A.; Sideq, L.; Aziz, A.A. Estimation of probable maximum precipitation for tropical
catchment. MATEC Web Conf. 2018, 162, 1-5. [CrossRef]


http://doi.org/10.14419/ijet.v7i4.35.22922
http://doi.org/10.1051/matecconf/201816203012

	Introduction 
	Materials and Methods 
	Study Area 
	Methods 
	Hydrological Analysis 
	Hydrological Modeling 


	Results and Discussion 
	Rainfall Time Series 
	Double Mass Curve 
	Isohyet Map 
	Probable Maximum Precipitation (PMP) 
	Probable Maximum Flood (PMF) and Dam Safety Check 

	Conclusions 
	References

