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Abstract

Global warming has significantly intensified climate change across the globe, lead-
ing to more frequent and severe hydrometeorological events. Pakistan, due to its
diverse topography and shifting climatic patterns, has become increasingly sus-
ceptible to extreme flooding, including riverine, flash, and urban floods. These
recurrent flood events have resulted in substantial damage to agricultural lands,
infrastructure, and human settlements, causing economic losses worth billions of
rupees annually. The escalating trend in flood frequency and magnitude under-
scores the urgent need for comprehensive flood risk assessment and climate-resilient

water infrastructure planning.

Overtopping of dams, especially in earthen dams, is a major dam failure resulting
in dam breach and devastation in the downstream side of the dam. The problem
is more severe because of climate changes resulting in extreme weather events fol-
lowed by flash flood more than the design considerations. In case of absence of
climate and flow data, GCMs are considered as an appropriate tool for doing anal-
ysis but they also need to be validated through statistical methods such as Delta
method. Selection of GCMs is based on certain directions e.g., their resolution or
their capabilities to represent the climate conditions. Gumbel method is applied
to perform frequency analysis based on annual peaks and once frequency data is
available, flows could be determined using tools such as HEC-HMS. In order to
do breach analysis, HEC-RAS has the capability to model the scenarios (present

or future).

Balochistan is one of the main provinces of Pakistan where dams are built to
fulfil agriculture and domestic needs. This study assesses dam breach risks under
historical and future climate scenarios using GCMs data downscaled using nearest-
neighour method and validation done by Delta method. Two scenarios i.e., SSP
2-4.5 and SSP 5-8.5, have been applied to simulate flows for 100 and 200-year
return periods, using HEC-HMS. Whereas HEC-RAS is used for breach modeling.

Rainfall frequency analysis reveals increased precipitation in future climates. Un-

der SSP2-4.5, rainfall ranges from 4.18 inches (100-year) to 4.68 inches (200-year),
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while SSP 5-8.5 projects 4.50-5.01 inches. Corresponding peak inflows rise signif-
icantly: 47,464.6 and 57,039 cusecs (SSP2-4.5), and 56,130.0 and 66,998.9 cusecs
(SSP5-8.5), compared to historical values.

Before the breach, both water levels stay steady. Once the breach begins, they
rise quicklyshowing fast emptying of the reservoir and the start of a flood wave. In
historical cases, the headwater peaks at 1711.7 m (100-year) and 1713.03 m (200-
year), while tailwater reaches 1705.27 m and 1705.61 m. In future scenarios, these
levels rise higher: SSP2-4.5 reaches 1713.39 m (100-year), while SSP5-8.5 reaches
1713.7 m (100-year) and 1714.87 m (200-year). Tailwater levels also increase under

future climate conditions.

Simulations indicate a more rapid development of breach under future climate
scenarios. During the 2022 flood event, the observed breach width reached 151
meters over an unknown time span (not one hour and may be after many hours). In
projected scenarios, carried out during 1st hour, breach widths expand significantly
reaching 94.56 meters and 136.64 meters under SSP2-4.5, and 104.64 meters and
155 meters under SSP 5-8.5 highlighting the increased risk of rapid dam failure
associated with intensified flooding due to climate change. Peak breach velocities
also increase from 2.24 - 2.41 m/s (historical) to 2.47 - 2.75 m/s (SSP 2-4.5), and
up to 3.22 - 3.81 m/s (SSP 5-8.5) indicating more energetic flood waves. Similarly,
breach discharges, for 100- and 200-year return period respectively, rise from 848.22
and 1,034.93 cumec (historical) to 1,301.78 and 1,368.32 cumec (SSP 2-4.5), and
1,335.82 and 1,597.86 cumec (SSP 5-8.5).

Downstream flood risk projections show increasing village inundation due to dam
breach under future climate scenarios. For the 100-year return period, 13 villages
will be inundated under SSP2-4.5 (flood depths: 0.15-6.70 m), 16 villages under
SSP5-8.5 (0.19-6.91 m), and 8 villages under historic conditions. For the 200-year
return period, 16 villages will be affected under SSP2-4.5, 18 under SSP5-8.5,
and 10 under historic conditions. The highest projected flood depth is 6.81 m at
Muhammad Qadir village under SSP2-4.5 (200-year return), indicating escalating

flood hazards with climate change.
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This study highlights the intensifying risk of dam failures under climate change,
calling for climate-resilient spillway designs, reinforced embankments, and robust
early warning systems. The integrated modeling approach offers critical guidance

for improving dam safety and flood management in Balochistan.

Keywords: Climate Change, Global Warming, Dam breach, climate change, SSP
2-4.5, SSP 5-8.5, HEC-RAS, HEC-HMS, Breach width, peak discharge, flood risk,

Balochistan, Headwater, Tailwater
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Chapter 1

Introduction

1.1 General

Pakistan is a flood-prone country and one of the ten countries most affected by
climate change worldwide. In April-June 2022, it suffered an unprecedented in-
tense heat wave followed by a long monsoon that lasted until September and
dumped a record amount of rain across the country. Pakistan is experiencing its
worst floods in a century, with glacial lake bursting, river-breaking banks, flash
flooding, and landslides. In the wake of rising prices at the global level, Pakistan
faced significant economic challenges even before recent floods. These devastating
floods have caused further economic hardships in the country. More than half of
all districts in the country have officially declared calamity. As a result of these
floods, 1,731 people died, 12,867 were injured, and over 2 million houses were
destroyed or damaged, affecting the lives of 33 million people across the country.
The provinces of Sindh and Balochistan experienced unprecedented monsoon rain-
fall during the summer of 2022, leading to catastrophic flooding. In July 2022,
Sindh received 625% more rainfall than its 30-year average, while Balochistan saw
a 501% increase. In August 2022, the rainfall further exceeded the climatologi-
cal mean, with Sindh experiencing a 726% increase and Balochistan a 590% rise.
These extreme rainfall events resulted in widespread flooding, affecting over 80%
of the total area in both provinces causing substantial damage to the lives, infras-

tructure, and livelihoods of the affected population. The floods cause damage to

1
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hundred thousand acres of fertile agricultural lands and standing crops and affect
adjoining populations with monetary loss in billions of rupees almost every year.
Major direct flood damage is caused to agricultural lands, standing crops, urban
and rural populations, besides, other private and public property located near the

banks of rivers [1], [2], [3], [4], [5], [6], [7]-

The 2022 floods in Pakistan, exacerbated by climate change, led to a severe hu-
manitarian crisis. Over 33 million people were affected, with 1,739 fatalities re-
ported between June and November. The disaster caused significant damage to
housing, with 897,014 houses fully destroyed and 1.391 million partially damaged,
leaving over 2.1 million people home. Livelihoods were heavily impacted, as more
than 1,164,270 livestock perished, a critical source of sustenance for many fami-

lies 2], [4], [8].

Historically, from 1950 to 2022, Pakistan has experienced 28 significant flood
events, leading to major economic and human losses. The total direct losses from
these floods are estimated at USD 68.169 billion, with 15,200 lives lost.nThese
flooding events broke the previous records not only for rainfall and discharge but
also for damage to life and property. This alarming situation reveals that it may
continue in the coming years with more severity. The key factor of flooding is
intense rainfall (Cloud Burst) and rapid glacier melting during the summer sea-
son due to climatic change conditions in the region. Considering this disastrous

situation, it is crucial to give attention to flood risk management [1], [3], [9].

Dams are hydraulic infrastructure that have several purposes, such as irrigation,
hydropower, water supply, flood control, recreation, fish breeding and navigation.
However, their failure or malfunctioning can pose a threat to downstream com-
munities, and thus, their safety is paramount to public protection and economic
security. The construction of dams is perhaps the best method for safeguarding
sustainable water supply and overcoming the growing populations rising water
demand. Embankment dams are subject to possible failure from either overtop-
ping or piping which erodes a breach through the dam. The breach formation

is gradual with respect to time and width. The majority of embankment dam
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failures are generally the result of inadequate design, poor construction meth-
ods, deteriorated pipe, Hydraulic fractures, or significant environmental occur-

rence [10], [11], [12], [13].

A breach in a dam can be defined as any opening in a dam that leads the dam
to fail and water behind the dam to propagate downstream rapidly. The flood
hydrograph resulting from a breach differs significantly from that produced by
rainfall, attaining a higher peak discharge and shorter time to peak [14], [15].

The Malgagai Dam was constructed in 2016, with its spillway designed to handle
a discharge of 544 cubic meters per second (19,200 cusecs) and a width of 36.58
meters (120 feet). However, during the 2022 flood, the flow reached approximately
1,330.90 cubic meters per second (47,000 cusecs), far exceeding the dam’s design
capacity. This led to significant damage to both the spillway structure and the
dam body. Additionally, residents had constructed several bunds upstream of
the dam, which were also breached during the 2022 flooding, which had further
intensified the flood discharge on the dam [16], [17].

FI1GURE 1.1: Breached Section of the Malgagai dam

The salient features of the existing Dam are as follows:
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TABLE 1.1: Salient features of existing dam and spillway. Source: (Irrigation
Department, Balochistan)

General Information

Dam Body

Type Modified Homogeneous Earthfill Dam
Length 1517 m (4978 ft)

Top Width 6.096 m (20.0 ft)

Maximum Height 14.3 m (47 ft)

Upstream Slope 3H:1V

Downstream Slope 20 H: 1V

Upstream Slope Protection Thickness 0.45 m (1.476 ft)

Downstream Slope Protection Thickness 0.30 m (0.984 ft)
Component 2: Spillway and Stilling Basin

A. Spillway and Reservoir

Type of Spillway Sloping baffled Apron

Side Walls Height 5.20 m (17.06 ft)

Location left side abutment

Design Capacity 544 cumecs (19,200 cusecs) for 100 years R.
P

Width of Spillway 36.58 m (120 ft)

B. Outlet Structure

Intake type and size Sump arrangement with vertical perforated
pipe shrouded in coarse aggregates

Outlet Conduit PVC Pipe (Dia 0.137 m) (0.45 ft)

Energy Dissipation Main hole and Valve Arrangement

1.2 Problem Statement

Global warming is accelerating climate change, leading to a noticeable rise in ex-
treme weather events worldwide, particularly floods and droughts. One of the most
pressing consequences of climate change is the increased intensity and frequency
of floods, which are affecting vulnerable regions across the globe. In Pakistan,
especially in the province of Balochistan, the impacts of climate change have be-
come increasingly evident in recent years. The region has experienced recurrent
episodes of extreme flash floods, which have not only devastated communities and
agricultural lands but also placed enormous pressure on the regions hydraulic in-
frastructure. Among these, earthen dams which are widely used for irrigation,
water storage, and flood control have proven particularly susceptible to damage

and failure.

Earthen dams are inherently more vulnerable to hydrological stresses due to their

construction materials and design. Unlike concrete or composite structures, earthen
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dams rely on compacted soil and rock, which can be quickly eroded or destabilized
during overtopping or internal seepage. Overtopping, in particular, is a leading
cause of dam failure and is directly influenced by extreme rainfall and inadequate
spillway capacity. In the context of Balochistan, where rainfall patterns have be-
come more erratic and intense, the design assumptions based on historical climate

data are no longer sufficient to ensure dam safety.

Therefore, there is a pressing need to reassess the structural and operational safety
of earthen dams in light of climate change induced flood hazards. Understanding
how extreme precipitation and flood magnitudes are likely to evolve is essential for
designing effective risk mitigation strategies. This includes evaluating potential
breach parameters, simulating dam failure scenarios and analyzing downstream
flood propagation using reliable hydrological and hydraulic modeling techniques.
Such assessments are vital not only for enhancing dam safety but also for pro-
tecting downstream populations and ensuring sustainable water management in

vulnerable regions like Balochistan.

”Balochistan is dependent on dams to meet its agriculture and other daily needs
and has developed a network of dams. Majority of dams have been experiencing
1ssues such as dam breaches due to intensified rainfall causing flash floods. Hence,
there is need to do hydraulic modelling based on future projections to mitigate dam

breach issues to ensure safe operations during the 21st century.”

1.3 Research Questions

Following are the research questions which are to be answered in this research

study:

e What were the key breach characteristics of an Earthen dam during its 2022

overtopping failure in Balochistan?

e How did the overtopping event influence the water surface profile in the

downstream channel under unsteady flow conditions?
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e How do the actual breach parameters of Earthen Dam compared with those

recommended in standard dam design manuals?

e Can breach parameters be adapted to better reflect the specific geographical,

hydrological, and flood conditions of Balochistan?

1.4 Research Gap

e No prior dam breach analysis has been conducted in study area, despite

recent failures in 2022.

e This research fills the gap by analyzing an actual dam failure event, but under
certain limitations, and then assessing climate-adaptive breach parameters

for minimizing the severity of flood risks in the region.

1.5 Objectives of Research

To assess impact of Climate change on breach of an earthen dam by using GCMs

data and standard design procedures in the study area experiencing flash floods

1.6 Scope of Study

The research focuses on dam breach analysis for an earthen dam under a single
mode of failure such as overtopping, which is a common issue in embankment

dams. The scope of study for this research study comprises of :

e Selection of suitable Global Climate Models (GCMs) and climate change

scenarios based on the IPCCs 6th Assessment report.

e Bias correction and analysis of simulated future climate data under SSP

2-4.5 and SSP 5-8.5 scenarios.

e Developing a flood frequency model using HEC-HMS to simulate flood risks

under both current and future conditions.
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e Developing a hydraulic model using HEC-RAS for Dam breach analysis and
downstream flood risk assessment to analyze the potential impacts of dam

failure on downstream areas.

1.7 Study Limitations

e This study is specific to an earthen dam in Balochistan and its associated
flood risks. The findings and recommendations may not be directly applica-

ble to other dams.

e Variations in dam design, topography, and local climate conditions could
result in different risk profiles and breach dynamics for other dams. There-
fore, while the methodology and models used in this study provide valuable
insights, they must be tailored to the unique characteristics of each dam for

broader applicability.

e This study is purely based on GCMs data, and no gauge data (of discharge)

is available.

e Only one Climate Station data i.e. Muslim Bagh climate station was used

in this research study and no other station data is available.

e The baseline period for the MET and GCM data is 1990-2014. Despite
efforts, meteorological department data was not available during 2015 - 2024.
Future projections are divided into three 25-year time periods: 2025-2050,
2051-2075, and 2076-2100.

1.8 Thesis Outline

The thesis contains five chapters. These are:

Chapter 1: This chapter provides an overview of the Malgagai Dam, outlining its
significance in water resource management and flood control. It defines the prob-

lem statement, focusing on dam safety concerns and potential breach scenarios.
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The research objectives are clearly stated, aiming to assess dam break parameters
and downstream flood risks. The scope of the study establishes its geographical
and methodological framework, while the significance highlights its contribution

to dam safety, flood risk mitigation, and climate change adaptation strategies

Chapter 2: This chapter presents a comprehensive review of existing studies on
earthen dams, focusing on failure mechanisms and historical dam breach events. It
examines past and recent research on dam breaches, emphasizing the influence of
climate change on failure probabilities. Various probabilistic methods for estimat-
ing dam breach parameters are explored, along with the application of HEC-RAS
for breach modeling. Additionally, the chapter discusses hazard classification sys-
tems and their categories, providing a foundation for assessing dam failure risks

and flood impacts

Chapter 3: This chapter outlines the study area, data sources, and research
methodology. It provides a concise overview of the approach, including data col-
lection, watershed characteristics, and hydrological modeling using HEC-HMS.
Various dam break methods and breach parameter estimation techniques are ex-
plored, followed by a detailed methodology for HEC-RAS modeling. The chapter
concludes with a summary of key findings, setting the foundation for subsequent

analysis and results

Chapter 4: This chapter presents the findings and analysis of the research, cover-
ing key aspects such as rainfall frequency results, inflow hydrographs, and breach
width evaluation across different return periods and climate scenarios. It further
includes breach velocity and flow analysis, water surface elevation trends, and to-
tal flow variations under different conditions. Additionally, the downstream flood
risk assessment is conducted for both 100-year and 200-year return periods across
multiple scenarios, with a specialized assessment using the Froehlich formula to

evaluate breach dynamics and flood impact.

Chapter 5: This chapter provides a comprehensive summary of the studys key
findings, highlighting the major conclusions drawn from the analysis. It also ad-
dresses the limitations encountered during the research, including data constraints,

modeling assumptions, and uncertainties associated with dam breach simulations.
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Additionally, the chapter discusses the broader benefits of the study, emphasiz-
ing its significance in flood risk management, dam safety assessment, and climate
change adaptation. Finally, future recommendations are proposed to enhance dam
breach modeling, improve flood mitigation strategies, and guide further research

in the field of dam safety and hydrological modeling.



Chapter 2

Literature Review

2.1 General

Dams play a vital role in water resource management by providing numerous ben-
efits, including a reliable water supply for drinking, irrigation, industrial use, and
recreation. Additionally, dams are essential for flood control, hydropower gener-
ation, and in some cases, facilitating navigation. However, to ensure continued
service and safety, dams require regular maintenance, monitoring, and rehabilita-

tion when necessary [18], [19].

Dams are engineered structures designed to store, control, or divert water by cre-
ating an upstream reservoir. While they offer significant advantages, the failure of
a dam can lead to catastrophic consequences. Dam failures can manifest in differ-
ent forms, such as structural collapse or breaches, and often result in downstream
flooding that poses a serious threat to lives, infrastructure, and the environment.
The risk of dam failure is elevated when large volumes of water are stored, and

the failure mechanisms are typically linked to several factors [20], [21].

2.2 Types of Embankment Dam

The two principal types of embankment dams are earth and rockfill dams. De-

pending on the predominant fill material used. Some generalized sections of earth

10
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dams showing typical zoning for different types and quantities of fill materials and
various methods for controlling seepage are presented. When practically only one
impervious material is available and the height of the dam is relatively low, a
homogeneous dam with internal drain may be used [22], [23], [24]. The inclined
drain serves to prevent the downstream slope from becoming saturated and sus-
ceptible to piping and/or slope failure and to intercept and prevent piping through
any horizontal cracks traversing the width of the embankment. Earth dams with
impervious cores, are constructed when local borrow materials do not provide ade-
quate quantities of impervious material [25]. A vertical core located near the center
of the dam is preferred over an inclined upstream core because the former pro-
vides higher contact pressure between the core and foundation to prevent leakage,
greater stability under earthquake loading, and better access for remedial seepage
control [26], [27]. An inclined upstream core allows the downstream portion of
the embankment to be placed first and the core later and reduces the possibility
of hydraulic fracturing. However, for high dams in steepwalled canyons the over-
riding consideration is the abutment topography. The objective is to fit the core
to the topography in such a way to avoid divergence, abrupt topographic discon-
tinuities, and serious geologic defects [28], [29]. In Pervious foundations, seepage
control is necessary to prevent excessive uplift pressures and piping through the
foundation. The methods for control of under seepage in dam foundations are
horizontal drains, cutoffs (compacted backfill trenches, slurry walls, and concrete
walls), upstream impervious blankets, downstream seepage berms, toe drains, and
relief wells. Rockfill dams may be economical due to large quantities of rock avail-
able from required excavation and/or nearby borrow sources, wet climate and/or
short construction season prevail, ability to place rock fill in freezing climates, and
ability to conduct foundation grouting with simultaneous placement of rock fill for

sloping core and decked dams [22], [23], [27], [30].

2.3 Consequences of Dam Breaks

In the event of a dam break, the energy stored in the reservoir can be rapidly re-
leased, causing sudden and severe downstream flooding. Such flooding is often un-

predictable and can lead to significant loss of life, extensive property damage, and
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the disruption of essential infrastructure. The magnitude of these impacts under-
scores the critical importance of proper dam design, maintenance, and emergency

preparedness [31], [32], [33].

This research on Earthen Dam highlights the need to assess potential dam breach
scenarios, focusing on overtopping as a primary mode of failure. By evaluating
flood risks downstream and identifying critical failure thresholds, this study aims
to contribute to the development of effective risk mitigation strategies, including
emergency action plans and early warning systems tailored to the specific condi-

tions of Balochistan [34], [35].

2.4 Dam Failure

Between 1946 and 1955, a total of 12 major dam failures were recorded, coinciding
with the construction of over 2,000 dams worldwide. Similarly, from 1956 to 1965,
24 dam failures were documented, during which more than 2,500 new dams were
constructed globally. While dam failures are not uncommon, the mode of failure
varies depending on the dam type and design characteristics. Understanding these
failure mechanisms is critical for improving dam safety and mitigating potential

risks associated with future dam operations [36], [37], [38].

2.4.1 Cause of Failure of Earth Dam

Earth dams are subjected to mainly three ways of failures hydraulic failure may
occur due to one or more of the following causes: overtopping, erosion of the
upstream face, erosion of the downstream face, erosion of the downstream toe, and
frost action. Seepage failure can happen due to piping through the dam, piping
through the foundation, conduit leakage, or sloughing of the downstream toe.
Structural failures are generally shear failures leading to sliding of the embankment
or the foundation, and they consist of slides in the embankment, foundation slides,
liquefaction slides, failure by spreading, failure due to earthquakes, failure due to
holes caused by burrowing animals, and failure due to holes caused by the leaching

of water-soluble salts [39].
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FIGURE 2.1: Modes of failure in percentage [41]

The pie chart illustrates the distribution of dam failure causes based on recorded
data. It categorizes the failures into four primary modes: overtopping, foundation
failure, piping, and other causes. The percentages indicate the proportion of dam

failures attributed to each specific mode [41].

I. Overtopping (34%) Overtopping is the leading cause of dam failures, accounting
for 34% of the cases. This typically occurs when the water level in the reservoir
exceeds the dam’s capacity due to inadequate spillway design or extreme inflow
events, leading to overflow and subsequent erosion of the dam crest and down-

stream slope [40].

IT. Foundation Failure (30%) Foundation failure contributes to 30% of dam fail-
ures. It arises when the foundation material beneath the dam is unable to support
the load, resulting in instability or collapse. Common causes include weak geolog-

ical formations, seepage, and inadequate compaction during construction [41].

ITI. Piping Failure (28%) Piping accounts for 28% of the recorded failures. This
mode of failure involves internal erosion caused by seepage through the dam or
its foundation. Over time, the seepage can enlarge voids, eventually leading to

structural collapse [39], [41].
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IV. Other Causes (8%) The remaining 8% of failures fall under miscellaneous
causes, including factors such as seismic activity, operational errors, and extreme
weather conditions. Although less frequent, these causes can have severe conse-

quences depending on the dams design and location [39], [40], [41].

2.5 Historical and Recent Case Studies of Dam

Breaches

Case studies of dam failures, particularly those caused by overtopping and pip-
ing, provide important insights into the vulnerabilities of dams under extreme
conditions. Both overtopping and piping are significant failure mechanisms that
are often exacerbated by extreme rainfall, poor maintenance, or improper design.
Here, we present some notable case studies that highlight the consequences of

these failure mechanisms and lessons learned from the events [42], [43].

2.5.1 Bangiao Dam Collapse (1975) - Overtopping and

Structural Failure

The Bangiao Dam, located in China, is one of the most devastating dam failures
in history, and its collapse was due to a combination of overtopping and structural
failure. The dam was overwhelmed by a massive flood caused by Typhoon Nina,
which led to its overtopping. The intense floodwaters eroded the dams embank-
ment, triggering the catastrophic breach. Despite the failure of the dam’s spillway;,
it was the inability of the dam to cope with the extreme water flow that led to the
breach. The flood that followed caused tens of thousands of deaths and widespread
devastation [44].

2.5.2 Teton Dam Failure (1976) - Overtopping Failure

Although the primary cause of the Teton Dam failure was seepage and piping,
overtopping also played a role in exacerbating the breach. The Teton Dam, lo-

cated in Idaho, USA, failed after heavy rainfall caused the reservoir to overflow.
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The spillway design was inadequate to handle the massive inflow, which led to
overtopping. As the dam began to erode, the structure’s integrity was further
compromised, contributing to the eventual breach. The flood caused by the fail-

ure resulted in extensive damage downstream [45].

2.5.3 Sardar Sarovar Dam (2006) - Overtopping Incident

In India, the Sardar Sarovar Dam faced significant overtopping risk in 2006 after
a period of excessive rainfall. The spillway, designed to manage overflow, was
insufficient for the massive volume of water, leading to a dangerous situation.
Although the dam did not breach, the incident highlighted the importance of
ensuring that spillways are designed to handle extreme weather events and the
necessity of implementing more stringent monitoring during high-flow conditions

146].

2.5.4 Piedras Negras Dam (2007) - Overtopping and Ero-

sion

In 2007, the Piedras Negras Dam in Mexico experienced overtopping during a
period of extreme rainfall. The dam, designed to regulate water levels for agri-
culture, was not equipped to handle such intense events. The overtopping led to
erosion of the dam’s embankment, and eventually, a breach occurred. This fail-
ure was a critical event for dam safety officials, highlighting the importance of
maintaining appropriate freeboard and spillway capacity to manage extreme flood
conditions. Recent studies have pointed to the need for better flood routing and

hazard assessment in similar dams [47].

2.5.5 Lower Walnut Creek Dam Failure (2008)

The Lower Walnut Creek Dam in Texas, USA, failed in 2008, causing significant

flooding in downstream areas. [48] revisited this breach to better understand the
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role of internal erosion and seepage in dam failures. Their findings underscored the
need for continuous monitoring of internal dam conditions, particularly in older
embankment dams. The study also demonstrated the value of using real-time
sensors to detect seepage and prevent potential failures before they escalate. The
use of advanced computational models to simulate the breach event helped refine

the understanding of breach progression and flood propagation [48].

2.5.6 Felizbiri Dam (2014) - Overtopping and Structural

Damage

The Felizbiri Dam in Brazil failed after overtopping during an intense storm event.
The dam, built on a river with seasonal high flows, was not designed to cope with
the extreme rainfall of 2014. Overtopping caused significant erosion, and although
the dam was not completely breached, the resulting damage led to a partial collapse

of the spillway [49].

2.5.7 Dahuofang Dam (2016) - Piping and Seepage

The Dahuofang Dam, located in China, suffered significant piping issues in 2016,
leading to concerns over its stability. During heavy rainfall, seepage water from
the dams foundation eroded the soil, creating a channel that gradually enlarged
and posed a serious threat to the dams integrity. Researches emphasized the role
of dam foundation conditions and the need for continuous monitoring of seep-
age. Their study also proposed strategies for improving dam safety through early

detection technologies [50].

2.5.8 Oroville Dam Spillway Crisis (2017) - Overtopping
and Spillway Failure
The Oroville Dam crisis in California, while not a breach per se, was caused by the

failure of the main spillway due to overtopping. The situation was exacerbated

by heavy rainfall during the winter of 2017, which resulted in a rapid increase in
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water levels. The spillway was damaged as a result of extreme flows, leading to

the temporary evacuation of nearly 200,000 people [51].

2.5.9 Whaley Bridge Dam Failure (2019) - Piping and Over-

topping Threat

In the UK, the 2019 near-failure of the Whaley Bridge Dam due to heavy rainfall
and erosion of the spillway brought dam safety concerns to the forefront. Re-
searchers have assessed the failure mechanisms and highlighted the role of emer-
gency response efforts, which were critical in preventing a disaster. Their study
focused on rapid response systems, such as the emergency evacuation of nearby
residents and the monitoring of dam integrity through drones and satellite imagery,

setting an example for future dam breach risk management practices [52].

2.5.10 Xinfengjiang Dam Breach Simulation (2020)

In China, the Xinfengjiang Dam was studied by Zhang et al. (2020) to model
a hypothetical breach under extreme rainfall scenarios. The researchers used ad-
vanced breach modeling tools like HEC-RAS and LISFLOOD-FP to simulate flood
inundation patterns. This study provided valuable insights into flood propagation
and the downstream consequences of dam failures in densely populated regions,
highlighting the critical importance of floodplain mapping and emergency response

planning in mitigating disaster impacts [53], [54].

2.5.11 San Vicente Dam Seepage Incident (2021)

The San Vicente Dam in California experienced significant seepage problems in
2021, raising concerns about the potential for failure. Researchers analyzed the
incident, focusing on the interplay between seepage and the dams structural in-
tegrity. Their findings emphasize the need for a combination of monitoring tools
and rapid intervention systems to prevent similar incidents in the future. Their
work also demonstrates the importance of geotechnical studies in identifying po-

tential weaknesses before they escalate into major problems [55].
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2.5.12 Pidekso Dam Break Risk Analysis and Mitigation,

Wonogiri Regency, Central Java, Indonesia

The study on Pidekso Dam in Central Java, Indonesia, analyzed dam safety and
flood risk management using HEC-HMS and HEC-RAS. Two failure scenarios,
piping and overtopping, were modeled, with overtopping producing a higher peak
discharge of 14,821 m/s compared to 8,314 m/s for piping. HEC-HMS simu-
lated rainfall-runoff processes using precipitation data and the SCS Curve Number
method, while HEC-RAS modeled downstream flood propagation to create flood

inundation maps and classify affected villages into risk zones [56].

2.5.13 Dam Break Analysis: Case Study of Phukot Kar-
nali (480 Mw) Hydroelectric Project in Nepal

The case study of the Phukot Karnali Hydroelectric Project (PKHEP) in Nepal
provides critical insights into dam breach analysis and flood risk management in
high-altitude regions. The 109-meter-high concrete gravity dam, with a reservoir
volume of 37.00 Mm, was analyzed for potential breach scenarios using HEC-
RAS and GIS tools. Two breach scenarios, complete and partial failure, were
simulated using 1D unsteady flow equations, with input parameters such as breach
geometry and formation time derived from guidelines by the National Weather
Service (NWS), Federal Energy Regulatory Commission (FERC), and U.S. Army
Corps of Engineers (USACE). The complete breach scenario resulted in a peak
discharge of 91,418.15 m/s, with the flood wave traveling 232.95 km downstream,
reaching critical locations like Rakham valley within 50 minutes, posing severe
risks to lives and infrastructure due to velocities exceeding 10 m/s and depths

over 10.5 m [57].

Flood inundation maps generated from the simulations identified high-risk zones,
prioritizing areas for evacuation and emergency planning. Settlements near Rakham
valley were marked for immediate evacuation due to limited escape time. The
study proposed a comprehensive Emergency Action Plan (EAP), including early

warning systems, evacuation plans, and relocation of settlements in high-risk areas.
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It also emphasized protecting critical infrastructure such as roads and hospitals
while recommending structural improvements to the dam and non-structural mea-

sures like community awareness programs [58], [59].

The findings underscore the utility of HEC-RAS and GIS tools in dam breach
analysis, highlighting the importance of combining robust structural design with
proactive emergency preparedness. This research provides valuable guidance for
policymakers and engineers to enhance dam safety and mitigate flood risks in

vulnerable regions [60], [61].

2.5.14 Dam Break Analysis Using HEC-RAS and HEC-
GeoRAS: A Case Study of Hidkal Dam, Karnataka
State, India

The case study of the Hidkal Dam in Karnataka, India, demonstrates a com-
prehensive analysis of dam breach scenarios using HEC-RAS and HEC-GeoRAS
tools to predict potential downstream impacts. The study involved the simulation
of breach scenarios under two failure modes: piping and overtopping. Utiliz-
ing Cartosat-1 Digital Elevation Model (DEM) data, the authors extracted river
geometry and generated inundation maps to identify affected areas and popula-
tions [60], [62].

The HEC-RAS model simulated unsteady flow conditions, incorporating Proba-
ble Maximum Flood (PMF) hydrographs provided by dam authorities. For dam
breach parameter estimation, empirical equations such as Froehlich (1995, 2008)
and MacDonald and Langridge-Monopolis (1984) were applied. The breach pa-
rameters, including breach width, depth, and formation time, were evaluated for
their sensitivity to flood hydrograph characteristics. The sensitivity analysis re-
vealed that peak flow is significantly influenced by breach width and depth, while
less sensitivity was noted for side slopes. The overtopping failure mode was found
to have a greater impact compared to piping failure, with higher peak discharge
(78,454.82 m/s) and inundation area (79.205 km), posing significant risks to down-
stream region [63], [64].

Floodplain mapping indicated that 20 downstream villages, including agricultural

lands and infrastructure, would be severely affected in the event of a dam breach.
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The study emphasized the importance of proper reservoir management to mitigate
overtopping risks and proposed that HEC-RAS is a reliable tool for dam breach

analysis and emergency response planning [65], [66].

This research highlights the critical need for detailed hydraulic modeling in dam
safety assessments and underscores the importance of generating inundation maps

to support disaster management strategies [67], [68].

2.5.15 Dam Break Analysis and Flood Inundation Map-
ping: The Case Study of Sefid Roud Dam, Iran

The case study of the Sefid-Roud Dam in Iran analyzed dam breach risks and
downstream flood impacts using HEC-RAS and HEC-GeoRAS (USACE, 1997
[63], [67]. The study examined two failure scenarios: overtopping due to extreme
inflow and piping from internal erosion. Breach parameters, such as width and
formation time, were estimated using the Froehlich method and USACE guidelines.
The overtopping scenario produced a higher peak discharge and larger inundation
area compared to piping, posing significant risks to downstream communities and

infrastructure [63].

Flood inundation maps identified high-risk zones and estimated damage to agri-
cultural land, residential areas, and critical facilities. The findings emphasized
the importance of early warning systems, evacuation plans, and proactive main-
tenance to mitigate risks. This research highlights the effectiveness of combining
HEC-RAS with GIS-based tools for dam breach analysis and flood risk manage-
ment, providing valuable insights for improving disaster preparedness and policy-

making [69], [70].

2.6 Summary of Dam Break Case Studies: Em-
phasizing Climate Change Impacts

The review of various dam failure case studies highlights that overtopping is the
most common cause of dam breaches. Many of these failures occurred due to

extreme rainfall events, which exceeded the design capacities of spillways and
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reservoirs [71], [72], [73]. The Bangiao Dam collapse (1975), one of the deadliest
dam failures, was triggered by an unprecedented flood caused by Typhoon Nina,
overwhelming the dams spillway and leading to a catastrophic breach [74]. Simi-
larly, the Teton Dam failure (1976), while primarily caused by internal erosion, saw
overtopping contribution to the severity of the failure due to inadequate spillway

capacity [45].

The Oroville Dam Spillway Crisis (2017) in California serves as a modern example
of overtopping-induced structural failure, where severe rainfall caused spillway
damage, leading to a mass evacuation. The Felizbiri Dam (2014) in Brazil also
suffered partial collapse due to overtopping from intense storms, highlighting the
vulnerability of dams in regions experiencing changing precipitation patterns due

to climate change [75], [76].

Beyond overtopping, other failures, such as the Dahuofang Dam (2016) and Wha-
ley Bridge Dam (2019), were linked to piping and seepage, showing that internal
erosion remains a secondary but significant concern (Li et al., 2020; Glover et al.,
2021). However, even in these cases, heavy rainfall played a role in accelerating
dam deterioration, reinforcing the argument that climate variability is increasing

dam failure risks globally [77].

Recent studies, including the Pidekso Dam (2020) in Indonesia and the Phukot
Karnali Hydroelectric Project (2020) in Nepal, have emphasized the role of ad-
vanced modeling tools such as HEC-RAS and HEC-HMS in simulating dam breaches
and flood propagation (Morris & Fan, 1998; Froehlich, 2016). These studies under-
line the importance of accurate dam break analysis to assess potential inundation
areas and enhance emergency response planning. The Hidkal Dam (2021) in India
and the Sefid-Roud Dam (Iran) have also demonstrated the effectiveness of HEC-
RAS in predicting breach evolution and flood hazard mapping, further confirming

its role as a reliable tool for flood risk assessment [42], [43], [76], [77], [78], [79].

A critical pattern emerges from these case studiesthe underestimation of climate
change impacts is a major factor in overtopping-related failures. Many historical
dam designs do not account for the increasing intensity and frequency of extreme

weather events, leading to spillway inadequacy, increased reservoir pressure, and
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embankment erosion. This review demonstrates that climate change-driven ex-

treme rainfall is a key driver of modern dam failures [80], [81].

Unlike previous research, my study specifically integrates climate change scenar-
ios (SSP2-4.5 and SSP5-8.5) into dam break modeling, making it a unique and
significant contribution to the field. By incorporating future precipitation pro-
jections into HEC-RAS simulations, my research aims to bridge the gap between
traditional flood risk assessment and climate-adaptive dam safety planning. This
approach will provide a more realistic and proactive strategy for managing dam
failures under evolving climate conditions, ensuring that future dam infrastructure

is resilient and prepared for extreme hydrological events [60], [63], [82], [83].

2.7 Impact of Climate Change on Dam Failures

Climate change is having profound and far-reaching impacts on hydrological cycles,
which significantly increases the risks of dam failures. Rising global temperatures,
changing precipitation patterns, and more frequent and intense extreme weather
events exacerbate the vulnerabilities of dam structures and their operations. These
impacts necessitate urgent action to re-evaluate and enhance dam design, mainte-

nance, and management practices to adapt to these evolving challenges [82], [84].

One of the most evident consequences of climate change is the increased frequency
and intensity of extreme rainfall events, which can overwhelm the capacity of dams
and lead to overtopping. According to [85] future rainfall projections under various
climate scenarios suggest a significant rise in the likelihood of dam overtopping
and subsequent failure. Similarly, the Intergovernmental Panel on Climate Change
(IPCC, 2021) has noted that the intensification of extreme rainfall events is directly
linked to a warmer atmosphere’s capacity to hold more moisture. This increased
risk requires an urgent reassessment of spillway designs and flood storage capacities
in reservoirs to prevent catastrophic failures during unprecedented rainfall events.
Additionally, [86] highlighted that in regions prone to monsoons, such as South
and Southeast Asia, the intensification of monsoon rainfall could further increase

stress on aging dams, leading to higher risks of overtopping [87].
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The changing timing of snowmelt, driven by rising global temperatures, is another
critical factor influencing dam safety. [88] demonstrated that earlier and more
rapid snowmelt events, a direct consequence of warming temperatures, can cause
sudden and significant increases in reservoir inflows. This sudden surge can strain
reservoir capacity, increasing the risk of overtopping and structural failure. Fur-
thermore, [89] highlighted that these altered snowmelt patterns, combined with
reduced predictability in seasonal inflows, pose severe challenges for flood man-
agement strategies, particularly for regions dependent on snow-fed river systems.
These findings emphasize the need for updated hydrological models that incorpo-
rate changing snowmelt dynamics and climate variability into reservoir operation

protocols [90].

Temperature rise also directly affects the structural integrity of dams particularly
older ones not designed to withstand the stresses imposed by modern climatic
conditions [91]. [92] found that higher temperatures accelerate the degradation
of construction materials, leading to increased occurrences of internal erosion,
seepage, and cracking in dam structures. Moreover, [93] pointed out that thermal
stress can exacerbate the aging process of concrete and earthen dams, weakening
their resilience to extreme hydrological events. Thus, adapting dam rehabilitation
and maintenance programs to account for temperature-induced wear and tear is

critical for ensuring the long-term safety and functionality of dams [94].

In addition to physical vulnerabilities, climate change also introduces uncertainties
in operational decision-making for dam managers. [95] emphasized that traditional
flood management practices often rely on historical hydrological data, which may
no longer be valid in a rapidly changing climate. This disconnect can lead to subop-
timal decision-making, further increasing the risks associated with dam operations.
The need for real-time monitoring, predictive modeling, and flexible management

strategies is now more critical than ever to mitigate these risks effectively [96].

In summary, the impacts of climate change on dam failures are multi-faceted, en-
compassing increased risks of overtopping due to extreme rainfall, altered snowmelt
patterns leading to sudden inflows, and temperature-induced material degradation
that compromises structural integrity [97]. Addressing these challenges requires

a combination of updated engineering designs, advanced hydrological modeling,
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real-time monitoring systems, and proactive adaptation strategies. By integrat-
ing climate-resilient approaches into dam safety and management practices, it is
possible to mitigate these risks and ensure the safety of downstream communities

and ecosystems [98], [99].

2.8 Dam Breach Risk Assessment Using Proba-
bilistic Methods

Assessing the risk of dam breaches involves analyzing the likelihood of failure
and the potential consequences. Probabilistic methods are widely used for this
purpose, as they rely on statistical techniques to evaluate the probability of dam
failure under different scenarios [100]. These methods account for various failure
mechanisms, such as overtopping, internal erosion, and seepage, and calculate the
likelihood of these events occurring. By combining the probabilities of multiple
failure modes, probabilistic models help identify the most vulnerable dams and

prioritize them for preventive measures [101], [102].

Probabilistic methods are particularly useful because they incorporate uncertainty
and variability in dam failure mechanisms. For example, factors such as the in-
tensity and duration of extreme rainfall events, reservoir water levels, and the
condition of dam materials are all considered when estimating the probability of
failure. This allows for a more comprehensive and realistic understanding of risks
compared to deterministic approaches. Additionally, these models are often inte-
grated with consequence assessments to provide a complete picture of dam breach

risks, enabling better decision-making for emergency planning and resource allo-

cation [103], [104], [105].

By focusing exclusively on probabilistic approaches, dam safety professionals can
use these tools to develop robust risk management strategies that are adaptable
to uncertain and evolving climate conditions. These methods provide valuable
insights for prioritizing dam rehabilitation projects, designing emergency response

plans, and reducing the likelihood of catastrophic failures [82], [84].
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2.9 Dam Breach Modelling Techniques Using Hec-
Ras

Dam breach modeling is a critical component of flood risk assessment, helping
to predict the behavior of floodwaters following dam failure. Among the various
computational tools available, HEC-RAS (Hydrologic Engineering Centers River
Analysis System) is the most widely used and adaptable model for dam breach
analysis, flood hazard assessment, and emergency planning. Developed by the U.S.
Army Corps of Engineers (2016), HEC-RAS is specifically designed to simulate
water flow through rivers, reservoirs, and floodplains during dam failure events.
The model provides essential insights into flood propagation, peak discharges, flow
velocities, and inundation extents, making it invaluable for risk assessments and

decision-making in dam safety [103], [104], [105].
HEC-RAS incorporates both one-dimensional (1D) and two-dimensional (2D) hy-

draulic modeling to assess dam breaches under various failure mechanisms, includ-
ing overtopping, piping failure, and structural collapse. The model requires defin-
ing key breach parameters such as breach width, depth, side slopes, and formation
time, which can be derived from empirical equations, historical dam failures, or
site-specific assessments. Once the breach characteristics are established, HEC-
RAS simulates flood wave propagation downstream, considering factors such as

terrain elevation, channel geometry, and hydraulic structures [106], [107].
In dam breach modeling, HEC-RAS is frequently used in combination with other

flood simulation models to improve accuracy and reliability. Models like FLO-
2D and LISFLOOD-FP complement HEC-RAS by providing detailed floodplain
dynamics and overland flow assessments. FLO-2D is particularly effective in sim-
ulating urban flood inundation, while LISFLOOD-FP enhances large-scale flood
modeling. By integrating multiple models, researchers can gain a more compre-
hensive understanding of flood behavior, improving flood risk mitigation strate-

gies [108], [109], [110].

One of the major challenges in dam breach modeling is uncertainty in breach
development and flood propagation. Factors such as breach formation time, ero-
sion processes, and dam material properties can significantly influence flood sever-

ity. HEC-RAS allows researchers to account for these uncertainties using Monte
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Carlo simulations, where multiple breach scenarios are simulated to evaluate the
sensitivity of different parameters. [109] demonstrated that varying breach width
and formation time in HEC-RAS significantly altered flood wave characteristics,
highlighting the importance of incorporating uncertainty analysis in dam breach

studies [111].

HEC-RAS has also been widely used for climate impact assessments on dam fail-
ures, particularly under different climate change scenarios. With increasing precip-
itation intensities and changing hydrological patterns, future dam breach studies
must consider extreme weather events and their impact on flood magnitude. Re-
searchers have emphasized the importance of integrating climate projections into
dam safety assessments, ensuring that flood risk models accurately reflect future
hydrological conditions. By simulating different precipitation scenarios and return
periods, HEC-RAS helps engineers and decision-makers design dams and spillways

that can withstand extreme flood events [112], [113].

The practical applications of HEC-RAS in dam breach modeling are extensive,
from designing flood control structures and spillways to preparing emergency re-
sponse plans and evacuation strategies. Flood inundation maps generated from
HEC-RAS simulations provide crucial information for identifying high-risk areas,
infrastructure vulnerabilities, and necessary flood mitigation measures. The flex-
ibility of the model allows for customized breach scenarios, making it adaptable

for a wide range of dam types, terrains, and hydrological conditions [114], [115].

In conclusion, HEC-RAS remains the most widely used and reliable tool for dam
breach modeling, offering a comprehensive approach to simulating dam failures,
flood wave propagation, and downstream flood risks. Its ability to incorporate
uncertainty analysis, integrate climate projections, and work alongside other flood
models makes it indispensable for dam safety assessments, emergency prepared-
ness, and flood mitigation planning. As climate variability and extreme weather
events continue to challenge dam safety, HEC-RAS will play an increasingly critical
role in ensuring resilient water infrastructure and minimizing the risks associated
with dam failure [60], [62], [63], [L14]. The reviewed literature collectively advances
the field of dam breach analysis and flood inundation modeling using sophisticated

hydrologic and hydraulic tools. [116] utilized HEC-RAS for detailed dam break
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analysis, establishing a foundational framework for simulating post-failure flood
dynamics. [117] expanded upon this by incorporating a probabilistic approach in
HEC-RAS to quantify parametric uncertainties in dam breach processes, address-
ing variability in breach characteristics and downstream flood propagation. The
study on Dire Dam [118] further integrated HEC-HMS and HEC-RAS, demon-
strating the advantages of coupled hydrologic and hydraulic modeling in cap-
turing complex interactions during dam failures. [119] applied dam-break flood
simulations combined with GIS mapping to assess multiple potential scenarios for
a proposed dam on the River Yamuna, emphasizing spatial flood hazard visual-
ization. Finally, [120] highlighted the significance of these tools in disaster risk
management by leveraging HEC-RAS and GIS for effective dam breach analysis
and flood inundation mapping. Collectively, these studies illustrate a progressive
shift toward integrating uncertainty analysis, multi-model coupling, and spatial
mapping to enhance predictive capabilities and support robust flood mitigation

strategies.

2.10 Climate Change Induced Vulnerability in

Dam Safety

The safety and stability of dams are critical considerations during their design, con-
struction, and operation due to the immense risks associated with retaining large
volumes of water. A dam failure can lead to catastrophic consequences, including
significant loss of life, widespread destruction of property, and severe economic
damage in downstream areas. These potential impacts make dam safety a priority
in civil engineering and water resource management [77], [79], [121]. For earth-fill
dams, ensuring safety involves addressing both structural and operational aspects.
Structural safety is achieved through a detailed focus on design and construction.
This includes selecting appropriate materials for components such as the dams
core, filters, and shells to ensure durability and stability. The design must ac-

count for external forces like floods, seismic activity, and seepage pressures, which
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can compromise the dam’s integrity. For example, designing robust core and in-
corporating drainage systems helps prevent seepage-induced erosion, while ensur-
ing adequate freeboard minimizes the risk of overtopping during extreme rainfall
events. Guidelines such as those provided by the International Commission on
Large Dams (ICOLD) emphasize the importance of proper material selection and
adherence to modern engineering standards to reduce the likelihood of structural

failures [122], [123].

Operational safety is equally important for maintaining a dams long-term function-
ality and stability. This involves regular monitoring, inspections, and maintenance
activities to identify and address potential issues before they escalate. For example,
seepage control measures, such as installing piezometers and monitoring devices,
help detect abnormal seepage patterns that could indicate internal erosion or pip-
ing. Spillway operation and maintenance are also crucial to ensure that floodwa-
ters can be safely discharged without overtopping the dam. Moreover, emergency
preparedness plans, including early warning systems and evacuation protocols, are
critical for mitigating the impacts of potential failures. These operational measures
are supported by advancements in technology, such as remote sensing, unmanned
aerial vehicles (UAVs), and real-time monitoring systems, which enhance the abil-

ity to detect and respond to safety concerns efficiently [27], [77], [124].

Earth-fill dams are more vulnerable to specific failure mechanisms like overtopping,
piping, and seismic activity, which necessitate additional precautions. Overtop-
ping, often caused by inadequate spillway capacity or extreme rainfall, remains
one of the leading causes of dam failures. To address this, spillways must be
designed to handle probable maximum floods (PMF), as outlined in the United
States Bureau of Reclamation (USBR) guidelines [125]. Similarly, piping process
where water flows through the dam or its foundation, eroding the material and
forming voidsrequires robust internal drainage systems and regular seepage mon-
itoring. Seismic activity also poses a significant risk, as vibrations can destabilize
the dam structure. Advanced seismic analysis and the use of resilient materi-
als, such as compacted earth with appropriate filters, are vital to ensure stability

during earthquakes [104].
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By addressing both structural and operational aspects comprehensively, the risks
associated with dam failure can be significantly reduced. This dual-phase approach
ensures the dam’s long-term functionality and safety while protecting lives, prop-
erty, and ecosystems in downstream areas. Furthermore, ongoing research and
innovations in dam engineering, monitoring systems, and risk management strate-
gies continue to enhance the safety standards of dams worldwide, ensuring their
resilience against evolving environmental and operational challenges [126], [127].
Existing dams may not be equipped to handle the intensified hydrological events
associated with climate change. A review by [128] emphasizes the need to integrate
climate change projections into dam safety assessments, particularly concerning
hydrological loads such as floods. This integration could involve structural mod-
ifications, such as enhancing spillway capacities to manage increased flood risks,
and operational changes, including the adoption of real-time monitoring systems
to improve response times during extreme weather events. The CSA Group (2022)
highlights that in Canada, existing dam safety guidelines do not specifically ad-
dress climate change adaptation, underscoring the need for updated standards

that incorporate future climate scenarios [129].

Conducting detailed vulnerability assessments is crucial for understanding how
climate-induced changes affect dam safety. [128] a quantitative assessment of a
Spanish dam, revealing a progressive deterioration in dam failure risk due to al-
terations in the hydrological regime caused by climate change. Such assessments
should be regularly updated using the latest climate models to ensure that dam
infrastructure can withstand future conditions. The CSA Group (2022) also notes
that in Canada, there is a lack of specific guidelines addressing climate change

adaptation for dams, indicating a gap in current vulnerability assessments [114].

Adapting dam safety protocols to address climate change impacts requires the de-
velopment of comprehensive risk management strategies and supportive policies.
Implementing robust monitoring and early warning systems can help detect po-
tential structural issues before they lead to failures. Additionally, policies should
mandate regular reviews of dam safety standards to align with evolving climate
data, ensuring that both new and existing dams are capable of withstanding an-

ticipated environmental stresses. The CSA Group (2022) points out that existing
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dam safety and operations guidelines in Canada do not specifically address climate
change adaptation, highlighting the need for updated policies that incorporate cli-
mate resilience [130], [131], [132].

2.11 Hazard Classification

The hazard potential classification system for dams is designed to assess the risks
posed by dam failure based on three primary criteria: the probable loss of human
life, the potential economic losses, and the environmental damage or disruption
of critical infrastructure (lifelines) that may result from an uncontrolled release
of stored water. This system emphasizes that even small dams or water-retaining
structures can pose significant risks to downstream areas, especially in scenarios
where failure leads to uncontrolled water discharge. The classification underscores
the importance of evaluating the potential consequences of dam failure, regardless

of the dams size or capacity [133].

Dams are categorized into different hazard potential classes low, significant, and
high classes. Based on the severity of potential downstream impacts. A high-
hazard potential dam is one where failure is expected to result in extensive loss
of life and severe economic damage, whereas low-hazard potential dams are those

where failure would lead to minimal or no loss of life and limited economic impacts

[134].

2.11.1 Modern Developments in Hazard Classification

Recent advancements in dam safety emphasize the integration of probabilistic risk
assessment (PRA) methods alongside traditional deterministic approaches. These
methods account for uncertainty in hydrological events, structural performance,
and potential downstream consequences, providing a more comprehensive under-

standing of dam safety risks [135].

Moreover, with the increasing frequency and intensity of extreme weather events

driven by climate change, hazard classification now incorporates future climate



Literature Review 31

projections to evaluate potential risks. This ensures that spillway design and dam

safety measures are adequate for handling more severe flood scenarios [136], [137].

2.11.2 Types of Hazards in Dam Safety

Hazards associated with dams can be broadly categorized into the following types:

2.11.2.1 Structural Hazards

Structural hazards in dams arise from design flaws, material deficiencies, or dete-
rioration over time, potentially leading to failure and uncontrolled water release.
Seismic activity can cause cracking, while poor construction and aging infrastruc-
ture may lead to seepage and piping, weakening the dam’s integrity. Additionally,
erosion of the dam face or spillway due to water flow or extreme events further
increases failure risk. Regular inspections, maintenance, and reinforcement are

crucial for mitigating these hazards and ensuring dam safety [138].

2.11.2.2 Hydraulic Hazards

Hydraulic hazards arise when a dam is unable to manage incoming water flows
effectively, leading to potential overtopping, which is a primary cause of dam
failure. Inadequate spillway capacity prevents the controlled release of excess
water, increasing the risk of overflow during extreme rainfall events. Additionally,
floods exceeding the dams design capacity, such as 100-year or probable maximum
floods (PMF), can overwhelm the structure, resulting in structural instability and
failure. Furthermore, wave action and wind-driven run-up can erode the upstream
face of the dam, weakening its stability over time. Addressing these hazards
through enhanced spillway design, flood forecasting, and protective measures is
crucial for maintaining dam resilience and preventing catastrophic failures [139],

[140].

2.11.2.3 Seismic Hazards

Seismic hazards occur when earthquakes trigger ground shaking, deformation, or

liquefaction in a dams foundation or embankment, compromising its stability and
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increasing the risk of failure. Seismic forces can cause cracking or sliding of the
dam embankment, weakening its structural integrity. Additionally, liquefaction
of foundation materials in earthen dams can lead to a loss of strength, making
the dam more vulnerable to collapse. The presence of active fault lines beneath
or near the dam site further amplifies the risk of sudden structural failure. To
mitigate these risks, seismic hazard assessments, advanced engineering designs,
and reinforcement measures are essential for ensuring dam safety in earthquake-

prone regions [139], [141].

2.11.2.4 Hydrological Hazards

Hydrological hazards arise from extreme weather events and climate variabil-
ity, impacting water inflow and reservoir storage, and posing significant risks to
dam safety. Prolonged heavy rainfall can lead to severe flooding, overwhelming
the dams capacity and increasing the likelihood of overtopping. Similarly, rapid
snowmelt in upstream catchments can cause sudden inflow surges, straining the
dams structural integrity. Additionally, shifting rainfall patterns due to climate
change may result in the underestimation of flood magnitudes, leading to inade-
quate design considerations and increased flood risks. Addressing these hazards
requires improved hydrological modeling, climate-adaptive reservoir management,
and robust flood mitigation strategies to enhance dam resilience in changing cli-

matic conditions [142].

2.11.2.5 Operational Hazards

Operational hazards arise from human error, insufficient maintenance, or inade-
quate management of the dam and its associated structures, which can compromise
its safety and functionality. Improper gate operation during high inflow periods
can lead to uncontrolled water release or excessive reservoir pressure, increasing
failure risks (Bowles et al., 2016). Additionally, failure to clear debris or vegeta-
tion from spillways can obstruct water flow, reducing the dams capacity to manage

floods effectively. Furthermore, lack of routine inspections and maintenance can
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allow minor structural issues to escalate into critical failures over time. To mitigate
these risks, implementing regular monitoring, well-defined operational protocols,
and proper maintenance strategies is essential for ensuring long-term dam safety

and performance [139], [141].

2.11.2.6 Environmental Hazards

Environmental hazards arise from dam failure or improper operation, significantly
impacting the surrounding ecosystem and natural resources. Sudden water re-
lease can disrupt aquatic ecosystems, leading to habitat destruction and loss of
biodiversity (Singh, 1996). Additionally, erosion of downstream riverbanks and
increased sediment deposition can alter river morphology, affecting water quality
and aquatic life. Furthermore, dam failure can result in the spread of pollutants
from industrial or agricultural runoff, contaminating water sources and posing risks
to human and environmental health. Implementing sustainable dam management
practices, environmental monitoring, and ecological restoration strategies is essen-

tial to mitigate these risks and ensure long-term environmental stability [143].

2.11.2.7 Socioeconomic Hazards

Socioeconomic hazards arise from dam failure, leading to loss of life, economic
damage, and disruptions to infrastructure and livelihoods. The displacement of
downstream communities is a significant consequence, as floods triggered by dam
failure can force residents to evacuate, leading to long-term socio-economic chal-
lenges. Additionally, damage to critical infrastructure, such as bridges, roads,
and farmlands, can severely impact transportation, trade, and agricultural pro-
ductivity. Furthermore, the loss of water supply for domestic, industrial, and
agricultural use can create severe shortages, affecting both local populations and
economic activities. Effective risk assessment, emergency planning, and resilient
infrastructure development are essential for minimizing the socioeconomic impacts

of dam failures [144].
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2.12 Flood Frequency Analysis Using Statistical
Methods in Pakistan

Flood frequency analysis (FFA) is a vital statistical tool used in hydrology to
estimate the likelihood of flood events for specific return periods. This analysis
plays a critical role in designing and managing hydraulic structures, such as dams
and spillways, to ensure their safety during extreme flood events. In Pakistan,
various statistical distributions have been applied to model flood frequencies, with
the Gumbel Extreme Value Type I distribution being widely utilized due to its
simplicity and effectiveness [145], [144].

The Gumbel distribution is particularly useful for modelling extreme events, such
as annual maximum flood peaks. Its application has been demonstrated in several
studies across Pakistan. For instance, research conducted on the River Chenab
used the Gumbel distribution to estimate maximum discharges for different return
periods, helping to predict flood-prone areas and supporting the design of flood
management strategies. Similarly, a study on the River Swat at Chakdara Station
applied the Gumbel distribution to calculate flood magnitudes for return periods
ranging from 2 to 10,000 years. The study highlighted the Gumbel method’s

effectiveness in analyzing flood risks in regions prone to seasonal flooding [146].

Another study at the Guddu Barrage on the Indus River employed the Gumbel
distribution to assess flood risks and predict future flood events. The results em-
phasized the importance of statistical modelling for improving flood preparedness
and reducing the impacts of extreme events on critical infrastructure. These stud-
ies demonstrate that the Gumbel distribution is a reliable tool for FFA in Pakistan,

particularly in areas with stable long-term flood records.

In summary, FFA using statistical methods, particularly the Gumbel distribution,
is critical for understanding and mitigating flood risks in Pakistan. The application
of these methods in various studies underscores their importance in flood risk
management, hydraulic structure design, and disaster preparedness. By adopting

robust statistical approaches, researchers and planners in Pakistan continue to
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enhance flood prediction capabilities and reduce the vulnerabilities associated with

extreme hydrological events [78], [145], [146], [147].

2.13 Climate Change Scenarios as per IPCC

The Intergovernmental Panel on Climate Change (IPCC), in its Sixth Assess-
ment Report (ARG), provides a framework of climate change scenarios combining
Shared Socioeconomic Pathways (SSPs) and Representative Concentration Path-
ways (RCPs) to assess future climate and socio-economic trajectories. These sce-
narios offer insights into the range of possible radiative forcing levels (expressed in
watts per square meter) and their associated impacts on global temperatures by
2100. The SSP framework defines socio-economic futures based on variables like
population growth, energy use, technological advancement, and land-use change,
while the RCPs describe the resulting levels of greenhouse gas (GHG) emissions
and climate forcing. Together, these pathways enable researchers to evaluate the
consequences of varying mitigation and adaptation efforts across different socio-

economic contexts [148], [149].

Among the key IPCC scenarios, SSP 1-1.9 represents a sustainable future where
aggressive global mitigation efforts limit radiative forcing to 1.9 W/m, resulting in
a global temperature rise of approximately 1.5C above pre-industrial levels. This
scenario assumes rapid decarbonization, significant use of renewable energy, and
global efforts to reduce inequality. In contrast, SSP 2-4.5 depicts an intermediate
pathway where socio-economic and technological trends follow historical patterns,
resulting in moderate mitigation efforts. Radiative forcing stabilizes at 4.5 W /m,
leading to a temperature rise of approximately 2.7C by 2100. This scenario as-
sumes a gradual energy transition with fossil fuels remaining a part of the energy

mix until mid-century [150], [151].

The SSP 3-7.0 scenario describes a fragmented world with limited international

cooperation and persistent reliance on fossil fuels, leading to radiative forcing of
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7.0 W/m? and a temperature rise of over 3.6°C. This pathway projects signifi-
cant climate impacts, including biodiversity loss, food and water insecurity, and
heightened vulnerability to extreme weather events (Popp et al., 2017). On the
higher end, SSP 5-8.5 represents a fossil-fueled development pathway with lim-
ited climate policies and rapid economic growth, resulting in radiative forcing of
8.5 W/m? and temperature increases exceeding 4°C. This scenario projects severe
impacts, including accelerated sea-level rise, extreme heatwaves, and irreversible

ecological damage [152], [153], [154].

2.14 Flood Estimation Approach Using HEC-HMS

Proper spillway design is critical for dam safety, as inadequate capacity is a lead-
ing cause of dam failures, contributing to overtopping events that are particularly
catastrophic for earthen dams (ICOLD, 2013). Estimating design floods, such as
100-year and 200-year return period floods, is essential to ensure spillways can han-
dle extreme hydrological events. The Hydrologic Engineering Centers Hydrologic
Modeling System (HEC-HMS) is a widely used tool for simulating rainfall-runoff
processes and generating inflow hydrographs, making it a standard method for

flood estimation and spillway design [155], [156], [157].

In this study, the Soil Conservation Service Curve Number (SCS-CN) method,
integrated within HEC-HMS, was employed to estimate runoft from rainfall events.
The SCS-CN method is an empirical technique used to estimate rainfall-runoff
volume from precipitation in small watersheds, with the Curve Number (CN)
being an empirically derived parameter that depends on soil type, land use, and
land cover (USDA, 1986). This method has been effectively applied in various

regions, including Pakistan.

HEC-HMS, combined with the SCS-CN method, has been successfully utilized in
semi-arid regions for flood estimation. Many Researches have focused on flood
modeling in the Chenab River basin using HEC-HMS and emphasized its effec-
tiveness in predicting peak discharges. Some have applied HEC-HMS to simulate
flash floods in the Swat River basin, underscoring the importance of integrat-

ing catchment-specific parameters such as rainfall intensity and land-use patterns.
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The integration of site-specific parameters enhances the reliability of runoff and

flood predictions using this method [158], [159].

In this research, HEC-HMS, with the SCS-CN method was used to estimate peak
discharges for 100-year and 200-year return periods. The results provide critical
insights into flood magnitudes, aiding in the design of spillways capable of with-
standing extreme hydrological events and preventing overtopping. While alterna-
tive empirical methods, such as the Creager curve and Snyders unit hydrograph,
are available for flood estimation [160], the ability of HEC-HMS to incorporate
the SCS-CN method and account for site-specific factors makes it the preferred

tool for detailed flood analysis and spillway design.



Chapter 3

Study Area, Data, and
Methodology

3.1 Study Area

Malgagai Dam is located in the Balochistan province of Pakistan, a region charac-
terized by an arid to semi-arid climate, rugged terrain, and limited water resources.
The dam plays a crucial role in water storage, irrigation, and flood mitigation for
nearby communities that rely heavily on its supply. It is situated in a remote
area surrounded by steep hills and narrow valleys, which significantly influence
the region’s hydrology. The local geology consists mainly of sedimentary rock for-
mations, with loose soil deposits in the valleys that are prone to erosion during
heavy rainfall. Seasonal variations, particularly during the monsoon period, can
lead to rapid inflows into the reservoir, increasing the risk of overtopping. The
downstream region includes sparsely populated villages, agricultural lands, and es-
sential infrastructure such as roads and small bridges, all of which are vulnerable
to flooding. The area experiences erratic and infrequent rainfall, mostly occurring
between July and September, with an annual average ranging from 100 mm to
250 mm. However, localized storms can produce intense downpours, triggering
flash floods. These climatic and geological factors make Dam, an essential yet

potentially high-risk structure in the region [161], [162], [163].

38



Study Area, Data, and Methodology 39

e L T T e e e S e T e e S e T S e

FIGURE 3.1: The location map of the study site

3.2 Significance of Study

Given the socio-economic dependence of local communities on the Dam, ensuring
its safety and functionality is critical. The results of this dam break analysis will
not only help in identifying potential risks but also provide actionable insights
for disaster risk management. By developing detailed inundation maps and risk
mitigation strategies, this study will contribute to enhancing the resilience of com-
munities living downstream of the dam. Furthermore, the methodology employed
in this research can serve as a model for similar dam break analyses in other arid
and semi-arid regions. The integration of erosion rate estimation, hydraulic mod-
eling, and risk assessment provides a comprehensive framework for assessing dam

safety and planning for potential failure scenarios.

3.3 Brief Methodology

The methodology for this study was structured to evaluate hydrological patterns,
flood risks, and the structural performance of the dam under historical and future

climate conditions. The research began with the collection of precipitation data
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for Muslim Bagh (1985-2014) and Global Climate Model (GCM) outputs for the
same period, focusing on future climate scenarios under SSP 2-4.5 and SSP 5-8.5.
To estimate peak discharges for 100-year and 200-year return periods, frequency
analysis was applied to both historical and future datasets. The delta method was
used to correct the precipitation and temperature data, ensuring consistency with
observed historical records. Bias correction involved calculating a delta factor
and applying it to future time slices 2026-2050, 2051-2075, 2076-2100 for both

precipitation and temperature data.

After bias correction, hydrological modeling was performed using HEC-HMS. The
SCS Curve Number method was employed to estimate runoff, incorporating pre-
cipitation, land use, and soil characteristics of the catchment. This step pro-
vided flood hydrographs and peak discharge estimates under both historical and
projected scenarios. These outputs served as critical inputs for the dam breach

analysis.

The HEC-RAS software was used for detailed dam breach analysis. Field data
related to breach width, side slopes, and other structural parameters were collected
from the dam site and thoroughly evaluated. Breach parameters were adopted as
per actual Breach scenario occurred during the flood event 2022, ensuring that they
reflected the dam’s topography and structural characteristics. These parameters
were optimized to simulate potential breach scenarios, and the findings were used
to establish standardized breach parameters for Balochistan. These benchmarks
are particularly useful for designing and analyzing new dams in similar hydrological

and topographical conditions across the region.

Following the dam break analysis, a detailed risk assessment was conducted to
evaluate the downstream impacts of a potential breach. Inundation maps were
developed using HEC-RAS outputs, highlighting areas at risk of flooding, includ-
ing infrastructure, agricultural lands, and residential zones. The total flooded
area was calculated, and critical zones were prioritized for intervention. Based
on this risk assessment, flood risk adaptation and management strategies were
proposed. These included the implementation of early warning systems to alert
downstream communities in case of a breach, strengthening the dams spillway to

handle extreme discharge events, and developing evacuation plans for high-risk
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areas. Structural measures such as reinforcing embankments and non-structural
measures like community awareness programs and land use zoning were also rec-

ommended.

This comprehensive methodology ensured a robust evaluation of Dams hydrolog-
ical and structural behavior. By integrating hydrological modeling, dam breach
analysis, risk assessment, and adaptive management strategies, the study not only
evaluated the safety and performance of the dam but also established breach pa-
rameter benchmarks for Balochistan. These benchmarks provide a standardized
approach for future dam projects, ensuring proactive flood risk management and
enhancing the resilience of dams under changing climatic and hydrological condi-
tions. The findings offer critical insights for policymakers and engineers to improve

dam safety and implement sustainable water resource management strategies.

DATA COLLECTION AND PROCESSING
2 Gather rainfall & temperature data (1990 - 2014), GCMs Data
4 Dovwnloading, selection and processing,

ASSESSMENT OF
DAM BREACH
PARAMETERS
UNDER CLIMATE
CHANGE

A CASE STUDY IN
BALOCHISTAN

4 HYDRAULIC AND FLOOD MODELING
J Simulate dam breach using HEC-RAS and assess flood inundation

F1GURE 3.2: Methodology of thesis
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3.4 Data Collection

The data collection process for this research focused on obtaining accurate and
region-specific datasets to support hydrological modelling, flood estimation, and
climate impact assessments. Meteorological data, including daily precipitation and
temperature records, was acquired from the Pakistan Meteorological Department
(PMD) for the period 1985-2014, ensuring the inclusion of long-term historical
trends. This data was crucial for understanding the climatic variability and hy-

drological patterns influencing the dam’s catchment area.

For topographical and hydrological analysis, SRTM DEM (Shuttle Radar Topogra-
phy Mission Digital Elevation Model) was utilized to delineate the catchment area,
generate stream networks, and analyze elevation profiles. This high-resolution el-
evation data played a key role in accurately defining the watershed and routing

runoff during extreme weather events.

3.4.1 Precipitation

The precipitation data for Muslim Bagh Climate Station from 1985 to 2014 shows
significant variation in annual and seasonal rainfall. The total yearly rainfall
ranged from a maximum of 476.2 mm to a minimum of 116.8 mm. On aver-
age, the area receives about 295.15 mm of rainfall each year, but the amount of

rainfall changes greatly from one year to another.

Most of the rainfall occurs during the monsoon months of July and August, with
average rainfall of 31.01 mm and 27.26 mm, respectively. The winter months, espe-
cially January and February, also contribute significantly to the total rainfall, with
averages of 32.99 mm in January and 46.7 mm in February, mainly due to westerly
weather systems. In contrast, the pre-monsoon summer months, such as May and

June, receive less rainfall, averaging 15.29 mm and 15.41 mm, respectively.

This variability shows the region’s vulnerability to both low rainfall and extreme
weather events. Table 3.1 shows mean monthly Precipitation of Muslim Bagh
Climate station (mm). The data highlights the importance of effective water

management to handle both dry periods and heavy rainfall. Seasonal rains are
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crucial for agriculture and water resources, making it essential to plan for irregular

rainfall patterns in the future.

TABLE 3.1: Mean Monthly Precipitation of Muslim Bagh Climate station (mm)

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
1985 32.8 9.3 315 636 108 4.8 2715 126 21 47 21 343 2361
1986 324 388 522 6.6 6.6 126 306 1045 53 95 107 0.7 310.5
1987 174 25 40.9 2.5 6 6.1 6 324 83 0 0 38.4 183

1988 8.5 4.6 37.7 0.4 2 163 249 354 37 27 84 262 170.8
1989 252 123 785 3.4 8 239 421 246 46 0 5.5 348 2629
1990 852 711 216 194 132 124 236 532 157 27 25 282 3488
1991 91 101.1 75 42.2 9.9 2.3 1.4 93 118 05 7.7 186  370.8
1992 53 56.7 605 1181 125 259 196 415 223 127 5 484  476.2
1993 822 192 236 199 2 9.6 45.7 11 156 59 81 471 289.9
1994 102 741 34 207 133 8.3 90.8 269 282 03 06 285 3359
1995 7.1 198 199 518 42 5.2 552 199 51 156 04 671 271.3
1996 255 253 382 6 206  26.8 11 7.9 2 1.9 0 124 177.6
1997 22.3 74 58.6 43 206 423 566 249 31 538 23 16.5 3721
1998 44 467 706 126 335 8.6 283 103 84 09 0 0 264.3
1999 39 58.1 31 0.7 5.9 0.9 142 197 124 05 138 0.2 184.4
2000 16.7 194 3.9 0.6 0.2 1.9 17.3 6.5 39 0 52 413 1169
2001 1.2 181 294 228 1.5 9.2 49.1 109 3.5 0 0.7 5.8 152.2
2002 2.6 494 366 313 5.2 74 2.2 147 64 28 182 306 2074
2003 288 635 214 147 11 2.6 648 291 64 0 9.5 0.9 252.7
2004 584 8.8 1 7.6 5.1 8.9 117 215 101 27 49 351 175.8
2005 37.3 146 130 5.8 23.1 3.7 389 203 167 0 0.2 0.5 422.5
2006 141 379 573 9.5 19 9.9 194 467 122 182 684 106.7 419.3
2007 5.6 120 704 133 25 1095 305 15 6.5 0 2.6 6.9 382.8
2008 86.4 194 1.6 239 151 491 504 379 29 03 01 423 3555
2009 81.7 571 28 60.2 8.4 6.6 43 145 39 15 18 564 3631
2010 314 331 211 133 9.6 114 486 707 271 09 0 1.6 268.8
2011 109 1047 598 691  13.1 6.1 27 286 811 23 177 31 4442
2012 36.2 394 447 916 329 142 252 247 633 47 54 313 4136
2013 1.5 1192 403  66.2 6.4 101 133 345 18 16 178 1.8 314.5
2014 0.8 282 732 336 1365 5.7 11.5 8.2 25 05 82 1.7 310.6

Average 32.99 47.79 43.08 29.15 15.29 15.41 31.01 27.26 14.1 5.6 7.88 25.58 295.15

Similarly, the precipitation data derived from five General Circulation Models

(GCMs) under the SSP 2-4.5 scenario exhibits notable variations in annual and

seasonal rainfall patterns over different years. The total yearly precipitation fluc-

tuates significantly, with the highest recorded annual rainfall reaching 490.2 mm

in 2099 and the lowest at 209.3 mm in 2094. The average annual precipitation

across the dataset is approximately 335.4 mm, reflecting substantial interannual

variability.
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FIGURE 3.3: Mean monthly Precipitation (mm) of Muslim Bagh Climate Sta-
tion

Seasonally, the highest precipitation levels are generally recorded during the mon-
soon months of July and August, with average monthly values of 34.8 mm and
38.8 mm, respectively. Winter months, particularly January and February, also
contribute significantly to total rainfall, with mean values of 43.8 mm and 42.8
mm. In contrast, the pre-monsoon summer months such as May and June receive

relatively lower rainfall, averaging 18.2 mm and 22.3 mm, respectively.

The data highlights years of extreme rainfall, such as 2099 and 2100, where precip-
itation exceeded 480 mm, indicating periods of heightened flood risk. Conversely,
years like 2094 and 2050, with total precipitation below 260 mm, demonstrate
potential drought conditions. This variability underscores the susceptibility of
the region to climate extremes, emphasizing the need for adaptive water resource

management strategies.

Overall, the results suggest that precipitation patterns under SSP 2-4.5 exhibit in-
creasing variability, with some years experiencing significantly higher rainfall than
others. These findings play a crucial role in hydrological modeling and flood risk
assessments, particularly for earthen dams. Understanding these trends is essential
for improving flood forecasting, optimizing reservoir management, and developing

effective mitigation strategies against climate-induced hydrological extremes.
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TABLE 3.2: Mean Monthly Precipitation of 5GCMS (mm) of SSP 2-4.5

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

2017 215 59 519 284 17 112 465 486 53 1.6 142 60.1 365.3
2018 25.7v 174 351 842 273 19 281 214 99 115 187 753 3738
2019 347 232 535 227 8 21.8 33.7 674 211 1.3 17 141 318.6
2020 376 26 28 311 194 144 189 62 3.1 1.7 109 40.6 2935
2021 55 459 364 644 252 201 26 397 42 394 297 419 428
2022 283 406 31.7 30.1 9.1 20 148 98 193 185 3r.7 21 2811
2023 35 464 273 12 336 234 32 406 234 7 28.3 37.7 346.6
2024 16.1 416 622 26.2 232 232 243 221 6.1 47 139 124 276
2025 rvr3 706 205 17.8 177 433 383 415 165 1.7 8 8.9 362
2026 18 202 51 265 171 6.6 218 56.8 163 25 197 33.6 290.1
2027 339 495 796 533 75 624 226 429 19 44 86 36 419.7
2028 749 588 199 585 7.3 6.6 272 343 25 31 6.8 10.1 309.9
2029 339 459 38 414 192 44 123 415 46 115 6.5 172 276.2
2030 36.3 454 313 289 43.7 132 271 193 11.2 10.5 9 26.9 302.9
2031 68.7 73.5 321 232 21.2 121 533 866 79 145 35 331 4297
2032 348 135 271 252 444 84 301 209 38 154 307 199 2742
2033 59.2 203 45 658 162 16.8 33.7 147 104 13 59 17.7 307
2034 536 482 427 369 176 301 203 41.1 186 1.5 3.8 19.7 3342
2035 231 59.6 612 446 38.1 8§ 417 324 435 105 76 21.6 392
2036 2v2 71 192 287 13.8 27 332 238 94 7 206 15 2959
2037 329 576 41.8 247 294 149 348 37 89 21.1 129 169 3328
2038 49 342 419 26 281 20.8 31.8 294 29 186 26.7 324 367.8
2039 814 33.3 285 46.5 375 164 342 231 7 76 358 17.1 3684
2040 58.6 45 56.2 55.7 279 376 24 293 9 9.3 16.8 36.3 405.7
2041 40 8.3 303 249 242 82 166 253 122 139 49 125 2984
2042 406 763 30.1 14.6 19.6 209 583 294 53 53 7.6 267 3346
2043 50.8 41.6 27.6 9 112 118 144 75 52 29 442 31.1 2573
2044 415 194 309 377 45 269 92 643 16 1.1 16.7 23.8 3747
2045 294 244 306 11 10 39 18 227 53 11 336 364 2364
2046 766 34 518 374 132 241 569 771 279 63 257 20.6 4518
2047 825 484 283 329 283 12 417 335 299 6.7 279 13.8 375.2
2048 348 357 434 36 13.2 3 298 414 47 163 29 283 315.7
2049 66.3 827 452 171 186 84 869 763 94 3.7 95 201 4441
2050 18 151 21 103 10.1 444 464 19 4 5.2 6.1 564 256
2051 819 399 21.v 73 111 123 274 348 16.1 104 164 328 3121
2052 49.7 555 342 354 389 178 197 462 25 52 201 27.6 3754

Continued on next page
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

2053 269 225 765 17.7 71 198 376 246 57 164 7.2 16.6 278.6
2054 324 50 56.7 658 13.7 173 237 114 6.1 36 72 231 3111
2055 378 844 203 277 176 131 25 265 31 4 9.8 10.6 307.7
2056 36 693 264 288 121 134 454 405 11.8 19.7 168 17 3374
2057 29.8 452 472 324 53 21 248 279 8 79 95 143 2732
2058 498 27.1 296 384 114 326 224 377 75 139 20 53.6 3439
2059 60.7 225 382 40.1 48 486 15 414 38 46 257 333 3386
2060 42.7 21.7 38.3 51.8 17 87 17 189 187 152 7.6 32.7 290.2
2061 29.2 199 224 30.1 27.7 228 211 312 96 5.2 23 203 2625
2062 274 92 278 353 81 479 321 206 146 252 214 26 295.6
2063 90.8 628 777 355 84 167 333 252 149 53 116 27.6 409.7
2064 58 522 509 282 119 454 176 39.8 173 30.2 58 12 369.3
2065 355 479 498 172 19.2 141 275 198 158 41 59 202 277

2066 133 385 443 273 71 276 413 46,5 6.3 478 169 223 459

2067 36.6 34.5 393 19.7 126 309 131 435 81 35 149 16.5 2731
2068 19.7 245 328 17.7 84 357 441 525 136 6.5 424 228 320.6
2069 615 243 391 296 97 182 36.1 628 162 144 21 228 355.7
2070 348 447 189 142 99 5.6 79.6 40.1 21.8 119 133 304 325.1
2071 69.8 783 66.7 222 194 115 355 285 24 121 126 114 370.5
2072 439 485 305 19 9.5 21.8 89 309 229 159 149 219 2847
2073 784 259 34 25 299 346 571 388 222 72 44 178 3753
2074 326 355 257 209 11.2 104 252 54 21.2 42 3.7 286 273.1
2075 20.5 557 40 488 148 57 302 158 73 19 101 104 261.3
2076 51.2 444 296 16.1 163 199 197 174 653 29.5 121 21.3 3428
2077 414 496 315 30.7 355 39 Trvirv 71 191 6.5 193 176 4328
2078 19.8 343 327 354 454 173 246 412 134 16.1 42 291 3134
2079 158 769 258 754 232 46 443 71 249 403 23 147 419.1
2080 29 19 175 341 87 151 344 577 127 159 39.1 19.2 3023
2081 644 30.7 239 332 115 143 20 282 548 106 155 179 325

2082 199 525 347 229 82 575 598 927 86 154 191 55 396.8
2083 336 3r 222 212 188 79 70.7 395 408 17.8 94 5.9 325

2084 414 572 409 247 20 231 416 339 19.7 13.7 9.7 23.7 349.6
2085 39.7 372 398 33.7 274 35 17 43 103 144 209 268 3454
2086 322 53 369 193 21.6 325 448 157 43 141 221 453 342

2087 458 829 484 285 336 13 145 407 111 4 222 343 379

2088 346 46.2 66.8 36.3 146 11.7 36.1 544 126 87 173 178 357.1
2089 289 71 259 241 266 131 335 509 16.8 158 11.6 222 3404

Continued on next page
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

2090 242 36.8 381 25 174  36.7 262 341 27 9.5 155 14.6 305.2
2091 315 214 201 139 5 173 412 546 248 21.7 44 31.3 2873
2092 26.1 26.7 41.8 246 9 386 539 50 87 153 209 185 334
2093 544 237 257 376 164 14 47 412 38 39 79 312 306.8
2094 26.2 181 149 258 6.1 355 285 108 134 87 79 134 209.3
2095 69 534 42 164 19 19.6 201 569 94 34 5.2 36.8 3512
2096 415 348 47 11 9.6 31.3 404 25 107 13.7 152 16  296.2
2097 264 39 147 27 161 127 33 196 265 85 143 44 242
2098 476 151 162 124 266 247 192 50.1 454 323 72 246 3215
2099 67.8 61 339 385 393 8 716 409 153 56 11.3 17.1 490.2
2100 51.8 273 384 29.1 9 66.8 786 784 359 3.1 242 394 4822
Average 43.8 42.8 36.9 30.6 18.2 22.3 34.8 38.8 15.6 11.2 15.7 24.5 3354

The precipitation projections for the SSP5-8.5 scenario, based on five GCMs, reveal
significant variability in annual and seasonal rainfall patterns. The total annual
precipitation fluctuates considerably, with values ranging from a minimum of 246.9
mm to a maximum of 578.4 mm, indicating a high degree of interannual variability.
The average annual precipitation is estimated at 395.8 mm, suggesting a potential

increase in rainfall intensity compared to historical trends.

Seasonal distribution highlights that the monsoon months, particularly July and
August, contribute the highest rainfall, averaging 41.1 mm and 45.8 mm, respec-
tively. The winter months, such as January and February, also receive substantial
precipitation, with average values of 51.7 mm and 50.6 mm, primarily influenced
by westerly weather systems. In contrast, pre-monsoon months like May and June

show relatively lower rainfall, with averages of 21.5 mm and 26.4 mm, respectively.

The data indicate that future precipitation patterns under SSP 5-8.5 are expected
to be more intense and irregular, increasing the likelihood of extreme rainfall
events. This variability underscores the need for robust flood management strate-
gies, considering potential risks associated with higher precipitation levels. The
findings are crucial for hydrological modeling in HEC-HMS, where these projec-
tions help simulate flood hydrographs and peak discharges, forming the foundation
for subsequent dam breach analysis using HEC-RAS.
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TABLE 3.3: Mean Monthly Precipitation of 5GCMS (mm) of SSP 5-8.5

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
2017 254 69.6 61.3 33.5 201 132 548 573 63 1.9 16.8 70.9 431.1
2018 304 205 414 994 323 225 332 252 11.7 13.6 22.1 88.9 441.1
2019 41 274 631 268 95 257 398 795 249 1.5 201 16.6 3759
2020 44.3 30.7 33 36.7 228 17 223 731 3.7 2 12.8 479 346.4
2021 649 541 43 76 29.8 23.7 30.7 46.8 ) 46.5 35.1 495 505

2022 334 48 375 356 10.8 236 175 11.5 228 21.9 445 247 331.7
2023 41.3 bH4.7 322 142 396 276 377 48 276 83 334 445 409

2024 19 49.1 734 309 274 274 28.7 26 7.2 55 164 146 325.7
2025 91.2 83.3 24.2 21 209 51.1 451 489 195 2 9.5 10.5 4271
2026 21.2 238 60.2 31.3 202 78 257 671 19.2 3 23.2 39.6 3423
2027 40 584 939 629 89 736 267 506 224 52 101 424 4953
2028 884 694 234 69.1 8.6 7.8 321 405 29 36 81 11.9 365.7
2029 40 54.1 44.8 488 22.7 5.1 14.5 49 54 13.6 7.7 202 3259
2030 429 536 37 341 516 156 32 227 132 124 10.7 31.7 3575
2031 81.1 86.7 379 273 25 14.3 629 1022 93 171 42 39.1 507

2032 41 16 32 208 524 99 355 247 44 182 36.2 234 323.6
2033 69.8 239 531 776 192 198 398 174 123 16 6.9 209 362.2
2034 63.3 56.8 504 43.6 20.8 355 24 485 219 1.8 4.4 233 394.3
2035 273 704 722 526 45 9.5 49.2 382 513 124 9 25.5  462.5
2036 32.1 83.8 227 339 163 31.8 392 281 11.1 83 243 17.7 349.1
2037 389 68 49.3 29.1 346 175 41.1 437 105 24.8 152 20 3928
2038 57.8 40.3 494 30.7 332 245 375 347 343 219 315 382 434

2039 96 393 336 548 442 193 403 273 83 9 42.3  20.2  434.7
2040 69.2 53.1 66.3 65.7 33 444 283 346 106 11 19.8 428 478.7
2041 472 100.7 358 294 286 97 196 299 144 163 58 148 352.2
2042 479 90.1 355 17.2 232 247 688 347 6.2 6.3 9 31.6 394.9
2043 599 49.1 326 106 13.2 139 17 8.9 6.2 34 522 36.7 303.7
2044 489 229 365 444 54 317 1086 759 189 1.2 19.7 28 442.2
2045 34.7 288 36.2 13 11.8 46 21.3 268 6.2 13 397 43 279

2046 904 40.1 61.2 442 156 284 672 909 329 75 303 24.3 533.1
2047 974 571 334 389 334 15 491 396 353 7.9 33 16.3 4427
2048 41.1 422 512 425 156 3.5 351 489 56 192 342 334 3725
2049 782 975 534 20.2 22 9.9 102.5 90 11.1 43 112 237 524

2050 21.2 17.8 24.7 12.2 12 52.3 547 224 47 6.1 7.3  66.5 302

2051 96.7 47.1 256 8.7 13.1 145 324 41 19 122 193 38.7 368.3
2052 58.7 654 404 41.7 46 21 23.3 545 295 6.2 23.7 326 4429
2053 31.8 26.5 903 209 84 234 443 29 6.7 19.3 85 196 328.7

Continued on next page
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
2054 383 59 669 776 16.1 205 279 134 7.2 43 86 27.3 367.1
2055 446 99.6 239 32.7 20.7 154 295 312 365 4.7 11.6 125 363
2056 425 81.8 31.2 34 143 158 53.5 478 139 233 199 20 398.1
2057 35.1 5h3.3 557 382 6.2 248 292 329 95 93 11.2 169 3223
2058 587 32 349 453 134 385 264 445 88 164 23.6 63.2 4058
2059 716 265 45 474 57 574 177 489 44 54 303 393 399.6
2060 50.4 25.6 45.2 61.1 20.1 103 20.1 223 221 179 89 386 3424
2061 344 235 264 355 327 269 25 36.8 11.3 6.1 271 239 309.7
2062 323 108 328 41.7 9.6 56.5 379 243 172 29.8 252 30.7 34838
2063 107.2 74.1 91.6 41.8 9.9 19.7 393 29.7 175 6.2 13.7 32.6 4834
2064 684 61.6 60.1 332 14 53.5 20.7 47 205 356 6.8 14.2 435.7
2065 41.8 56.5 588 20.2 227 16.6 324 234 187 4.8 7 23.9 326.8
2066 156.9 454 523 322 84 325 487 549 75 564 20 26.3 541.6
2067 432 40.7 464 233 149 364 154 513 9.6 41 176 194 3223
2068 232 289 386 209 99 422 52 619 161 7.7 50 26.9 3784
2069 725 28.7 46.1 349 115 21.5 426 741 191 17 248 269 419.7
2070 41.1 52.7 223 167 116 6.6 939 474 257 14 157 359 383.6
2071 824 923 787 262 229 13.6 419 33.6 28 143 149 135 4372
2072 51.8 572 36 225 6.5 257 105 364 27 188 176 259 336
2073  92.6 30.5 40.1 294 352 40.8 674 458 262 8.5 5.2 21 442.9
2074 385 419 304 247 132 122 29.7 63.7 25 5 4.3 33.7 3223
2075 242 658 472 576 174 68 356 187 86 2.3 12 12.3 3084
2076  60.5 524 349 19 193 235 232 205 771 348 143 251 4045
2077 489 585 372 362 41.8 46 84.6 838 225 7.6 227 20.8 510.7
2078 233 404 385 41.8 53.6 204 29.1 486 158 19 5 343 369.9
2079 187 90.8 304 839 274 54 523 838 293 476 2.7 173 4946
2080 34.2 224 206 403 102 17.8 40.6 68 15 187 46.1 22.7 356.7
2081 76 363 28.1 392 135 169 23.6 33.3 64.7 125 183 21.1 383.6
2082 234 62 409 27 9.7 67.8 70.6 1094 10.1 182 226 6.5 468.3
2083  39.7 43.7 26.2 25 222 93 834 466 482 21 11.1 7 383.5
2084 489 67.5 482 292 236 27.3 49 40 23.2 16.2 114 28 4125
2085 46.8 439 47 39.8 324 413 20.1 50.8 122 17 247 31.7 407.6
2086 38 626 436 228 255 384 528 186 51 16.7 26.1 53.5 403.6
2087 54.1 97.8 57.1 337 39.7 154 171 481 131 4.7 26.2 404 4472
2088 40.8 545 788 429 172 13.8 42,6 64.1 149 103 204 21 421.3
2089 34 8.8 306 285 314 154 396 60.1 19.8 186 13.6 26.2 401.7
2090 285 434 45 296 205 433 31 403 31.8 11.2 183 17.3 360.1

Continued on next page
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Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

2091 372 253 238 165 59 205 486 644 292 256 52 37 339.1
2092 30.8 315 493 291 10.7 455 63.6 59 103 18 246 21.8 394.1
2093 642 28 303 444 193 165 555 486 45 46 93 369 362
2094 31 214 176 304 72 419 336 12.7 158 102 94 158 2469
2095 81.5 63 496 194 224 232 237 671 11.1 4.1 6.1 434 4144
2096 49 411 554 13 11.3 369 477 295 127 162 179 189 349.6
2097 3.1 46 174 318 19 149 389 231 313 10 168 52 2855
2098 56.2 17.8 192 147 314 291 226 59.1 536 382 85 29 379.3
2099 80 719 40 454 463 1039 845 483 18 6.6 133 20.1 5784
2100 61.1 323 453 343 106 789 928 925 423 3.6 286 46.5 568.9
Average 41.4 40.5 349 289 172 21.1 329 36.7 14.8 10.6 14.9 23.1 316.9

3.4.2 Temperature

The mean monthly temperature data for Muslim Bagh Climate Station for the
period 1990-2014 demonstrates distinct seasonal variations in both maximum and
minimum temperatures throughout the year. The hottest months are June, July,
and August, with July recording the highest mean maximum temperature at
29.2°C, followed by August at 28.5°C. During these months, the minimum temper-
atures also remain relatively high, with values such as 14.1°C in July and 11.9°C in
August. On the other hand, the coldest months are December and January, with
December showing the lowest mean minimum temperature of -5.9°C and January
at -5.7°C. Maximum temperatures during the winter months, such as January and

December, remain mild, averaging 7.4°C and 11.1°C, respectively.

The transition months, including April and October, exhibit moderate maximum
temperatures of around 18.9°C and 25.2°C, with minimum temperatures closer
to freezing or slightly above. These variations reflect the semi-arid climate of
the region, characterized by hot summers and cold winters, with significant daily
and seasonal temperature fluctuations. The temperature data over the 35-year
period highlights the extreme temperature range experienced in Muslim Bagh,

which has implications for agriculture, water resource management, and overall
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living conditions in the region. Understanding these long-term trends is crucial
for effective climate adaptation strategies and resource planning in this climate-

sensitive area.

TABLE 3.4: Temperature (°C) of the project area.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean
Max 74 84 134 189 235 25 29.2 28.5 252 185 143 11.1 18.6
Temp
Min -5.7 4 -1.2 3 6.6 11.2 14.1 11.9 77 08 -33 -59 2.9
Temp
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FIGURE 3.4: Mean monthly temperature of Muslim Bagh Climate Station

3.5 Data Analysis

This Research study conducts a detailed analysis of Muslim Bagh data, analyzing
precipitation data from 1990 to 2014, Similarly, Temperature data of same period
was adopted such as (1990-2014). It aims to discern long-term climatic trends
and explore the implications of climate change. The research utilizes an extensive
dataset derived from meteorological records, employing sophisticated statistical
techniques and data visualization tools for in-depth examination. The analysis of
temperature and precipitation patterns, variations, and changes provides essential

insights into the dynamics of the local climate.



Study Area, Data, and Methodology 52

3.5.1 General-Circulation-Models (GCMs)
3.5.1.1 Climate Change Assessment

A comprehensive methodology was applied for selecting climate change models
and performing bias correction, as illustrated in Figure 3-5 and detailed in the

following sub-sections.

Available GCMS Data A D
Bias-correction of

Selected GCMS data

acquisition and Selection Selection of GCMS
of Projection Seenarios

FIGURE 3.5: Schematic Diagram for climate change models selection and bias-
correction

3.5.1.2 Available GCMS Data

To evaluate potential future climate scenarios at Malgagi Dam, data from various
global climate models (GCMs) provided by the Coupled Model Intercomparison
Project Phase 6 (CMIP-6) of the World Climate Research Programme (WCRP)
were examined. Unlike CMIP-5, which allowed for the selection of any Represen-
tative Concentration Pathway (RCP) and Shared Socioeconomic Pathway (SSP),
the latest CMIP-6 data is primarily available for specific combinations such as
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. It should be noted that
CMIP-6 has significantly expanded from CMIP-5, including more modeling groups,

a wider array of future scenarios, and a greater variety of experiments.
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However, CMIP-6 data at the daily scale is less available compared to CMIP-
5. Furthermore, the climate data underwent quality control, and model selec-
tions were refined by focusing on the middle-of-the-road scenario SSP2-4.5 and
the business-as-usual (extreme) scenario SSP5-8.5, which are recommended for

climate change-inclusive hydrological impact studies.

Consequently, daily data from all CMIP-6 based GCMs for the SSP2-4.5 and SSP5-
8.5 scenarios were acquired and downloaded. Approximately 31 GCMs provide
daily climate data for the study area, as indicated in Table 3.4. These models
were thoroughly evaluated and utilized in the analysis.

TABLE 3.5: List of available GCMs used for the study area

No. CMIP6 Global Climate Country Resolution (long X, lat Y)
Model in degrees
1 ACCESS-CM2 Australia 1.3°x1.9°
2 ACCESS-ESM1-5 Australia 1.3° x 1.9°
3 CanESMb5 Canada 2.8° x 2.8°
4 CNRM-CM6-1 France 1.4° x 1.4°
5 CNRM-ESM2-1 France 1.4° x 1.4°
6 EC-Earth3 Europe 0.7° x 0.7°
7 EC-Earth3-Veg Europe 0.7° x 0.7°
8 GFDL-ESM4 USA 1.3° x 1.0°
9 INM-CM4-8 Russia 1.5° x 2.0°
10 INM-CM5-0 Russia 1.5° x 2.0°
11 IPSL-CM6A-LR France 1.3° x 2.5°
12 MIROC6 Japan 1.4° x 1.4°
13 MPI-ESM1-2-HR, Germany 0.9° x 0.9°
14 MPI-ESM1-2-LR Germany 1.9° x 1.9°
15 NorESM2-LM Norway 1.9° x 2.5°
16 MRI-ESM2-0 Japan 1.1° x 1.1°
17 BCC-CSM2-MR China 1.1° x 1.1°
18 CESM2 USA 0.9° x 1.3°
19 CESM2-WACCM USA 0.9° x 1.3°
20 UKESM1-0-LL UK 1.3° x 1.9°
21 CNRM-CM6-1-HR France 0.5° x 0.5°
22 FGOALS-g3 China 2.3° x 2.0°
23 FIO-ESM-2-0 China 1.3° x 0.9°
24 KACE-1-0-G South Korea  1.3° x 1.9°
25 MIROC-ES2L Japan 2.8° x 2.8°
26 NESM3 China 1.88 x 1.88
27 NorESM2-MM Norway 0.9° x 1.3°
28 CAMS-CSM1-0 China 1.1° x 1.1°
29 CIESM China 0.9° x 1.3°
30 FGOALS-f3-L China 1.0° x 1.3°
31 AWI-CM-1-1-MR Germany 0.9° x 0.9°
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3.5.1.3 Selection of Climate Scenarios

In this research, we utilized two climate scenarios, SSP 2-4.5 and SSP 5-8.5, as
outlined in the IPCCs Sixth Assessment Report. The SSP 2-4.5 scenario, often re-
ferred to as a "middle-of-the-road” approach, envisions a future where greenhouse
gas emissions remain substantial but begin to decline gradually after mid-century,
with projected global warming of approximately 2.7°C by 2100. Conversely, SSP
5-8.5 depicts a more drastic scenario characterized by robust economic growth fu-
eled predominantly by fossil fuels, resulting in an estimated global temperature
rise of about 4.4C by the centurys end. These scenarios were selected to examine
the range from moderate to severe impacts of climate change on flood frequency,
thereby enhancing our understanding of future flood risks and informing effective

management strategies.

3.5.1.4 Selection of GCMs

To understand the effects of future climate change in Balochistan, data from Global
Climate Models (GCMs) of the CMIP-6 project was analyzed. CMIP-6 focuses
on specific scenarios like SSP 2-4.5 (moderate change) and SSP 5-8.5 (extreme
change). A total of 31 GCMs providing daily temperature and precipitation data

were reviewed (Table 3.5).

From these, five GCMs (Table 3.6) were selected based on their resolution and
ability to represent the study area accurately. These included models like AWI-
CM-1-1-MR (Germany) and BCC-CSM2-MR (China). The data was then pro-
cessed, and any errors or biases were corrected using the delta method to match

observed historical data.

The corrected data was used to analyze how climate change under SSP 2-4.5 and
SSP 5-8.5 scenarios could impact Balochistans rainfall and temperature patterns,
helping predict future water challenges and risks. This information provides a
solid foundation for planning and managing the regions water resources and flood

risks.
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TABLE 3.6: List of final selected GCMs

S. No GCMs Country Horizontal grid spacing
(in degrees)
1 AWI-CM-1-1-MR Germany  0.9°x0.9°
2 BCC-CSM2-MR China 1.1°x1.1°
3 MPI-ESM1-2-HR Germany  0.9°x0.9°
4 MPI-ESM1-2-LR Germany  1.9°x1.9°
5 NorESM2-MM Norway 0.9°x1.3°
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FIGURE 3.6: CMIPG GCMs Climate Change 2020-2050 Vs 1989-2014 (SSP2-
4.5)

3.5.2 Statistical Downscaling of Selected GCMs Data

The statistical downscaling of selected General Circulation Models (GCMs) data
was conducted using Climate Data Operators (CDO). The nearest neighbor method
was applied to refine the GCM data to a 5x5 km grid resolution, ensuring local-
ized focus for the study area. A custom grid file defined the target resolution, and
the CDO remapnn operator was used for interpolation. This method efficiently
assigned the value of the nearest GCM grid point to the target grid, preserving

the original data characteristics.

The processed data, covering SSP 2-4.5 and SSP 5-8.5 scenarios, were downscaled

and stored in NetCDF format for further analysis. The nearest neighbor method
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was particularly effective for this study as it maintained data integrity while en-

abling high-resolution datasets essential for flood risk assessments in Balochistan.

The Nearest Neighbour method is particularly advantageous due to its simplic-
ity, transparency, and its ability to preserve temporal variability and extremes
inherent in historical observations. It does not rely on assumptions about the sta-
tistical distribution of variables, making it flexible across diverse climatic regimes.
However, its accuracy is highly dependent on the availability of high-quality, long-
term observational datasets and appropriate selection of predictors. The method
has been effectively applied in hydrological and climate impact assessments, es-
pecially in data-scarce or topographically complex regions such as mountainous
basins. Recent studies have demonstrated that the NN approach, when combined
with bias correction techniques such as quantile mapping and Delta Method, can

significantly improve the reliability of future climate projections at the local scale.

3.5.3 Trend Analysis and Correctness of Precipitation and

Temperature

The trend analysis of precipitation and temperature for the study area was con-
ducted using historical climate data from 1981 to 2016 and bias-corrected future
projections under SSP 2-4.5 and SSP 5-8.5 scenarios for the periods 2026-2050,
2051-2075, and 2076-2100. The analysis revealed an increasing trend in precip-
itation intensities and temperature anomalies under future climate conditions,
indicating a higher likelihood of extreme events. To ensure the correctness of the
projections, the Delta Method was applied for bias correction, adjusting model
outputs relative to observed historical data. This approach minimizes system-
atic errors present in raw GCM data, enhancing the accuracy of future estimates.
Additionally, the use of five different GCMs provided a robust ensemble range,
reducing uncertainty and capturing variability across wetter, drier, and hotter
scenarios. The methodology ensures that precipitation and temperature trends
used for hydrological modeling and dam breach analysis are reliable, realistic, and

appropriately reflect the potential impacts of climate change.
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3.5.4 Bias Correction of Selected GCMs Data

Above Selected five GCMs under both SSP 2-4.5 and SSP 5-8.5 scenario have been
downscaled and bias-corrected using the climate stations of Muslim Bagh. Delta
Change methods for bias-correction of precipitation and temperature data were
used. These datasets are used for flood estimation of the Dam. Climate change

impact and risk assessment has been done with bias-corrected data.

3.5.4.1 Bias-Correction Methods

The Delta Method is a widely used technique for bias correction in Global Cli-
mate Models (GCMs) and Regional Climate Models (RCMs), helping to adjust
model outputs to better align with observed climate data. This method effectively
corrects systematic biases in simulated climate variables such as temperature and
precipitation, ensuring more reliable future projections. While various bias cor-
rection techniques exist, the Delta Method is specifically used in this study due to

its simplicity and effectiveness.

3.5.4.2 Concept of the Delta Method

The Delta Method operates on the assumption that while climate models may
not accurately replicate present climate conditions, they can reasonably capture
relative changes or anomalies in climate variables. Instead of relying on raw climate
model outputs, adjustments are applied to observed historical data to refine future

projections, enhancing the accuracy of climate impact assessments.

3.5.4.3 Methodology for Bias Correction Using the Delta Method

I. Temperature Analysis

A stepwise approach is adopted for temperature analysis, beginning with the cal-

culation of the temperature change factor (0T) using Equation 3.1,

AT = Tmodel future — Tmodel historical (31)
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Trodel future: Future simulated temperature from GCM
T hodel nistorical: Historical simulated temperature from GCM

To improve the accuracy of future temperature estimates, bias correction is ap-
plied. The bias-corrected future temperature is computed using Equation 3.2,

following the Delta Method approach

Tcorrected future — £ observed historical * AT (32)

T observed historical: Observed historical temperature

Applying Equation 3.2 ensures that future temperature projections are adjusted
based on observed historical values, improving their reliability and real-world ap-

plicability 3
II. Precipitation Analysis

For precipitation projections, a similar stepwise approach is used. The precipita-

tion change factor (0P) is first determined using Equation 3.3.

AP — Pmodel@future (33)
P, model@historical

T nodel future: Future simulated precipitation
T model nistorical: Historical precipitation

This equation represents the ratio of future to historical precipitation, providing

insight into projected changes in rainfall intensity.

To enhance accuracy, bias correction is applied using Equation 3.4, based on the

Delta Method approach.

— I observed historical * AP (34)

P, corrected future

P observed nistorical: Observed historical precipitation

By applying Equation 3.4, future precipitation projections are adjusted based on
observed historical data, ensuring that the estimated values more accurately reflect

real-world climate conditions.
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3.6 Watershed Characteristics

The catchment area of the dam at the proposed site has been delineated using the
Shuttle Radar Topography Mission (SRTM) 30m Digital Elevation Model (DEM).
The total catchment area is approximately 1242.12 square kilometers (480 square
miles) and is situated in the Killa Saifullah District of Balochistan. The map
illustrates the hydrological boundaries of the catchment, highlighting the longest
stream extending 56 km, which plays a significant role in channeling runoff towards
the dam reservoir. The delineation of the catchment is crucial for understanding
surface water flow patterns, assessing flood potential, and conducting hydrological
modeling for the region. The spatial extent of the catchment enables effective flood
forecasting, watershed management, and climate impact assessments for the dam.
Catchment area characteristics are shown below in Table 3.7 whereas Catchment

area map of the dam site is referred below in Figure 3.7.

TABLE 3.7: Characteristics of catchment

Name Catchment Area (Sq Km) Length of Longest Stream (Km)
Malgagai Dam 1242.11 56
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3.7 Hydrological Modeling Using HEC-HMS

The Hydrologic Engineering Center’s Hydrologic Modeling System (HEC-HMS)
was utilized in this study to simulate the rainfall-runoff processes within the wa-
tershed of dam. The analysis incorporated Geographic Information System (GIS)-
derived watershed characteristics, such as land use, soil type, and topography, to
calculate runoff using the SCS Curve Number (SCS-CN) method, a widely used
approach for estimating direct runoff. The SCS-CN method integrates these fac-
tors to provide accurate surface runoff estimates based on rainfall intensity and

catchment properties.

For this research, HEC-HMS simulated runoff under both historical climate condi-
tions and future scenarios (SSP 2-4.5 and SSP 5-8.5) using precipitation data for
various return periods, including the 100-year and 200-year floods. Precipitation
data was processed to account for different return period events associated with
the climate scenarios. This approach enabled the model to provide detailed flood
hydrographs and peak discharge estimates, which were critical for subsequent dam

breach analysis.

By combining watershed characteristics with return-period-specific precipitation
data, HEC-HMS generated precise flood estimates that informed flood risk assess-
ment and spillway design for the dam. The results contributed significantly to
understanding the hydrological response of the watershed under varying climatic
conditions, providing a foundation for effective dam safety and flood management

strategies.

3.8 Time Correction

The catchment area was marked on 1:50,000 scale topo sheets. Similarly, 30 m
resolution DEM was used to find the catchment limits and stream pattern. The
catchment DEM was super imposed on the scanned SOP sheets and the catchment

area and other design parameters computed from the two were found to be in close
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FI1GURE 3.8: Methodology for HEC - HMS modelling

conformity. The time of concentration (Tc) has been calculated from Kirpichs

formula as given below [164], [165]:

11.9137°%%
T. = [ ] (3.5)

H

Where,
L = Length of the longest stream in km / miles and

H = Difference in altitude of the stream at start and point of interest in m / ft.

3.9 Time Distribution of Excess Rainfall

The 24 hours time distribution of rainfall recommended by Wirasatullah Khan for

Balochistan has been used. The relationship is as follows.

£\ 02
P = (ﬂ) Pri,_, (3.6)

Where,

t = time in hours;
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Pr,_,,, = total 24-Hour design rainfall

3.10 Breach Parameters

In the context of this research, which focuses on dam breach analysis for an earthen
dam, the use of observed breach parameters from the actual failure of the Dam
forms the basis for simulating breach development and downstream impacts. This
approach enables a more realistic representation of breach behavior, as it incorpo-
rates site-specific data such as the actual breach width, side slopes, and formation
time observed during the 2022 overtopping event. Using these measured parame-
ters in HEC-RAS simulations, the study captures the dynamics of the dam failure
more accurately, including flood wave propagation, water surface profiles, and

inundation extents.

The MacDonald-Langridge method [166], which emphasizes breach volume, offers
an alternative approach to calculate breach dimensions. However, it does not
explicitly estimate formation time, which is a critical parameter for understanding
the rate of flood wave propagation. Similarly, the National Weather Service (NWS)
method is valuable for peak discharge estimation, but it lacks explicit formulas for
formation time, making it less suitable for applications requiring detailed breach
evolution analysis. The Von Thun and Gillette method, which correlates breach
parameters with dam height, is useful for deriving breach dimensions for simpler
scenarios. Lastly, the USBR method provides a material-based approach, relying
on observed dam failure data, making it a supplementary tool for validating breach

parameters.

For Earthen embankment structure, the Froehlich method aligns well with the
dam’s characteristics, offering precise calculations of breach width, side slopes, and
formation time. As highlighted in the study, for earth fill and rockfill dams, breach
widths can range from 0.5 to 5.0, with side slopes varying from 0 to 1.0 (horizontal
to vertical). Failure times typically range from 0.1 to 4.0 hours, depending on dam
material and failure conditions, as per guidelines from agencies like USACE (1980,

2007), [167] FERC, and NWS.
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This methodology allows for a regionally adapted assessment of dam safety, flood
risks, and emergency response planning. By relying on actual breach data rather
than generalized empirical equations, the study provides practical insights for

future breach modeling, especially in data-scarce but flood-prone regions like

Balochistan.
TABLE 3.8: Comparison of different methods

Method Breach Width Formation Time Peak Discharge
Froehlich Based onVw and Hd Based onVw and Hd
MacDonald- Uses breach volume Not directly estimated Empirical relation-
Langridge ship
NWS Empirical equation Not explicitly estimated Based onVw and Hd
Von Thun and Based on dam height Linear relationship with Derived indirectly
Gillette (Hd) (Hd)
USBR Material-dependent Not explicitly provided Based on observed

failures

TABLE 3.9: Breach Parameters for Earthen/Rockfill dams proposed by different

agencies

Dam Type Average Breach Horizontal Compo- Failure Time, Agency

Width (Bav) nents of Breach side tf (Hours)

Slope (H) (H: V)

(0.5 to 3.0) *HD 0 to 1.0 0.5 to 4.0 USACE 1980

) (1.0 to 5.0) * HD 0 to 1.0 0.1to 1.0 FERC
Farthen/ Rockfill o /5 0) * HD 0 t0 1.0 (slightly Larger) 0.1 to 1.0 NWS
(0.5 to 5.0) * HD 0 to 1.0 0.1 to 4.0* USACE 2007

3.11 Method of Dam Break

Various empirical and analytical methods have been developed to estimate dam
breach parameters, such as breach width, side slopes, formation time, and peak
discharge. These methods are based on data from historical dam failures and
consider factors like dam height, reservoir volume, and material type. Below is an

explanation of commonly used methods:

3.11.1 Froehlich Method

The Froehlich method is an empirical approach that estimates breach dimensions

and formation time based on dam height and reservoir characteristics. It is widely



Study Area, Data, and Methodology 64

used for earth and rockfill dams [168]. The following are the formulas which are

used in Froehlich method referred as Eq. 3.1, 3.2 and 3.3.
Formulas:

I. Breach Width (Bm):

B,, = 0.180 - V932 . H{-19 (3.7)

Where:

B,.: Average breach width (m) V,,: Volume of water above the breach invert (m?)

Hy: Height of the dam (m)

II. Formation Time (Tf):

Ty = 0.00254 - V023 . {09 (3.8)
Where:

e T: Breach formation time (hours)

ITI. Peak Outflow (Qp)

Q, = 0.607 - V92 . g} (3.9)

Where:

e (),: Peak outflow (m?/s)
e V,,: Volume of water above the breach invert (m)

e H,: Height of the dam (m)

3.11.2 MacDonald and Langridge-Monopolis Method

This method is based on the relationship between dam size and breach character-
istics, emphasizing the energy available for breach formation [166]. Following are

the formulas which are used
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Formulas:

1. Breach Volume (Bv):

B, =0.01-V,-S (3.10)

Where:

e B,: Breach volume (m?)
e V,: Reservoir volume (m?)

e S: Spillway factor (unitless)

2. Peak Discharge (Qp):

Q, = 0.367-V0?. H}* (3.11)
Where:

e (), Peak outflow (m?/s)
e V,: Volume of water above the breach invert (m?)

e H,: Height of the dam (m)

3.11.3 National Weather Service (NWS) Method

This method focuses on peak discharge estimation and is commonly used for emer-

gency planning [169].
Formulas:
1. Peak Discharge (Qp):
Qp,=31-Vo4. gi2 (3.12)

Where:
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e (),: Peak outflow (m?/s)
e V,,: Volume of water above the breach invert (m?)

e H;: Height of the dam (m)

2. Breach Width (Bm):

The breach width is estimated from observed dam failures and varies depending

on material type.

3.11.4 Von Thun and Gillette Method

This method is specific to earthfill dams and calculates breach parameters based

on empirical relationships [168].
Formulas:

1. Breach Formation Time (Tf):

Ty =0.015- Hy (3.13)
Where:

e Ty: Breach formation time (hours)

e H;: Dam height (m)

2. Breach Width (Bm):

B, =39 -H, (3.14)
Where:

e B,,: Breach width (m)

e H;: Dam height (m)
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3.11.5 (United States Bureau of Reclamation) Method

The USBR method uses historical dam failure data to estimate breach dimensions
[170].
Formulas:

1. Breach Width (Bm):

B,,=K-Hy (3.15)
Where K depends on the dam material:

e Cohesive soils: K =1.0

e Non-cohesive soils: K = 2.5

3.12 Methodology for HEC RAS modelling

3.12.1 General

A systematic methodology was applied to assess the overtopping-induced dam
failure and its subsequent flood impacts using the Hydrologic Engineering Cen-
ter’s River Analysis System (HEC-RAS). The primary focus of this study was to
analyze flood hazards caused by overtopping failure of Malgagai Dam under un-
steady flow conditions using a two-dimensional hydraulic model. The dam breach
was simulated for historical and future climate scenarios (SSP2-4.5 and SSP5-8.5)
for 100-year and 200-year return periods, allowing for a detailed assessment of

downstream flood risks and their implications under changing climate conditions.

3.12.2 Data Collection and Model Setup

The first step in the dam breach analysis involved comprehensive data collection,

which included:
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e Dam Specifications: Structural attributes such as height, crest width,

spillway capacity, and reservoir storage volume.

e Breach Parameters: Defined breach width, depth, and formation time

following USACE (2007) guidelines.

e Hydrological Data: Inflow hydrographs, precipitation records, and peak

discharge estimations.

e Boundary Conditions: Upstream inflow hydrographs and downstream

normal depth settings.

e Topographical Data: High-resolution Digital Elevation Model (DEM)

processed in RAS-Mapper to generate a terrain file for hydraulic analysis.

The DEM was projected into the WGS_1984 UTM Zone 42N spatial reference
system, ensuring accurate terrain representation. The study area was divided into
a 2D computational mesh with a 30m 30m cell size, capturing flood flow variations
effectively. Cross-sectional profiles of the river and floodplain were extracted to

build geometric data for the model.

3.12.3 Hydraulic Modeling and Breach Parameters Defi-
nition

The breach was modeled as an overtopping failure, meaning that the dam’s spill-
way and embankment were unable to safely handle excess water inflows, leading
to erosion and failure. Breach width, depth, and formation time were assigned

based on empirical formulas, ensuring realistic failure simulations.

e Mannings roughness coefficients (n-values) were assigned to the computa-
tional mesh according to land-use classification, following the Chow method

for flow resistance calculations.

e The model incorporated various overtopping scenarios, adjusting breach

width and formation time to reflect potential worst-case flood conditions.
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3.12.4 Boundary Conditions and Flow Simulation

For unsteady flow simulation, boundary conditions were carefully defined:

¢ Upstream Boundary Condition: Represented by the dam breach outflow
hydrograph, modeling overtopping flood release.

e Downstream Boundary Condition: Modeled using the normal depth

method, ensuring accurate flood routing through the river system.

The HEC-RAS model simulated the flood wave propagation from the dam breach,
evaluating flow velocity, peak discharge, flood depth, and inundation extent over

time.

3.12.5 HEC-RAS Outputs and Flood Risk Assessment

The HEC-RAS simulation generated crucial hydraulic outputs, including:

e Water Surface Profiles: Displaying flood elevations along the river and

floodplain.

e Flood Hydrographs: Representing discharge variations over time at crit-

ical downstream locations.

e Stage Hydrographs: Illustrating water level changes throughout the flood

event.

These outputs provided valuable insights into peak discharge, flood depth varia-
tions, and the extent of flooding across different return periods, enabling a com-

prehensive risk assessment for downstream areas.

3.12.6 Flood Inundation Mapping and Risk Mitigation

The final step involved generating flood inundation maps using HEC-RAS outputs.
These maps illustrated the spatial distribution and severity of flooding for different

overtopping failure scenarios.
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3.12.7 Conclusion

By integrating hydrological, hydraulic, and topographical data, this study offers
a robust dam breach analysis framework for evaluating flood risks and mitiga-
tion strategies. The overtopping-induced failure of Malgagai Dam under various
climate scenarios illustrates the growing threat posed by extreme precipitation
and climate change impacts. The study emphasizes the importance of climate
adaptation strategies in dam safety planning, ensuring that future flood risks are

effectively managed to protect downstream communities and infrastructure.

Dam Breach Analysis and Flood
Plain Mapping

Collection of Data

Dam Specifications HEC-RAS
Dam Breach
Parameters
Flow Data &

Boundary Condition

|

Flood Plain

Water Surface
Profile

Flood Hydrograph

|

FIGURE 3.9: Methodology for HEC Ras modeling



Chapter 4

Results and Analysis

4.1 General

The results of this study provide a detailed assessment of flood risks for Malgagai
Dam, considering historical conditions and future climate scenarios (SSP2-4.5 and
SSP5-8.5). Findings show increasing precipitation trends for higher return periods,
leading to higher inflows, peak discharges, and prolonged flood durations under

future climate projections.

HEC-HMS simulations confirm that future floods will be more intense, stress-
ing the dam’s capacity. HEC-RAS breach analysis reveals wider breaches, higher
velocities, and greater outflows in extreme scenarios, significantly increasing down-
stream flood risks. The inundation assessment shows that more villages will be
affected under SSP2-4.5 and SSP5-8.5, with deeper flood levels compared to his-
torical conditions. The Froehlich method, which considers a reduced breach width
(28m vs. 151m actual), results in lower discharges but still poses substantial flood
hazards. Overall, the results emphasize the growing impact of climate change
on dam safety. Future extreme rainfall and flood events could exceed the dams
designed capacity, highlighting the urgent need for enhanced flood management,
spillway improvements, early warning systems, and mitigation strategies to protect

downstream communities.

For flood frequency analysis, the Gumbel Extreme Value Distribution has been ap-
plied to precipitation data obtained from the Muslim Bagh Climate Station and
71
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five Global Climate Models (GCMs) under the SSP 2-4.5 and SSP 5-8.5 climate
scenarios. This statistical approach is widely used for predicting extreme hydro-
logical events, such as heavy rainfall and floods, by estimating return period values
for different levels of precipitation intensity. The analysis provides insights into
the recurrence intervals of extreme rainfall events, which are essential for assessing

flood risks and designing resilient infrastructure.

After performing the frequency analysis, the Delta Method is used to calculate the
Delta Factor, which represents the relative change in climate variables between
historical and future projections. This correction factor is applied to observed
precipitation data to estimate future precipitation levels under the SSP 2-4.5 and
SSP 5-8.5 scenarios. The adjusted values help in refining projections and reducing

biases in climate model outputs.

The future projections are analyzed for different time slices, namely:
e 2026-2050
e 2051-2075

e 2076-2100

By incorporating bias-corrected climate projections, this approach ensures a more
reliable assessment of future precipitation patterns. The findings highlight po-
tential increases in extreme rainfall events, which can significantly impact flood
frequency, reservoir inflows, and dam safety. These projections are crucial for hy-
drological modeling, flood risk assessment, and dam breach analysis, ultimately
aiding in the development of adaptation strategies and mitigation measures to

enhance climate resilience.

4.2 Frequency Analysis on Climate Station and
Un-biased GCMs data

To evaluate potential future changes in extreme precipitation events due to climate
change, a frequency analysis was conducted using both observed station data and

bias-corrected outputs from Global Climate Models (GCMs). The baseline data



TABLE 4.1: Peak annual precipitation of base period and future for climate change scenario of SSP 2-4.5.

Base Period Un-Biased Future Projected Data (SSP 2-4.5)
Annual Prcp Peaks (1990-2014) Annual Prcp Peak (2026-2050) Annual Prcp Peak (2051-2075) Annual Prcp Peak (2076-2100)
Precipitation Precipitation Precipitation Precipitation
Year (mm) Year (mm) Year (mm) Year (mm)
1990 31.072 2026 27.56 2051 36.7 2076 33.24
1991 31.64 2027 44.75 2052 38.12 2077 41.87
1992 24.16 2028 34.26 2053 29.38 2078 26.82
1993 28.86 2029 29.59 2054 29.17 2079 48.05
1994 25.14 2030 31.36 2055 39.27 2080 29.12
1995 21.74 2031 38.11 2056 30.81 2081 38.55
1996 2491 2032 37.71 2057 28.06 2082 32.08
1997 32.11 2033 24.26 2058 31.83 2083 32.99
1998 21.40 2034 31.18 2059 46.41 2084 27.64
1999 29.94 2035 32.03 2060 29.11 2085 28.22
2000 30.20 2036 27.13 2061 33.90 2086 42.76
2001 31.06 2037 26.35 2062 42.99 2087 39.00
2002 25.40 2038 26.84 2063 48.40 2088 35.39
2003 38.31 2039 37.71 2064 38.27 2089 37.93
2004 34.87 2040 34.55 2065 27.61 2090 26.19
2005 27.68 2041 44.14 2066 36.03 2091 30.90
2006 30.23 2042 36.97 2067 32.21 2092 41.56
2007 29.38 2043 36.13 2068 33.74 2093 36.83
2008 31.45 2044 30.10 2069 39.21 2094 20.89
2009 26.75 2045 28.94 2070 44.73 2095 31.78
2010 29.21 2046 37.93 2071 39.83 2096 30.26
2011 26.67 2047 31.86 2072 30.55 2097 37.53
2012 30.33 2048 30.95 2073 41.07 2098 35.85
2013 17.59 2049 48.97 2074 28.48 2099 45.47
2014 27.82 2050 30.63 2075 31.68 2100 42.11
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TABLE 4.2: Peak annual precipitation of base period and future for climate change scenario of SSP 5-8.5.

Base Period Un-Biased Future Projected Data (SSP 5-8.5)
Annual Prcp Peaks (1990-2014) Annual Prcp Peak (2026-2050) Annual Prcp Peak (2051-2075) Annual Prcp Peak (2076-2100)
Precipitation Precipitation Precipitation Precipitation

Year (mm) Year (mm) Year (mm) Year (mm)
1990 32.44 2026 45.1 2051 41.41 2076 26.27
1991 24.03 2027 31 2052 33.84 2077 40.63
1992 28.57 2028 42.02 2053 29.19 2078 30.39
1993 39.06 2029 33.73 2054 48.2 2079 41.54
1994 21.5 2030 24.19 2055 69.49 2080 30.21
1995 24.15 2031 43.44 2056 34.98 2081 29.2
1996 30.52 2032 34.87 2057 25.78 2082 35.65
1997 20.86 2033 41.62 2058 26.04 2083 42.38
1998 30.39 2034 50.91 2059 31.05 2084 36.57
1999 30.8 2035 19.66 2060 32.39 2085 37.97
2000 32.47 2036 65.96 2061 29.23 2086 34.42
2001 26.19 2037 36.66 2062 23.85 2087 40.48
2002 33.81 2038 36.31 2063 47.48 2088 47.1
2003 34.6 2039 36.43 2064 57.52 2089 36.83
2004 29.86 2040 53.7 2065 69.39 2090 34.51
2005 32.15 2041 35.54 2066 38.55 2091 43.31
2006 46.2 2042 36.05 2067 47.39 2092 66.31
2007 33.86 2043 63.28 2068 27.23 2093 51.94
2008 35.86 2044 35.71 2069 21.85 2094 53.76
2009 29.06 2045 36.91 2070 28.22 2095 35.54
2010 27.25 2046 36.11 2071 51.85 2096 44.37
2011 41.95 2047 41.6 2072 48.32 2097 45.88
2012 19.39 2048 35 2073 45 2098 41.36
2013 29.66 2049 43.05 2074 39.45 2099 24.73
2014 29.55 2050 24.33 2075 31.94 2100 32.89
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covered the period from 1990 to 2014, while future projections were analyzed
for three distinct time slices: 2026-2050, 2051-2075, and 2076-2100. These future
datasets were corrected for bias and correspond to two representative concentration

pathways: SSP2-4.5 and SSP5-8.5.

The Gumbel Extreme Value Distribution, a widely accepted method for modeling
extreme hydrological events, was applied to both the observed precipitation at the
climate station and the annual maximum precipitation values from the unbiased
GCM projections. This analysis enabled the estimation of peak precipitation
values for various return periods (5, 10, 25, 50, 100, 200, 500, and 1000 years),

helping to quantify the potential future changes in flood-inducing rainfall.

Tables 4.1 and 4.2 present the annual peak precipitation values for each year under

SSP2-4.5 and SSP5-8.5 scenarios, respectively.

Tables 4.3 and 4.4 provide the results of the frequency analysis for different return
period. The results indicate a consistent increase in projected peak precipitation
values across all future time slices, with higher intensities observed under the
SSP 5-8.5 scenario. For instance, under SSP 5-8.5, the 1000-year return period
precipitation increases from 4.39 inches in the historical record to 4.12 inches in
2076-2100 (with some GCMs projecting even higher peaks up to 4.39 inches),
suggesting a growing risk of extreme flood events.

TABLE 4.3: Results of frequency analysis on different return periods of climate
station and un biased corrected GCMs of SSP 2-4.5 for base period and future.

( ) Climate Stn GCM Ens Unbiased Corrected SSP 2-4.5
Return Period (YR . : .
Historical Muslim Bagh 1985-2014 GCM GCM GCM
2026-2050 2051-2075 2076-2100
(inches) (inches) (inches)
5 1.72 1.24 1.50 1.57 1.56
10 2.09 1.34 1.64 1.71 1.72
25 2.56 1.47 1.82 1.89 1.91
50 2.90 1.57 1.95 2.02 2.06
100 3.25 1.66 2.08 2.15 2.20
200 3.59 1.76 2.21 2.28 2.34
500 4.05 1.89 2.39 2.46 2.53

1000 4.39 1.98 2.52 2.59 2.67
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TABLE 4.4: Results of frequency analysis on different return periods of climate
station and un biased corrected GCMs of SSP 5-8.5 for base period and future.

Return Period (YR) . Qlimate S.tn GCM Ens Unbiased Corrected SSP 2-4.5
Historical Muslim Bagh 1985-2014 GCM GCM GCM
2026-2050 2051-2075 2076-2100

(inches) (inches) (inches)
5 1.72 1.38 1.85 1.92 1.81
10 2.09 1.53 2.1 2.22 2.02
25 2.56 1.71 2.41 2.61 2.29
50 2.9 1.84 2.64 2.9 2.49
100 3.25 1.98 2.87 3.18 2.69
200 3.59 2.11 3.1 3.47 2.89
500 4.05 2.29 3.41 3.84 3.15
1000 4.39 2.42 3.63 4.12 3.34

4.3 Bias Correction and Variation in Precipita-

tion

For Precipitation bias correction, the output from frequency analysis as shown in
table 4.5 and table 4.6 were further used for bias correction. A delta factor is
calculated between climate station and GCMs for based period of 1990 to 2014.
The delta factor was then applied to future unbiased corrected GCMs for three time
periods: 2026 - 2050, 2051 - 2075, 2076 - 2100 to obtain future biased corrected
precipitation under two climate scenarios SSP 2-4.5 and SSP 5-8.5. The results of
Bias correction on both climate scenarios of SSP 2-4.5 and SSP 5-8.5 are shown

in table 4.5 and table 4.6.

The results presented in Tables 4.5 and 4.6 provide bias-corrected precipitation
estimates obtained using the delta method under two climate scenarios such as SSP
2-4.5 and SSP 5-8.5. Table 4.5 (SSP 2-4.5) shows a consistent upward trend in
precipitation with increasing return periods across future time slices. For instance,
precipitation for the 5-year return period rises from 2.08 inches (2026-2050) to 2.17
inches (2076-2100), while the 1000-year return period increases from 5.58 inches to
5.93 inches. In contrast, Table 4.6 (SSP5-8.5) shows a more pronounced increase in
extreme precipitation, particularly for longer return periods. The 100-year return
period increases from 4.72 inches (2026-2050) to 5.23 inches (2051-2075), followed
by a slight decline to 4.42 inches (2076-2100)-yet still significantly higher than the
historical baseline. The 1000-year return period reaches a peak of 6.05 inches by
the end of 2100.



TABLE 4.5: Results of Bias Correction on Climate Scenario of SSP 2-4.5

Climate Stn

Return Historical GCM Ens  Delta
Period (YR) Muslim Bagh 1985-2014 Factor A Un Biased Corrected 2-4.5 Biased Corrected 2-4.5
GCM GCM GCM GCM GCM GCM
2026-2050 2051-2075 2076-2100 2026-2050 2051-2075 2076-2100
(inches) (inches) (inches) (inches) (inches) (inches)

D 1.72 1.24 1.39 1.50 1.57 1.56 2.08 2.18 217

10 2.09 1.34 1.56 1.64 1.71 1.72 2.55 2.67 2.68
25 2.56 1.47 1.74 1.82 1.89 1.91 3.16 3.29 3.33
50 2.90 1.57 1.85 1.95 2.02 2.06 3.62 3.75 3.81
100 3.25 1.66 1.95 2.08 2.15 2.20 4.07 4.21 4.30
200 3.59 1.76 2.04 2.21 2.28 2.34 4.52 4.66 4.79
500 4.05 1.89 2.15 2.39 2.46 2.53 5.13 2.27 5.43
1000 4.39 1.98 2.22 2.52 2.59 2.67 2.58 5.73 5.93
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TABLE 4.6: Results of Bias Correction on Climate Scenario of SSP 5-8.5

Climate Stn

Return Historical GCM Ens  Delta
Period (YR) Muslim Bagh 1985-2014 Factor A Un Biased Corrected 2-4.5 Biased Corrected 2-4.5
GCM GCM GCM GCM GCM GCM
2026-2050 2051-2075 2076-2100 2026-2050 2051-2075 2076-2100
(inches) (inches) (inches) (inches) (inches) (inches)
D 1.72 1.38 1.24 1.85 1.92 1.81 2.3 2.39 2.25
10 2.09 1.53 1.37 2.1 2.22 2.02 2.87 3.04 2.77
25 2.56 1.71 1.5 2.41 2.61 2.29 3.61 3.91 3.43
50 2.9 1.84 1.57 2.64 2.9 2.49 4.16 4.56 3.92
100 3.25 1.98 1.64 2.87 3.18 2.69 4.72 5.23 4.42
200 3.59 2.11 1.7 3.1 3.47 2.89 5.28 5.89 4.91
500 4.05 2.29 1.77 3.41 3.84 3.15 6.02 6.79 5.56
1000 4.39 2.42 1.81 3.63 4.12 3.34 6.58 7.47 6.05

s1sfippuy puv synsay

8L



Results and Analysis 79

These trends are further illustrated in Figures 4.1 and 4.2, which plot the fre-
quency curves of precipitation under both scenarios. Figure 4.1 (SSP2-4.5) shows
a steady increase in precipitation across all future periods, with the 100-year re-
turn period rising from 50.3 mm (1990-2014) to 67.9 mm (2076-2100). Figure 4.2
(SSP5-8.5) displays an even steeper increase, particularly during the mid-century
period (2051-2075), where the 100-year return period reaches 92.3 mm, compared
to 61.6 mm in the historical period. Although a slight reduction is seen in the late-
century (2076-2100), precipitation values still remain significantly elevated, indi-

cating persistent hydrological risks. Under the SSP 2-4.5 climate scenario, future
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precipitation levels are projected to increase significantly across all return periods
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when compared to the historical baseline (1990-2014). The table 4.7 presents pre-
cipitation values (in inches) for various return periods (5-year to 1000-year) across

three future time slices: 2026-2050, 2051-2075, and 2076-2100. This trend is fur-

TABLE 4.7: Results of Annual Peak Precipitation for Historic and GCMs of for
different return period

Precipitation in inches (SSP 2-4.5)

Time Period 5 10 25 50 100 200 500 1000

Historical (1990-2014) 1.72 2.09 2.56 2.9 3.25 3.59 4.05 4.39
SSP 2-4.5 (2026-2050) 2.08 2.55 3.16 3.62 4.07 4.52 5.13 5.58
SSP 2-4.5 (2051-2075) 2.18 2.67 3.29 3.75 4.21 4.66 527 5.73
SSP 2-4.5 (2076-2100) 2.17 2.68 3.33 3.81 4.3 4.79 543 5093

ther emphasized in table 4.8, which highlight significant changes in precipitation.
Under the SSP 2-4.5 scenario, projected increases in precipitation are 17%-21%
for the years 2026 to 2050. For the period 2051 to 2075, precipitation is expected
to rise by 21% to 23%, and from 2076 to 2100, the increase is estimated to be
between 21% and 26%.

These findings indicate a clear intensification of extreme precipitation events under
the SSP2-4.5 scenario, highlighting the growing risk of flood hazards in the coming
decades.

TABLE 4.8: Results of increase and decrease between Historic and GCMs of for
different return period

Percentage Increase / Decrease

Time Period 5 10 25 50 100 200 500 1000

SSP 2-4.5 (2026-2050) 17% 18% 19% 20% 20% 21% 21% 21%
SSP 2-4.5 (2051-2075) 21% 22% 22% 22% 23% 23% 23% 23%
SSP 2-4.5 (2076-2100) 21% 22% 23% 24% 24% 25% 26% 26%

Similarly, for SSP 5-8.5 scenario, future precipitation levels are projected to in-
crease even more substantially than under SSP 2-4.5, particularly for higher return
periods and mid-century projections. The table 4.9 presents precipitation values
(in inches) for various return periods (5-year to 1000-year) over three future time
slices: 2026-2050, 2051-2075, and 2076-2100. For instance, the 100-year precipi-
tation is expected to rise from 3.25 inches in the historical baseline (1990-2014)
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to 4.72 inches (2026-2050), 5.23 inches (2051-2075), and slightly decrease to 4.91
inches in the 2076-2100 period, though still significantly above historical levels.

The 4.10 table shows projected increases under the SSP 5-8.5 scenario in pre-

TABLE 4.9: Results of Annual Peak Precipitation for Historic and GCMs of for
different return period

Precipitation in inches (SSP 5-8.5)

Time Period 5 10 25 50 100 200 500 1000

Historical (1990-2014) 1.72 2.09 256 29 3.25 3.59 4.05 4.39
SSP 5-8.5 (2026-2050) 2.3 2.87 3.61 4.16 4.72 5.28 6.02 6.58
SSP 5-8.5 (2051-2075) 2.39 3.04 391 4.56 5.23 589 6.79 7.47
SSP 5-8.5(2076-2100) 2.25 2.77 343 3.92 442 491 556 6.05

cipitation are 25-33% for the years 2026 to 2050. For the period 2051 to 2075,
precipitation is expected to rise by 28% to 41%, and from 2076 to 2100, the increase
is estimated to be between 24% and 28%.

These findings indicate a strong likelihood of more intense and frequent extreme
precipitation events under the SSP5-8.5 scenario. The sharp increases, particu-
larly for rare and severe events (e.g., 200- to 1000-year return periods), under-
score the heightened flood risk associated with continued high emissions. This
scenario emphasizes the urgent need for proactive adaptation strategies, robust
hydrological infrastructure, and integrated water resource planning to mitigate

the compounding effects of climate change. These findings collectively empha-

TABLE 4.10: Results of increase and decrease between Historic and GCMs of
for different return period

Percentage Increase / Decrease

Time Period 5 10 25 50 100 200 500 1000

SSP 5-8.5 (2026-2050) 25% 27% 29% 30% 31% 32% 33% 33%
SSP 5-8.5 (2051-2075) 28% 31% 35% 36% 38% 39% 40% 41%
SSP 5-8.5 (2076-2100) 24% 25% 25% 26% 26% 27% 27% 28%

size the intensification of extreme rainfall under future climate conditions - more
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severely under SSP5-8.5and highlight the growing need for climate-resilient flood
management. The upward trajectory in precipitation with return periods neces-
sitates integrating climate projections into dam safety evaluations and flood risk
assessments. Enhanced design strategies such as increasing spillway capacity, re-
assessing reservoir storage, and establishing effective emergency response plans
are vital. Furthermore, the bias-corrected precipitation values serve as critical in-
puts for hydrological simulations in HEC-HMS, which are used to generate flood
hydrographs and estimate peak discharges. These outputs, in turn, inform dam
breach analysis in HEC-RAS, enabling comprehensive hazard assessment and the

development of robust mitigation and adaptation measures.

4.4 Bias Correction and Variation in Tempera-

ture

For temperature analysis, data from the Muslim Bagh climate station (1990-2014)
and five GCMs for the same period were initially used for bias correction. Daily
temperature data from both sources were converted to mean monthly values. The
same methodology was applied to the unbias-corrected temperature data of the
GCMs for the future period (2014-2100). A delta factor (§) was calculated as
the difference between the historical observed temperature (Muslim Bagh) and
the corresponding GCM values. This delta factor was then added to the future
unbias-corrected GCM temperatures to obtain the future bias-corrected tempera-

ture values.

The table 4.7 below summarizes the monthly temperature data and the bias cor-

rection process under the SSP2-4.5 scenario.

Similarly, for SSP 5-8.5 scenario, the same bias correction method was applied.
In this case, some historical GCM temperatures were found to be higher than
the observed temperatures, resulting in negative delta values for certain months.
These negative deltas indicate that the GCM over-estimated temperatures during

the historical baseline period.



TABLE 4.11: Results of Bias correction under Climate change Scenario of SSP 2-4.5

Historic Delta Unbiased Cor- Biased Corrected Fu-

Year rected Future ture Temperature
Temperature GCM GCM 2-4.5
2-4.5

Muslim Bagh (1985-2014) GCM (1985-2014) 2014-2100 2014-2100

Jan 0.9 -0.7 1.6 1.45 3.02

Feb 2.2 0.7 1.5 3.41 4.91

Mar 6.1 4.5 1.6 7.04 8.66

Apr 11 9 2 11.58 13.57

May 15.1 13 2.1 15.44 17.49

Jun 18.1 16.1 2 18.78 20.77

Jul 21.7 19.9 1.7 21.15 22.88

Aug 20.2 18.3 1.9 19.03 20.88

Sep 16.5 14.3 2.2 14.63 16.82

Oct 9.7 7.3 2.3 8.45 10.79

Nov 5.5 3.5 2 4.77 6.74

Dec 2.6 0.8 1.8 2.4 4.19
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TABLE 4.12: Results of Bias correction under Climate change Scenario of SSP 5-8.5

Historic Delta Unbiased Cor- Biased Corrected Fu-

Year rected Future ture Temperature
Temperature GCM GCM 2-4.5
2-4.5

Muslim Bagh (1985-2014) GCM (1985-2014) 2014-2100 2014-2100

Jan 0.9 -1 1.8 2 3.78

Feb 2.2 0.9 1.3 4.6 0.85

Mar 6.1 6 0.1 9.5 9.55

Apr 11 12.1 -1.2 15.6 14.48

May 15.1 17.5 -2.5 20.8 18.35

Jun 18.1 21.8 -3.7 25.4 21.7

Jul 21.7 26.9 -5.2 28.6 23.32

Aug 20.2 24.8 -4.6 25.7 21.12

Sep 16.5 19.2 -2.8 19.7 16.95

Oct 9.7 9.9 -0.2 114 11.18

Nov 5.5 4.8 0.7 6.4 7.17

Dec 2.6 1.1 1.5 3.2 4.75
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Figure 4.3 illustrates the variation in mean monthly temperatures between the
historical period (1985-2014) at the Muslim Bagh climate station and the future
bias-corrected temperature projections (2014-2100) under the SSP 2-4.5 scenario.
The blue curve represents historical observations, while the orange curve shows

future projections after bias correction using the delta method.

The graph clearly demonstrates a consistent rise in temperatures throughout the
year under the SSP 2-4.5 scenario. The increase is most prominent during the
summer months. For instance, the mean monthly temperature in July rises from
21.65C (historic) to 22.9°C (future), and in June from 18.1°C to 20.8°C. Even in
cooler months, such as January and February, the future temperatures increase

noticeably from 0.85°C to 3.0°C and from 2.2°C to 4.9°C respectively.

This upward shift in temperature across all months highlights the warming trend
associated with the SSP 2-4.5 pathway, which represents a stabilization scenario
with moderate mitigation efforts. The minimum temperature varies in the month
of September i.e. 0.40°C and maximum temperature variation of 2.7°C was ex-
pected in the month of February. The increased temperature levels may signifi-
cantly affect evapotranspiration rates, snowmelt timing, and overall hydrological
responses in the region. Such changes reinforce the need to consider temperature-
driven impacts in water resource planning and climate resilience strategies. Similarly,
Figure 4.4 displays the variation in mean monthly temperatures between the his-
torical period (1985-2014) recorded at the Muslim Bagh climate station and future
bias-corrected temperature projections (2014-2100) under the high-emission SSP
5-8.5 scenario. The blue line represents historical observations, while the orange

line depicts future bias-corrected values from GCM data.

Compared to the historical record, there is a substantial and more pronounced
increase in temperatures throughout the year under SSP 5-8.5. The minimum
temperature varies in the month of September i.e. 0.50°C and a maximum tem-
perature variation of 3.7°C was expected in the month of February. The difference
is particularly noticeable during the spring and summer months. For instance,
the mean temperature in April increases from 10.95°C to 14.48°C, and in July

from 21.65°C to 23.32°C. Similarly, even during the cooler months, January and
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FIGURE 4.3: Results of temperature variation between Historic and Future bias
corrected temperature SSP 2-4.5

February exhibit significant warming, increasing from 0.85°C to 3.78°C and from

2.2°C to 5.85°C, respectively.

This pattern suggests a more intense warming trend under the SSP 5-8.5 path-
way when compared to SSP 2-4.5. The elevated future temperatures could have
wide-ranging implications on snowmelt, water availability, agriculture, and ecosys-
tem health. The projected rise in temperature, especially during peak summer,
indicates an increased likelihood of heatwaves and altered seasonal hydrology, fur-
ther emphasizing the need for climate adaptation and mitigation measures in the
region. In conclusion, the application of bias correction using the delta method en-
sures that future temperature projections from GCMs are more accurately aligned
with observed historical data from the Muslim Bagh climate station. This pro-
cess enhances the reliability of climate model outputs by correcting systematic
deviations inherent in raw GCM simulations. The results clearly show that under
both SSP 2-4.5 and SSP 5-8.5 scenarios, future temperatures are projected to in-
crease across all months, with higher warming observed under the high-emission
SSP 5-8.5 pathway. These corrected temperature datasets provide a critical in-
put for further hydrological modeling and climate impact assessments, ultimately

supporting more informed planning and adaptation strategies in the region.
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FIGURE 4.4: Results of temperature variation between Historic and Future bias
corrected temperature SSP 5-8.5

4.5 Flood Estimation

The Hydrologic Engineering Centers Hydrologic Modeling System (HEC-HMS)
was used to simulate for the estimation of flood discharge on different return
period. The Soil Conservation Service Curve Number (SCS-CN) method was
selected for runoff estimation due to its wide applicability and suitability for un-
gauged basins. The SCS-CN method computes direct runoff based on rainfall
depth, land use, hydrologic soil group, and antecedent moisture condition. Land
use and soil data were extracted from Sentinel-2 satellite imagery (2021) and soil

maps, respectively, to calculate a weighted curve number for the catchment.

Precipitation inputs obtained from table 4.5 and 4.6, including bias-corrected rain-
fall for different return periods under climate scenarios (SSP2-4.5 and SSP5-8.5),
were used to simulate excess precipitation. The SCS Unit Hydrograph method was
used for transformation of excess rainfall into direct runoff hydrographs. Musk-
ingum routing method was applied for channel flood routing to model the attenua-
tion and translation of flood waves through the reservoir and downstream channel

system.
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Model parameters such as time of concentration and lag time were estimated using
empirical formulas, including Kirpichs equation, which considers basin length and

slope.

The peak outflow from the Dam, corresponding to a 100-year return period, is
estimated at 47,464.6 cusecs under the SSP 2-4.5 climate scenario, and 56,130.0
cusecs under the SSP 5-8.5 scenario. The inflow and outflow values for the histor-
ical period, SSP 2-4.5, and SSP 5-8.5 across various return periods are presented
in Tables 4.11, 4.12, and 4.13, respectively. Flood Hydrographs are shown below
from Figure no. 4.5 to Figure no. 4.10.

The flood hydrograph results for the 100-year and 200-year return periods under
historical and future climate scenarios show that flood levels are expected to in-
crease over time. The historical flood hydrographs indicate lower peak discharges
compared to future projections, meaning that as climate change progresses, ex-

treme rainfall events will generate higher inflows into the reservoir.

For SSP 2-4.5, the peak discharges for both 100-year and 200-year floods are
greater than the historical values, suggesting an increase in flood intensity. Under
SSP5-8.5, the highest peak discharges are observed, indicating that more extreme

climate conditions will result in significantly larger flood volumes.

These findings indicate that future floods will be more intense and last longer,
increasing the risk of dam overtopping or failure if proper mitigation measures are
not taken. The simulated outflow hydrographs from HEC-HMS served as input
boundary conditions for subsequent dam breach and inundation modeling in HEC-
RAS, providing a comprehensive assessment of flood behavior under both historical
and future climate conditions which helps in evaluating potential flood risks in

downstream areas and developing inundation maps for emergency planning.

TABLE 4.13: Output of Flood discharges from HEC-HMS Model (Conventional
Scenario)

Flood Analysis (Climate Station Based)
Return Period Inflow Flood (Cusecs) Outflow Flood (Cusecs)

100 31292.1 30008
200 37893.2 36573.4
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TABLE 4.14: Output of Flood discharges from HEC-HMS Model (Climate
Change Scenario SSP 2-4.5)

Flood Analysis (SSP 2 -4.5)
Return Period Inflow Flood (Cusecs) Outflow Flood (Cusecs)

100 48177.6 47464.6
200 57766.4 57039

TABLE 4.15: Output of Flood discharges from HEC-HMS Model (Climate
Change Scenario SSP 5-8.5)

Flood Analysis (SSP 5 -8.5)
Return Period Inflow Flood (Cusecs) Outflow Flood (Cusecs)

100 57118.3 56130
200 68009.6 66998.9
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Period

4.6 DAM Breach Modeling

4.6.1 General

The Hydrologic Engineering Centers River Analysis System (HEC-RAS) was used
to simulate dam breach scenarios and model the downstream flood propagation

from the Dam. The outflow hydrographs generated by HEC-HMS served as the
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F1GURE 4.7: Flood Hydrograph of SSP 2-4.5 of 100 Year Return Period

primary input for unsteady flow simulations. These hydrographs, developed using

the SCS Curve Number method, represent flood discharges for different return

periods and climate scenarios (historical, SSP 2-4.5, and SSP 5-8.5), and were

used as upstream boundary conditions in the HEC-RAS model.
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The dam breach simulation was carried out in the 2D unsteady flow module of

HEC-RAS. The dam breach parameters including breach width, side slopes, and

failure time were based on empirical relationships and physical characteristics

of the earthen dam. The computational domain was constructed using high-

resolution SRTM DEM (1 arc-second) and processed through RAS Mapper to

delineate terrain features, assign hydraulic boundaries, and generate the 2D flow
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FI1GURE 4.10: Flood Hydrograph of SSP 5-8.5 of 200 Year Return Period

area. Figure 4.11 shows the defined storage area behind the dam and the down-

stream computational grid used for hydraulic routing. The dam breach geometry,

FIGURE 4.11: Dam Storge Area, Dam Connection and Downstream 2D area

including the final breach shape and elevation profile, is illustrated in Figure 4.12,
where the centerline terrain, spillway, and breach cross-section are shown. This
profile forms the basis for calculating breach outflow hydrographs and the result-
ing flood wave. The model was executed for 100 and 200-year return periods, with
outputs including peak flow, water surface elevation and flood extent which are
explained in the below sections. These outputs were used to generate flood inunda-
tion maps for historical and future climate scenarios, enabling a robust evaluation

of dam safety, downstream risk, and emergency planning.
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e |

FIGURE 4.12: Dam profile along with spillway and Breach width

4.6.2 Breach Width Development under Different Scenar-
ios

The breach width analysis offers valuable understanding of the failure behavior
of Dam under both historical and projected climate scenarios. The actual breach
event resulted in a final breach width of 151 meters, with a right abutment side
slope of 0.65:1 and a left abutment slope of 1:1. Across all simulation cases,
the breach width initially remains at 0 meters, reflecting the dam’s structural
stability. However, once the failure is triggered, a rapid and sharp increase in
breach width is observed, reaching the maximum width of approximately 151
meters in all scenarios. This abrupt expansion indicates a high-energy erosion

process, typical of dam breaches occurring under intense hydrological conditions.

4.6.2.1 Historic Scenarios

In the Historic 100-Year Return Period scenario (Figure 4.13), breach formation
is observed during the early morning hours of December 6. The breach width
increases rapidly, reaching approximately 75 meters during the initial stage and
then expanding to the maximum width of 151 meters. In comparison, the Historic
200-Year Return Period (Figure 4.14) shows an earlier breach initiation, with the

width initially rising to 105.11 meters before reaching and maintaining the same
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The faster breach development in the 200-year

maximum width of 151 meters.

Results and Analysis

event reflects the influence of higher inflow intensity, resulting in a more rapid
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FIGURE 4.14: Breach Width on Historic 200 Year Return Period

4.6.2.2 Future Scenarios - SSP 2-4.5

Under the SSP 2-4.5 (moderate emission) scenario, the breach exhibits a similarly

rapid development pattern. In the 100-Year Return Period event (Figure 4.15),
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breach initiation occurs during the early hours of December 6, with the width
rapidly increasing to approximately 94.56 meters, and reaching the maximum
breach width of 151 meters within a span of two hours. For the 200-Year Return
Period (Figure 4.16), breach development begins shortly afterward, expanding to
136.64 meters in the initial phase and stabilizing at 151 meters within the next
hour. These results indicate heightened structural vulnerability of the dam even
under moderate climate change conditions, as increased inflow rates accelerate

breach formation and peak expansion.
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FIGURE 4.15: Breach Width on SSP 2-4.5 of 100 Year Return Period
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FIGURE 4.16: Breach Width on SSP 2-4.5 of 200 Year Return Period

4.6.2.3 Future Scenarios - SSP 5-8.5

Under the SSP 5-8.5 climate scenario, breach development occurs earlier and more

rapidly, driven by intensified hydrological inputs. In the 100-Year Return Period
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event (Figure 4.17), breach initiation takes place during the early hours, with the
width quickly expanding to approximately 104.64 meters and reaching the maxi-
mum breach width of 151 meters shortly thereafter. A similar trend is observed
in the 200-Year Return Period (Figure 4.18), where the breach rapidly widens to
146.17 meters before stabilizing at 151 meters within a short time frame. These
results highlight the accelerated failure progression associated with more extreme

inflow conditions under high-emission scenarios.
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FIGURE 4.18: Breach Width on SSP 5-8.5 200 Year Return Period

4.6.3 Breach Velocity Analysis Under Different Scenarios

The breach velocity analysis offers critical insight into the hydraulic behavior of

water flow through the failed section of dam across various climate scenarios and
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return periods. Initially, velocities remain at zero, indicating no outflow prior to
breach initiation. As the breach forms, however, there is a sharp rise in veloc-
ity across all scenarios, reflecting the sudden release of reservoir water and the

generation of a high-energy flood wave moving downstream.

4.6.3.1 Historic Scenario

Under historic conditions, the breach velocity peaks at 2.24 m/s (Figure 4.19) for
the 100-year return period and 2.41 m/s (Figure 4.20) for the 200-year return pe-
riod. This indicates a moderately intense but relatively controlled outflow typical

of historical flood events.
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FIGURE 4.19: Breach Velocity Historic (100-year return period)

4.6.3.2 Future Scenarios - SSP 2-4.5

In comparison, the SSP 2-4.5 scenario shows more dynamic flow behavior, with
peak velocities reaching 2.47 m/s (Figure 4.21) on 100-year and a significantly
higher 2.75 m/s (Figure 4.22) on 200-year. These increased velocities suggest that
climate-induced changes may result in faster and more forceful breaches, thereby

elevating the risk of downstream flooding and erosion.
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FIGURE 4.20: Breach Velocity Historic (200-year return period)
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FIGURE 4.21: Breach Velocity on SSP 2-4.5 Scenario (100-year return period)

4.6.3.3 Future Scenario - SSP 5-8.5

The SSP 5-8.5 scenario, representing a high-emission future, displays even higher

breach velocities i.e. 3.22 m/s (Figure 4.23) for the 100-year return period and

3.81 m/s (Figure-4.24) for the 200-year return period. While these velocities are

higher than historical values, the breach appears to stabilize faster than in SSP

2-4.5, possibly due to differences in hydrological response or storm patterns under

this scenario.
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FIGURE 4.22: Breach Velocity on SSP 2-4.5 Scenario (200-year return period)
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FIGURE 4.23: Breach Velocity on SSP 5-8.5 Scenario (100-year return period)
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FIGURE 4.24: Breach Velocity on SSP 5-8.5 Scenario (200-year return period)

Following the peak, all scenarios show a gradual decline in breach velocity, falling

below 1.0 m/s by the end of the simulation. This downward trend corresponds

to the depletion of reservoir storage, resulting in reduced energy flow and dimin-

ished downstream flood intensity. The timing of peak velocity is critical, as the
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highest impact occurs shortly after breach initiation. Understanding breach ve-
locity is vital for evaluating erosion potential, channel instability, and structural
vulnerability downstream. Higher velocities are directly associated with greater
scouring and can cause severe damage to riverbanks and infrastructure. These ve-
locity outputs are integral to HEC-RAS dam breach simulations, helping to model
flood wave propagation, define inundation zones, and generate hazard maps that

support comprehensive risk assessment and mitigation strategies.

4.6.4 Breach Flow Analysis Under Different Scenarios

The breach flow hydrograph of Dam shows how water discharge changes over time
after the dam starts to fail. In the beginning, the flow is zero, meaning there is
no water escaping. However, once the breach forms, the flow rises very quickly,
releasing a large amount of water downstream. The highest flow rate (peak breach
flow) is different for each scenario, showing how climate change can affect flood

severity.

After reaching its highest point, the water flow gradually decreases as the reservoir
drains. This means that most of the floodwater is released very quickly after the
breach forms, creating a strong initial flood wave, followed by a slower decline.
This pattern is important for understanding how severe the flooding will be and

how long the floodwater will last.

This analysis helps in predicting how much flooding will occur if the dam fails. The
results are used in HEC-RAS simulations to model flood movement, inundation
areas, and risk assessment for downstream communities. These findings highlight
the impact of climate change on dam safety, showing that future floods could
be much worse than past ones. This study also stresses the importance of early
warning systems, better dam safety measures, and flood management strategies

to protect communities from possible dam failures.

4.6.4.1 Historic Scenario

Figures 4.25 and 4.26 illustrate a comparison of breach flow hydrographs for the

Historic 100-Year and 200-Year Return Period events. In the 100-year scenario
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(Figure 4.26), breach outflow increases rapidly during the early hours of December
6, reaching a peak discharge of approximately 848.22 m?/s, followed by a gradual
recession. The flow continues to decline steadily, falling below 100 m?3/s by the

end of the simulation period on December 7.

In contrast, the 200-year event (Figure 4.27) exhibits an earlier onset of breach
flow, with a sharper rise and a higher peak discharge of approximately 1,035
m? /s occurring shortly after the breach begins. Additionally, elevated flow rates
are sustained over a longer duration compared to the 100-year scenario. The
200-year event demonstrates a more intense hydraulic response, characterized by
earlier breach initiation, higher peak flow, and extended flood duration. These
distinctions are significant for downstream flood risk assessments and underscore
the importance of incorporating higher-return-period scenarios into dam safety

evaluations and emergency preparedness planning.
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FIGURE 4.25: Breach Flow of Historic (100 Year Return Period)

4.6.4.2 Future Scenario - SSP 2-4.5

Figures 4.27 and 4.28 illustrate the breach outflow hydrographs under the SSP2-
4.5 climate scenario for the 100-year and 200-year return periods, respectively. In
Figure 4.28 (100-year return period), the breach outflow increases sharply during
the early hours of December 6, 2024, reaching a primary peak discharge of ap-
proximately 1,301.78 m/s. This peak is followed by a slight decline and then a
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FIGURE 4.26: Breach Flow of Historic (200 Year Return Period)

secondary peak of about 1,171.44 m/s, after which the flow gradually decreases as

the reservoir volume diminishes.

In Figure 4.28 (200-year return period), a similar hydrograph pattern is observed,
but with greater intensity. The breach initiates at a comparable time, yet the peak
discharge increases to 1,368.32 m/s, reflecting a more severe hydrologic event. A
brief reduction in flow follows the peak before stabilizing at a secondary crest, after
which the hydrograph transitions into a recession limb. The observed double-peak
behavior in both events suggests complex breach hydraulics, potentially driven by
factors such as temporary reservoir re-filling, spillway interactions, or the staged
evolution of breach geometry. These findings demonstrate that under the SSP2-
4.5 scenario, higher return periods produce significantly larger and more prolonged
breach discharges, thereby increasing downstream flood risk. The results reinforce
the need to incorporate detailed breach hydrograph behavior into HEC-RAS sim-
ulations to enhance the accuracy of flood extent mapping and risk mitigation

planning.

4.6.4.3 Future Scenario - SSP 5-8.5

Figures 4.29 and 4.30 illustrate the breach flow hydrographs for the SSP5-8.5 high-

emission scenario under the 100-year and 200-year return periods, respectively.
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FIGURE 4.27: Breach Flow of SSP 2-4.5 (100 Year Return Period)
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FIGURE 4.28: Breach Flow of SSP 2-4.5 (200 Year Return Period)

In Figure 4.29 (100-year return period), the breach flow exhibits a sharp rise during
the early hours of December 6, 2024, initially peaking at approximately 1,144.93
m? /s, followed by a brief decline and a secondary, more pronounced peak reaching
1,335.82 m?/s. Thereafter, the outflow gradually decreases throughout the day
and continues to recede into December 7, corresponding with the depletion of

reservoir storage.

In Figure 4.30 (200-year return period), a similar but more intense pattern is ob-
served. The breach initiates earlier and accelerates more rapidly, with the peak
discharge reaching approximately 1,597.86 m?/s. The hydrograph follows a classi-
cal flood wave shape, yet maintains elevated discharge levels for a longer duration

compared to the 100-year event, indicating greater downstream impact.

This comparison highlights that, under the SSP5-8.5 scenario, the 200-year return

period results in a faster onset, higher peak discharge, and more prolonged flood
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wave, signifying a more severe breach scenario. These findings underscore the
influence of intensified climatic conditions on dam breach behavior and reinforce
the need to integrate future climate projections into flood risk assessments, dam

safety evaluations, and emergency preparedness strategies.
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FIGURE 4.29: Breach Flow of SSP 5-8.5 (100 Year Return Period)
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FIGURE 4.30: Breach Flow of SSP 5-8.5 (200 Year Return Period)

4.6.5 Water Surface Elevation Analysis Under Different

Scenario

The water surface elevation analysis helps understand how water levels change

upstream (headwater stage - HW) and downstream (tailwater stage - TW) during
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the dam breach. Initially, both the HW and TW stages remain stable, indicating
normal reservoir and river conditions. However, as the breach occurs, the HW
stage rises sharply before peaking and then gradually declines, while the TW

stage also rises significantly due to the sudden release of water.

These results show that higher return periods and climate change scenarios lead
to increased water surface elevations, particularly in the headwater stage. The
differences in HW and TW elevations across scenarios highlight the potential im-
pacts of climate change on flood magnitude and reservoir response. The findings
emphasize the need for improved dam management strategies, including enhanced
spillway capacity and early warning systems to handle extreme weather events

effectively.

This analysis is crucial in understanding how water levels respond to a dam failure
event, as it provides insights into reservoir drawdown rates and downstream flood
wave behavior. The results from this simulation are further utilized in HEC-RAS
flood modeling to assess flood inundation, potential damage zones, and emergency

preparedness measures for Dam and surrounding areas.

4.6.5.1 Historic Scenario

Figures 4.31 and 4.32 show the head water (HW) and tail water (TW) stage
variations for the historic 100-year and 200-year return periods. In both cases,
HW and TW stages rise sharply following breach initiation on December 6. For
the 100-year event (Figure 4.29), HW peaks at approximately 1711.7 m, while
TW reaches around 1705.27 m, after which both gradually decline as the reservoir

drains.

In the 200-year event (Figure 4.32), the HW stage rises slightly higher to 1713.03
m, and TW peaks at 1705.61 m, reflecting the increased inflow and flood intensity.
Overall, the 200-year scenario results in higher and earlier stage elevations, indi-
cating a more severe breach event and emphasizing the need for enhanced flood

preparedness for extreme return periods.
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FIGURE 4.31: Stage HW & TW on Historic (100-year return period)
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FIGURE 4.32: : Stage HW & TW on Historic (200-year return period)
4.6.5.2 Future Scenario - SSP 2-4.5

Figures 4.33 and 4.34 illustrate the Head Water (HW) and Tail Water (TW) stage
elevations under the SSP2-4.5 climate scenario for the 100-year and 200-year return

periods, respectively.

In the 100-year return period case (Figure 4.33), the HW elevation exhibits a
rapid rise from approximately 1710.3 m, reaching a peak of 1713.39 m during
the initial breach phase, indicating a swift reservoir response to sudden outflow.
Correspondingly, the TW stage also increases, peaking at around 1705.48 m, before

both stages gradually decline as the reservoir outflow stabilizes over time.



Results and Analysis 107

For the 200-year return period (Figure 4.34), the HW stage reaches a slightly
lower peak of approximately 1711.31 m, while the TW stage peaks at 1705.32 m.
Both scenarios follow a similar patterna rapid initial increase in water levels due
to breach development, followed by a gradual recession as the reservoir volume

decreases and flow stabilizes downstream.
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FIGURE 4.33: Stage HW & TW on SSP 2-4.5 (100-year return period)
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FIGURE 4.34: Stage HW & TW on SSP 2-4.5 (200-year return period)

4.6.5.3 Future Scenario - SSP 5-8.5

The headwater (HW) and tailwater (TW) stage profiles under the SSP5-8.5 climate
scenario illustrate the dams hydraulic response to high-magnitude flood events as-
sociated with extreme emission conditions. As inflow to the reservoir intensifies
during breach events, pronounced fluctuations in water surface elevations are ob-

served both upstream and downstream of the dam.
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For the 100-year return period (Figure 4.35), the HW stage exhibits a rapid rise
from approximately 1703.5 m, peaking at 1713.7 m during the early morning of
December 6, 2024, indicating swift reservoir filling prior to overtopping and breach
initiation. The corresponding TW stage (Figure 4.35) peaks at around 1704.82
m, reflecting the immediate impact of the released flood wave on downstream
flow conditions. Post-breach, both HW and TW stages gradually recede as the

reservoir volume is discharged.

In the case of the 200-year return period, the dam demonstrates an even more
severe hydraulic response. The HW stage peaks at 1714.87 m (Figure 4.36), while
the TW stage reaches 1704.96 m, suggesting a higher flood volume and more

intense downstream impact compared to the 100-year scenario.

Overall, the 200-year event results in both higher and more sustained stage ele-
vations than the 100-year event. This outcome underscores the heightened flood
risk associated with more extreme climate projections and emphasizes the critical
need to incorporate such scenarios into dam breach evaluations and downstream

flood mitigation strategies.

=3 tage FIW Stage (m) =—@—Stage TW Stage (m)

FIGURE 4.35: Stage HW & TW on SSP 5-8.5 (100-year return period)

4.6.6 Total Flow Analysis Under Different Scenarios

The total flow hydrograph provides crucial insights into the variation of discharge
during the dam breach event under different climate scenarios and return periods.

Initially, the flow remains at zero, indicating stable reservoir conditions with no
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FIGURE 4.36: Stage HW & TW on SSP 5-8.5 (200-year return period)

outflow. However, as the dam breach initiates, there is a rapid escalation in
discharge, signifying the sudden and uncontrolled release of stored water from the
reservoir. This sudden surge results in the formation of a high-energy flood wave
propagating downstream, posing significant flood risks to nearby settlements and

infrastructure.

4.6.6.1 Historic Scenario

Figures 4.37 and 4.38 illustrate the total outflow hydrographs of the dam un-
der historical conditions for the 100-year and 200-year return period flood events,
respectively. In Figure 4.38, representing the 100-year return period, the out-
flow remains negligible during the initial hours of December 6, 2024, before rising
sharply and reaching a peak discharge of approximately 848 m/s during the early
morning. Following the peak, the flow gradually decreases over the course of the
day and continues to decline into December 7, eventually dropping below 100 m/s

by the end of the simulation period.

In comparison, Figure 4.38, corresponding to the 200-year return period, depicts
a more intense flood event. The outflow begins to rise earlier and increases more
rapidly, peaking at approximately 1,034.93 m/s, which is not only higher but also
sustained for a longer duration than the 100-year event. This behavior indicates a
significantly greater volume of water being released as a result of the more extreme

hydrologic conditions.
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The increase in peak flow - approximately 22% higher from the 100-year to the 200-
year return periodhighlights the substantial difference in flood magnitude between
the two scenarios. This variation underscores the heightened risk associated with
rarer, high-return period events. Such hydrograph data is essential for downstream
flood routing using HEC-RAS, and plays a vital role in reservoir safety assessment,
breach analysis, and the design of flood protection and mitigation infrastructure.
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FIGURE 4.37: Total Flow of Dam on Historic (100 Year Return Period)
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FIGURE 4.38: Total Flow of Dam on Historic (200 Year Return Period)

4.6.6.2 Future Scenario - SSP 2-4.5

Figures 4.39 and 4.40 illustrate the total outflow hydrographs of the dam un-
der the SSP2-4.5 climate scenario for the 100-year and 200-year return periods,

respectively.
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In Figure 4.39 (100-year return period), the outflow begins to rise sharply during
the early hours of December 6, 2024, rapidly reaching a peak discharge of approx-
imately 1,325.49 m/s. This rapid peak is attributed to the swift breach formation
combined with intense upstream inflows. Following the peak, the hydrograph ex-
hibits a gradual decline, with outflows dropping below 200 m/s by the evening of

December 7, as the reservoir volume is progressively depleted.

Figure 4.40 (200-year return period) represents a more severe flood event, with the
total outflow peaking at approximately 1,368.32 m/s in the early morning, reflect-
ing the larger inflow volume associated with the higher return period. Although
the recession limb follows a similar pattern to the 100-year scenario, the flow re-
mains elevated for a longer duration, indicating a prolonged and more intense

downstream impact.
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FIGURE 4.39: Total Flow of Dam on SSP 2-4.5 (100 Year Return Period)

The 200-year peak flow is approximately 43 cumec (~3.2%) higher than the 100-
year event. While the percentage increase is modest, the additional volume and
duration of high discharge can significantly elevate downstream flood risk. These
findings emphasize the importance of including climate-adjusted return periods
in dam break analysis to improve flood forecasting, risk mapping, and emergency

response planning.
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FIGURE 4.40: Total Flow of Dam on SSP 2-4.5 (200 Year Return Period)
4.6.6.3 Future Scenario - SSP 5-8.5

Figures 4.41 and 4.42 present the total outflow hydrographs of the dam under
the SSP5-8.5 high-emission scenario, comparing the hydrologic response for the

100-year and 200-year return periods.

In the 100-year event (Figure 4.41), the outflow rises sharply during the early
morning hours of December 6, 2024, culminating in a peak discharge of 1335.82
m?/s. This is followed by a gradual recession phase as the reservoir releases di-

minish steadily over the subsequent hours.

In the 200-year return period (Figure 4.42), the dam undergoes a more severe
hydrologic event, with peak outflow reaching 1589.09 m?3/san increase of approxi-
mately 253.27 m?/s (~19%) compared to the 100-year scenario. The hydrograph
also indicates a longer duration of elevated discharge, suggesting a significantly
larger volume of water released during the breach and prolonged downstream in-

undation.

This analysis is vital for flood risk assessment, as peak discharges directly influence
inundation extents, flood depths, and the severity of downstream impacts. Higher
discharge values indicate greater flooding potential, leading to widespread inunda-
tion, infrastructure damage, and increased risks to human settlements. The results

of this total flow analysis are incorporated into HEC-RAS dam breach modeling



Results and Analysis 113

1600
1400
1200
1000
BOD
600

Total Flow [cumec)

400
200

S 2 5 3 5 88 58888888 8¢8 & 8
5 o o= & 8 =2 S 38 "2 HA HNoAa s & & B =2 3
= = = = = = = = =y =y = s ey =y ey e e my e
[ I o U o I - A o U o I o A o I o N S O o U o S o I o I - (R o U o I o I o |
2 B 8§ & 85 5 5 85 8B ®H H B =82 =8 =B =B B =8B =
T s
L - . T )
e R = L = = T T T R T S = T S T S T o S S
T S = O = ¥ O e e T e ¥ L ¥ L e e i S s S
L e = == = e e = e = e e e = Y o R e |
Date & Time

FIGURE 4.41: Total Flow of Dam on SSP 5-8.5 (100 Year Return Period)
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FIGURE 4.42: Total Flow of Dam on SSP 5-8.5 (200 Year Return Period)

to simulate flood wave propagation, develop flood inundation maps, and assess the

effectiveness of emergency response measures.

Understanding the differences in peak flow values across different climate scenarios
highlights the growing risks associated with future climate change. The substan-
tial rise in peak discharges under SSP 2-4.5 and SSP 5-8.5 scenarios compared
to historic conditions suggest that climate change is significantly impacting flood
hazards. This emphasizes the urgent need for robust flood mitigation strategies,
enhanced reservoir management, reinforced embankments, and early warning sys-
tems to mitigate the increasing risks of dam failures. The findings from this
study play a critical role in guiding future flood management policies, dam safety
improvements, and disaster preparedness initiatives for vulnerable downstream

communities.
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4.6.7 Downstream Flood Risk Assessment of 100-year Re-

turn Period for Different Scenarios

The downstream flood risk assessment for Dam highlights the increasing vulnera-
bility of 31 villages situated immediate downstream of the reservoir, with varying
degrees of inundation under different climate scenarios. The analysis considers
three major scenarios: SSP 2-4.5 (100-year return period), SSP 5-8.5 (100-year
return period), and the historic 100-year return period. The extent of flooding
increases significantly in future climate projections, emphasizing the growing risks
posed by climate change. The number of villages and inundation depth are shown

in Table 4.16.

Under SSP 2-4.5 (100-year return period), the peak discharge reaches 47,464.6
cusecs, resulting in the inundation of 13 villages. This scenario presents the highest
flood risk, with villages such as Muhammad Qadir, Khanzada Abdul Samad Talab,
and Halimabad experiencing the most severe flood depths, such as 6.70 meters,

3.46 meters, and 2.99 meters, respectively.

The SSP 5-8.5 (100-year return period) scenario, with a peak discharge of 56,130
cusecs, leads to the inundation of 16 villages, showing massive increment in flood
extent posing a major risk to the downstream villages. The highest inundation

levels in this scenario are recorded in Muhammad Qadir (6.91 meters), Khanzada

Abdul Samad Talab (3.74 meters), and Halimabad (3.22 meters).

Comparatively, the historic 100-year return period, which represents past flood
conditions, records a peak discharge of 30,008 cusecs, leading to the flooding of
only 8 villages. The inundation depths in this scenario are notably lower, with
Muhammad Qadir (6.38 meters), Khanzada Abdul Samad Talab (2.79 meters),
and Halimabad (2.69 meters) being the most affected. The findings clearly indi-
cate that future climate projections significantly increase flood risks, as the number
of inundated villages and flood depths rises under SSP 2-4.5 and SSP 5-8.5 sce-
narios compared to historical conditions. This trend underscores the urgent need
for enhanced flood risk management, including early warning systems, improved
reservoir operations, reinforced embankments, and community preparedness pro-

grams. The study highlights that climate change is a key factor in escalating flood
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TABLE 4.16: Downstream Flood Inundated Villages under 100-year return pe-
riod for different scenarios

S.No. NAME SSP2-4.5 ( SSP5-8.5 Historic
100 Years) (100 Years) (100 Years)
1 Muhammad Qadir 6.7 6.91 6.38
2 Khanzada Abdul Samad Talab 3.46 3.74 2.79
3 Halimabad 2.99 3.22 2.69
4 Malik Fateh Khan Kili 2.32 2.51 1.65
5 Yahyawali 1.7 1.83
6 Gafur Talab 1.56 1.68 1.35
7 Haji Abdul Rahim Talab 1.01 1.14 0.78
8 Kili Sohbat Khan 0.99 1.07
9 Kili Khuda Bakhsh 0.97 1.13
10 Donara 0.94 1 0.57
11 Kili Nautak 0.41 0.48
12 Lahere 0.41 0.45 0.21
13 Malik Fateh Khan Kili 0.15 0.32
14 Khankai 0.26
15 Kili Nali 0.22
16 Tiari Kili 0.19
17 Kili Abdul Ali
18 Kili Haji Amin
19 Malgai
20 Kaza Mirzai
21 Kotan Kili
22 Kili Sahib Jan
23 Kili Haji Sanzar Khan
24 Khalifa Muhammad Nur
25 Kalu Kili
26 Ziarat Manjara
27 Kili Maulvi Bakhtiar
28 Zari Khotozai
29 Kabir
30 Diwan
31 Qila Sher Ali Khan

hazards, and proactive adaptation measures must be integrated into future flood
management strategies to protect downstream communities from potential dam

breach disasters.

4.6.8 Downstream Flood Risk Assessment of 200-year Re-

turn Period for Different Scenarios

The downstream flood risk assessment for Dam highlights the increasing vulnera-

bility of 31 villages situated downstream of the reservoir, with varying degrees of
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inundation under different climate scenarios. The analysis considers three major
scenarios: SSP 2-4.5, SSP 5-8.5, and the historic 200-year return period. The ex-
tent of flooding increases significantly in future climate projections, emphasizing

the growing risks posed by climate change.



Results and Analysis 117

Under SSP 2-4.5, the peak discharge reaches 57,039 cusecs, resulting in the inun-
dation of 16 villages. The highest flood depths are observed in Muhammad Qadir
(6.81 m), Khanzada Abdul Samad Talab (3.62 m), and Halimabad (3.10 m), in-
dicating severe flooding. Other villages such as Malik Fateh Khan Kili (2.61 m),
Yahyawali (1.98 m), Gafur Talab (1.65 m), Haji Abdul Rahim Talab (1.20 m) and
Kili Sohbat Khan (1.12 m) also experience significant flood levels, demonstrating

the widespread impact of extreme flood scenarios.

For SSP 5-8.5, the discharge reaches 66,998.9 cusecs, leading to the inundation of
18 villages. The highest inundation levels in this scenario occur in Muhammad
Qadir (7.35 m), Khanzada Abdul Samad Talab (3.90 m), and Halimabad (3.35 m).
Additional affected villages include Malik Fateh Khan Kili (2.81 m), Yahyawali
(2.14 m), Gafur Talab (1.78 m), Haji Abdul Rahim Talab (1.30 m), and Killi
Sohbat Khan (1.29 m) showing extreme inundation depths at downstream that
can pose a high risk to the community, whereas a significant number of villages

remain at risk.

The historic 200-year return period, with a peak discharge of 36,573.4 cusecs,
results in inundation of 12 villages at the downstream side of the dam. The flood
depths are recorded as Muhammad Qadir (6.52 m), Khanzada Abdul Samad Talab
(3.08 m), and Halimabad (2.81 m). Other villages affected include Malik Fateh
Khan Kili (1.93 m), Gafur Talab (1.43 m), and Kili Khuda Bakhsh (0.89 m),

indicating a relatively reduced but still substantial flood impact.

The results indicate that future climate scenarios (SSP 2-4.5 and SSP 5-8.5) sub-
stantially elevate flood risks, with increased discharges resulting in greater flood
depths and broader inundation areas. These outcomes underscore the pressing
need for strengthened flood risk management strategies, including advanced early
warning systems, optimized reservoir operations, embankment strengthening, and
community preparedness initiatives. The study highlights the significant influence
of climate change in intensifying flood hazards and reinforces the importance of
adopting proactive adaptation measures to safeguard downstream communities

against potential dam breach events.



Results and Analysis

118

TABLE 4.17: Downstream Flood Inundated Villages under 200-year return pe-

riod for different scenarios

S.No. NAME SSP 2-4.5 SSP 5-8.5 Historic(200
(200 Years) (200 Years) Years)

1 Muhammad Qadir 6.81 7.35 6.52
2 Khanzada Abdul Samad Talab 3.62 3.9 3.08
3 Halimabad 3.1 3.35 2.81
4 Malik Fateh Khan Kili 2.61 2.81 1.93
5 Yahyawali 1.98 2.14 -
6 Gafur Talab 1.65 1.78 1.43
7 Haji Abdul Rahim Talab 1.2 1.3 0.86
8 Kili Sohbat Khan 1.12 1.29
9 Kili Khuda Bakhsh 1.38 1.59 0.89
10 Donara 1.13 1.3 0.72
11 Kili Nautak 0.64 1.02 0.13
12 Lahere 0.5 0.79 0.3
13 Malik Fateh Khan Kili 0.28 0.45
14 Khankai 0.24 0.38
15 Kili Nali 0.2 0.32
16 Tiari Kili 0.17 0.27
17 Kili Abdul Ali 0.25
18 Kili Haji Amin 0.18
19 Malgai
20 Kaza Mirzai
21 Kotan Kili
22 Kili Sahib Jan
23 Kili Haji Sanzar Khan
24 Khalifa Muhammad Nur
25 Kalu Kili
26 Ziarat Manjara
27 Kili Maulvi Bakhtiar
28 Zari Khotozai
29 Kabir
30 Diwan
31 Qila Sher Ali Khan
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Chapter 5

Conclusions and

Recommendations

5.1 Conclusions

This study conducted a comprehensive flood risk assessment for an earthen dam,
integrating historical climate data with projected future climate scenarios (SSP
2-4.5 and SSP 5-8.5). Using advanced hydrological and hydraulic modeling tech-
niques, including the Gumbel Extreme Value Distribution, HEC-HMS for hydro-
logical simulations, and HEC-RAS for dam breach analysis, the research evaluated
the dam’s performance and associated flood risks under varying climate conditions.
These assessments provided detailed insights into potential future flood behaviors,
dam safety vulnerabilities, and the broader impacts on downstream communities.

The key conclusions drawn from the analysis are summarized as follows.

5.1.1 Increased Precipitation and Flood Intensity

Frequency analysis using the Gumbel Extreme Value Distribution revealed sig-
nificant increases in precipitation intensity under future climate scenarios. The
projected rainfall intensities, especially for higher return periods, showed substan-

tial increases.

The study highlights that climate change has significantly increased the risk of dam
failures due to extreme weather events, including intense and prolonged rainfall

120
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events. Future climate scenarios (SSP 2-4.5 and SSP 5-8.5) suggest an increase
in extreme precipitation, under the SSP 2-4.5 scenario, with projected increases
ranging from 17% to 21% for the years 2026 to 2050, 21% to 23% for 2051 to 2075,
and 21% to 26% for 2076 to 2100. Similarly, for the SSP 5-8.5 scenario, projected
increases in precipitation range from 25% to 33% for the years 2026 to 2050, 28%
to 41% for the years 2051 to 2075, and 24% to 28% for 2076 to 2100 making the
dam safety planning at risk. Such intensified rainfall events directly contribute
to elevated flood risks, placing greater demands on hydraulic infrastructure and

increasing the likelihood of severe downstream flooding.

5.1.2 Impact of Climate Change Scenarios on Flood Mag-

nitude

The study integrates future climate projections (SSP 2-4.5 and SSP 5-8.5) into hy-
drological models, showing that rainfall intensity is expected to increase leading to
higher inflows and a greater probability of overtopping. This suggests that design
parameters of existing dams are outdated and must be revised to accommodate

future climate conditions.

The flood discharge simulations using HEC-HMS demonstrated that future flood
events are likely to have higher peak flows and longer durations compared to

historical conditions.

For instance, the 100-year return period flood discharge rises from 30,008 cusecs
historically to 47,464.6 cusecs under SSP 2-4.5 and 56,130 cusecs under SSP 5-8.5.
As compared to Historic flood the result shows increase of 58.17% under SSP 2-4.5
and 87.05% under SSP 5-8.5. These elevated flows surpass the design capacities of
existing hydraulic structures, significantly increasing overtopping risks and posing

substantial threats to dam safety and downstream areas.

5.1.3 Dam Breach Modelling Results

This study presents a detailed dam breach analysis under historical and future
climate change scenarios (SSP2-4.5 and SSP5-8.5) for 100-year and 200-year re-

turn periods. The final breach width reached a consistent maximum of 151 meters
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across all scenarios; however, the rate and timing of breach formation varied signifi-
cantly. Under historical conditions, the breach initially widened to 75 m (100-year)
and 105.11 m (200-year), while under SSP5-8.5, these increased to 104.64 m and
146.17 m, respectively, indicating more rapid structural failure under intensified

inflow.

Breach velocities also increased under climate scenarios. Peak velocities were 2.24
m/s and 2.41 m/s for historical 100- and 200-year events, increasing to 2.47 m/s
and 2.75 m/s under SSP2-4.5, and reaching 3.22 m/s and 3.81 m/s under SSP5-
8.5 scenarios. These elevated velocities suggest more forceful outflows, leading to

greater erosion and downstream hazard.

In terms of breach flow, peak discharges rose from 848.22 m?/s (historical 100-
year) and 1,035 m?/s (historical 200-year), to 1,301.78 m?3/s and 1,368.32 m?/s
under SSP2-4.5, and further to 1,335.82 m/s and 1,597.86 m?3/s under SSP5-8.5.
Similarly, total outflow values followed this trend, with the SSP5-8.5 200-year
event exhibiting the highest peak of 1,589.09 m3/s, about 19% higher than its

100-year counterpart.

These results clearly demonstrate that future climate scenarios significantly inten-
sify breach parametersreducing breach onset time, increasing flow velocity, and
enlarging flood volumes. Consequently, the study emphasizes the urgent need
to integrate climate-resilient design standards, reinforce dam structures, improve
reservoir management, and implement robust early warning and evacuation sys-

tems to mitigate the heightened flood risks posed to downstream communities.

5.1.4 Downstream Impact Assessment

The downstream flood risk assessment revealed greater inundation depths and an
increased number of affected villages under future climate scenarios. The SSP 5-8.5
scenario presented the highest flood risk, potentially inundating up to 18 villages,
with maximum flood depths reaching 7.35 meters, a 12.7% increase compared to
historical conditions. These increased flood depths create critical conditions for
downstream communities, highlighting significant vulnerability to climate-induced

flooding.
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5.2 Recommendation

Based on the conclusions of this study, the following recommendations are pro-
posed to strengthen dam safety, enhance flood risk management, and improve

community resilience:

5.2.1 Spillway Capacity Enhancement

e Upgrade spillway design capacities to safely accommodate projected in-

creases in peak flood discharges under SSP5-8.5 and SSP2-4.5 scenarios.

e Conduct periodic spillway evaluations and modifications based on updated

climate projections.

5.2.2 Dam Structural Improvements

e Reinforce embankments and incorporate erosion-resistant materials to with-

stand high breach velocities and intense flood conditions.

e Establish routine structural inspections and maintenance schedules to detect

and mitigate vulnerabilities pro-actively.

5.2.3 Flood Management Strategies

e Integrate climate-adaptive reservoir operations, including dynamic storage

management during high precipitation periods to mitigate flood risks.

e Develop and regularly update inundation mapping and risk assessment tools

to aid in emergency preparedness and response.

5.2.4 Early Warning and Monitoring Systems

e Install real-time hydrological monitoring systems upstream and downstream
of the dam to provide timely alerts and improve emergency response capa-

bilities.
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e Enhance community-based early warning systems to effectively communicate

flood risks and evacuation procedures.

5.2.5 Climate Resilience and Adaptation Planning

e Incorporate bias-corrected climate data and updated flood risk assessments
into local infrastructure planning and water resources management frame-

works.

e Promote climate-resilient land-use planning downstream to minimize flood

vulnerability.

5.2.6 The Need for Updated Dam Safety Regulations

Pakistans current dam safety protocols do not account for climate change-driven
hydrological extremes. There is an urgent need to revise spillway design criteria,;
considering climate-inclusive flood estimates and enhancing early warning mecha-

nisms to mitigate the risk of dam failures in future.

5.2.7 Vulnerability of Earthen Dams in Balochistan

Earthen dams in Balochistan, may highly be vulnerable/at risk due to overtopping
due climate inclusive floods in future, therefore need to be studied in detail. 5.2.8

Community Preparedness and Education:

e Strengthen community awareness programs focusing on flood risks, safety

protocols, and evacuation strategies.

e Facilitate regular training and simulation exercises for local authorities and

residents.

By adopting these recommendations, authorities and stakeholders can proactively
address future flood risks, enhance dam safety, and safeguard downstream com-

munities against climate-induced flooding.
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