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Abstract

Dams are indispensable infrastructures that serve multiple purposes, including water supply, irrigation, hydropower generation, flood
control, and recreation. Historically, they have significantly contributed to socioeconomic development by stabilizing water resources
and mitigating the risks associated with natural water variability. However, the intensifying impacts of climate change threaten the
functionality and resilience of these critical infrastructures. Global climate systems are undergoing significant transformations,
including rising temperatures, shifting precipitation patterns, and an increasing frequency and intensity of extreme weather events.
These changes present unprecedented challenges for both existing and planned dam infrastructure. This paper provides a
comprehensive review of the impacts of climate change on dam infrastructure and water resources, emphasizing the structural
vulnerabilities, operational challenges, and adaptive strategies required to enhance climate resilience. The findings aim to inform
policymakers, engineers, and water resource managers on strategies to ensure sustainable water management under evolving climatic
conditions.
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accelerate the deterioration of construction
Introduction materials, reducing the service life of dam
structures. Changes in precipitation patterns alter
reservoir inflows and outflows, complicating water
management for hydropower, irrigation, and flood

Dams have played and continue to play a critical
role in the regulation of water resources and the
delivery of basic services such as supply, irrigation,

. control. In addition, extreme weather events such as
hydropower, flood control, and recreation. These

. . . . storms and floods increase hydrostatic pressure on
infrastructures underpin socioeconomic

. oy . dam walls, increasing the likelihood of structural
development, especially within regions that suffer

failure. Simultaneously, prolonged droughts reduce

from water shortage and variability. However, the e . .
water availability in reservoirs, undermining the

resilience and functionality of dams are increasingly

. . o . bilit f d t t their intended
coming under threat by the intensifying impacts of aptiity ot dams 1o fheet Their tiende@ putposes

(NHESS, 2020).

climate change. . . .
The present review compiles literature updates on

Global climate systems are undergoing profound . .
Y gomng p the impacts of CC on dam infrastructures and water

transformations, marked by rising temperatures, .. . .
resources, underlining the emphasis on climate-

altered precipitation patterns, and an increased
frequency and intensity of extreme weather events
(IPCC, 2021). These changes disrupt hydrological
cycles, posing significant risks to the operational
efficiency and structural integrity of dams. The

resilient designs and adaptive management
strategies. This paper contributes to addressing
these critical issues to avail relevant insights for
actionable policy and practice by policymakers,

. . engineers, and water resources managers toward
projected rise in global temperatures and the

. . e tainabl ti f hangi
accompanying hydrological variability have far- sustainable operations of dams under a changing

climate.

reaching implications for dam infrastructure, ) . .
g P Climate and hydrology are inextricably related to

necessitating a reassessment of traditional water
management and engineering practices (Gleick,
2014).

Climate change-induced stressors have impacts on
dams in many aspects. Temperature fluctuations

the structural stability and operational efficiency of
dams. Climate-induced alteration in these factors
has profound implications for the infrastructure of
dams.
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Rising temperatures accelerate the degradation of
construction materials, particularly in older dams,
leading to increased maintenance costs and reduced
structural integrity (Lehner et al., 2011). Thermal
stress can cause cracking and expansion in concrete
structures, while prolonged exposure to heat can
weaken steel reinforcements. Additionally, extreme
weather events, such as intense rainfall and storms,
impose heightened hydrostatic and dynamic
pressures on dam walls, increasing the risk of
overtopping and erosion (Zarfl et al., 2015).
Prolonged droughts, a growing concern under
climate change, reduce reservoir water levels,
impairing the ability of dams to generate
hydropower, support irrigation, and provide reliable
supplies (Poff & Zimmerman, 2010).
Conversely, extreme precipitation events exacerbate
sedimentation in reservoirs, reducing storage
capacity and operational efficiency. Sedimentation
also increases the risk of spillway blockages, which
can compromise flood management during peak
rainfall periods (Pokhrel et al., 2016).

Unpredictable hydrological conditions add to these
operational challenges. Most of the current status of

water

dams are designed based on past hydrologic records
which may no longer be relevant due to present or
near-future climate conditions. There is, thus, a
need to develop adaptive approaches to managing it
for the proper functionality of such a dam system
given by Brown et al. (2012).

Water resources are intrinsically linked to climate
variability, and changes in rainfall distribution
significantly influence their availability and quality.
Altered precipitation patterns lead to regional
disparities in water availability, exacerbating water
stress in arid and semi-arid regions (VOrosmarty et
al., 2010). Rising temperatures accelerate the
melting of glaciers and reduce snowpack levels,
with profound implications for long-term water
storage and downstream water supply (IPCC, 2021).
Increased evaporation rates from reservoirs, driven
by higher temperatures, reduce water availability,
particularly in regions already experiencing water
scarcity (Kundzewicz et al., 2010). Furthermore,
elevated water temperatures promote the
proliferation of algal blooms, degrading water
quality and complicating treatment processes. The
presence of algal blooms can disrupt aquatic

ecosystems, diminish water suitability for drinking
and irrigation, and increase the costs of water
purification (Poff et al., 2010).

More intense rainfall events further degrade water
quality by increasing sediment and nutrient runoff
into reservoirs. This sedimentation reduces the
storage capacity of reservoirs but at the same time
increases the concentration of pollutants, thus
challenging water management and downstream
ecosystems (Lehner et al., 2011).

Given that water security and energy supply are
increasingly dependent on dams, the implications
for the operation and resilience of the projected
changes in climate are multifaceted. The greater
majority of the studies have focused on a given
impact of climate change on the water system.
Therefore, there is still a need for a review aimed at
consolidating such impacts focusing precisely on
the infrastructure of the dams and the water
themselves. Zarfl et al., 2015. It
synthesizes existing literature on current research,
pointing out vulnerabilities and actionable strategies
to enhance the climate resilience of dams.

resources

This paper attempts to comprehensively review

various impacts of climate change on dam
infrastructures and water resources. The particular
objectives are to analyze the main impacts of
climate change on dam structures and water
availability, focusing on structural vulnerabilities
and operational challenges. Adaptive strategies to
the negative impacts of climate change include
technological innovations, policy reforms, and
community approaches. Identify the research gaps
and propose future directions, focusing on the
improvement of prediction models, construction
materials, and international cooperation in
managing water resources.

Understanding the linkage between climate change

and dam infrastructures is vital for the sustainable

management of  water resources given
environmental uncertainties. In this respect,
policymakers, engineers, and water resource

managers need to incorporate climate resilience in
planning, designing, and operating dams to make
sure that they are useful for future generations. This
paper tries to add to the ever-evolving body of
knowledge by providing actionable insights for the
development of robust and adaptive water systems.
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The research addresses set objectives by underlining
an interdisciplinary approach toward finding a
solution to such complex challenges emanating
from climate change.

Impacts of Climate Change on
Infrastructure of Dams

Structural Integrity

Climate change through altered climatic and
hydrological regimes threatens the structural
stability of dams. Some key parameters affect the
integrity of structures in dams: Temperature
Variations: The rise in temperature leads to thermal
expansion and contraction in dam building
materials, including concrete and steel. This leads,
over time, to microcracks and weakened structural
components, especially in older dams, as shown by
Lehner et al. (2011). High temperatures also
accelerate the aging of materials, with frequent
maintenance and repair becoming quite necessary.
Increased Sedimentation: Extreme rainfall events
due to climate and deforestation in upstream
catchments increase soil erosion, hence accelerating
sediment  deposition in  reservoirs.  This
sedimentation reduces storage capacity, increases
hydrostatic pressures on dam walls, and can
undermine structural stability if not managed
effectively. Such is the case with Zarfl et al. (2015).
Extreme Weather Events: Intense storms and floods
impose additional hydrostatic and dynamic
pressures on dam structures. These pressures often
exceed design thresholds, increasing the risk of
overtopping, scouring, and structural failure.
Inadequate spillway capacities further heighten
these risks, pointing to the need for updated flood

management protocols (Poff et al., 2010).

Operational Challenges

Climate change-induced variability in hydrological
cycles poses significant operational challenges for
dams: Hydrological Variability: Shifting
precipitation patterns and altered runoff dynamics
disrupt reservoir inflow, complicating water release
schedules. This variability reduces the efficiency of
hydropower generation and the ability to meet

downstream water demands (Pokhrel et al., 2016).
Drought Conditions: Prolonged dry periods result in
lower reservoir water levels, further limiting the
dam's capacity to provide adequate levels of water
meant for irrigation, household, and other industrial
purposes. Furthermore, this leads to reduced
amounts of hydropower output hence affecting
energy and economic stability. (Brown et al., 2012)
Flood Management: The increased propensity and
magnitude of floods test the capability of spillway
capacities that previously existed, making it
necessary to re-analyze flood management policies.
More frequent and severe flooding requires the
revision of infrastructure design to be adaptive,
considering peak flows and downstream safety
(Vorosmarty et al., 2010).

Reservoir Sedimentation

issue
exacerbated by climate change.  Altered
precipitation patterns and extreme weather events
increase soil erosion in upstream areas, accelerating
sediment inflow into reservoirs. Excess sediment
reduces the effective storage capacity of reservoirs,
diminishing their ability to regulate water supply

Reservoir sedimentation is a critical

and generate hydropower (Lehner et al., 2011).

The deposition of sediment also degrades water
quality by increasing turbidity and facilitating the
accumulation of pollutants. This can negatively
impact aquatic ecosystems and raise water treatment
costs. Additionally, sediment buildup near dam
intakes and spillways can obstruct operations,
necessitating costly dredging and maintenance
activities (Zarfl et al., 2015).

Effective sediment management strategies such as
bypass  systems,
afforestation in upstream catchments are crucial to
mitigate these impacts and extend the operational
life of dams (Poff & Zimmerman, 2010)

sediment dredging, and

Climate Change Impacts on Water
Resources

Altered Hydrological Cycles

Climate change disrupts natural hydrological cycles,
which results in erratic water availability. For
regions where their water sources are based on
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seasonal snowmelt or glacier-fed rivers, the
reduction in water supply will be substantial as
glaciers retreat and snowpacks decline (IPCC,
2021). Such changes compromise long-term water
storage and affect downstream ecosystems and

human activities reliant on consistent water flow.

Increase in Droughts and Floods

The intensification of both droughts and floods
challenges the dual role of dams in water storage
and flood control. Prolonged droughts reduce
reservoir inflows, directly impacting water supply
for agriculture, domestic use, and hydropower
generation. Conversely, extreme floods test the
capacity of spillways, increasing the likelihood of

dam  overtopping and  structural failures
(Kundzewicz et al., 2010).

Quantity and Availability

Shifts in Precipitation Patterns: Areas with

decreased rainfall have severe water shortages,
whereas areas receiving increased rainfall are prone
to increased flooding. This unpredictability makes it
difficult to plan and manage water resources
accordingly (Lehner et al., 2011). Glacial Melt and
Snowpack Reduction: In alpine regions, increased
glacial melt and loss of snowpack diminish the
availability of water during dry seasons, thus
threatening the sustainability of water-dependent
systems (Poff et al., 2010).

Quality

Temperature-Induced Algal Blooms: Rising water
temperature favors algal blooms, deteriorating water
quality, shifting aquatic food webs, and increasing
water treatment costs for drinking and irrigation
purposes (Zarfl et al., 2015). Contaminant
Mobilization: Heavy rainfall storms mobilize
natural contaminants from land surfaces into
reservoirs. It contributes not only to the degradation
of water quality by adding sediments, nutrients, and
pollutants but also affects the downstream
environment and human uses such as drinking or

irrigation (Pokhrel et al., 2016).
Ecosystem Impacts

Alteration of Habitat: The change in flow and
temperature of water degrades aquatic ecosystems,
decreasing biodiversity and the natural habitat of
aquatic species. The migratory species, like fish, are

the most vulnerable species due to such changes.
Poff & Zimmerman, 2010 Downstream Effects:
Altered release patterns from dams affect
downstream communities and ecosystems. Reduced
water flow or unseasonal releases exacerbate water
conflicts, reduce agricultural productivity, and harm
ecological health. Vordsmarty et al., 2010

Adaptive Strategies for Dam
Infrastructure and Water Resources

Infrastructure Adaptation

Retrofitting and Reinforcement: Strengthening the
existing dams is important in withstanding extreme
weather events, such as floods and droughts,
considered a vital adaptation strategy. The process
of upgrading the dam components includes
spillways, gates, and foundations to offer increased
resistance against climate-induced stresses. A study
by Jha et al. (2016) estimated that retrofitting dams
for extreme events could reduce the risks associated
with aging infrastructure and raise the bar for safety
standards under varied climate change impacts.

Advanced Monitoring Systems: Advanced sensors
and monitoring technologies could be deployed,
including real-time structural health monitoring and
environmental  sensors that measure the
performance of dams under various conditions.
Such

continuous operation, enabling operators to identify

systems allow for data acquisition in
anomalies early and make necessary adjustments.
For example, Wang et al. (2020) identified the
application of remote sensing and sensor networks
in acquiring real-time data to enhance dam safety
management.

Sediment Management: Sedimentation of reservoirs
due to upstream erosion may reduce storage
capacity and hence the effectiveness of hydropower
generation.  This effective  sediment
strategies

requires

management to maintain reservoir
capacity, such as sediment flushing, dredging, and
sediment bypass systems. In Ethiopia, Mekonnen et
al. 2022, have illustrated that sediment management
has played a key role in ensuring the long-term

sustainability of hydropower dams.
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Water Resource Management

Integrated Water Resource Management: [WRM
insists on coordinated management of water, land,
and related resources for sustainable development.
According to Rogers et al. (2018), there is a great
need for IWRM frameworks that integrate
hydrological, environmental, and socio-economic
factors in ways that optimize water use to ensure the
operation of the dams as part of large systems of
water management.

Demand-Side Management: There is a need to
establish DSM strategies to alleviate the shortage of
water as a resource and ensure its sustainability. In
this respect, DSM strategies involve the
introduction of water-saving technologies and
efficient water-use practices, including low-flow
irrigation systems. Shrestha et al. (2021) indicated
that DSM practices can significantly reduce the
consumption of water by irrigation systems, freeing
up more water for other uses.

Operating Rules That Are Flexible: The operating
of dams, considering the alteration of climatic
conditions, must be flexible regarding hydrological
pattern alterations. It also calls for a change in water
storage strategies, as well as the application of
dynamic operational rules, facilitated by real-time
hydrological data. Indeed, Grafton et al. (2017)
have stressed that adaptive water management
strategies urgently allow for long-term climate
trends to incorporate short-term weather variability.

Policy and Governance

Policies:  The
engage in the development of rules focusing on
climate resilience in all the water infrastructures.

Climate-Resilient policymakers

Some policies should involve the incorporation of
projections  about climate change during
infrastructural planning and design. According to
et al. (2021), climate-resilient,
frameworks can enable

water
better
adaptability in water infrastructural development

Biswas
governance

that may sustain under further altered climate
conditions.

Stakeholder Participation: Engaging communities,
governments, and private sectors through decision-
making channels is an indispensable ingredient in
achieving adaptation. With collaborative
governance, there is more understanding of what

others need and consider important. According to
Pahl-Wostl et al. (2017), one sure way to make
decisions related to water management effective,
efficient, and equitable is to involve stakeholders.
Funding and Investment: Adequate funding and
investment are needed for the effective
implementation of adaptive
Governments, private investors, and international
organizations need to invest in research, innovation,
and building climate-resilient infrastructure.
According to the World Bank (2020), financial
investments in water infrastructure systems are
fundamental to achieving resilience.

measures.

Advanced Monitoring and Early Warning
Systems

Investing in Real-Time Monitoring Systems: EWSs
and predictive models are critical to advance the
management of dam operations proactively in
Real-time monitoring
systems enable operators to quickly identify and
respond to emerging threats, hence ensuring the
safety of infrastructure and communities. Xu et al.

extreme weather events.

2021 have shown how integrating remote sensing
technologies with real-time data collection could
greatly enhance early warning capability for flood
management in dam systems.

Sediment Management

Sediment Management Practices: Reservoir
sedimentation is among the important concerns for
most dam operations, as it reduces storage capacity
and degrades water quality. Sediment management
techniques include periodic dredging, sediment
bypass systems, and upstream erosion control that
can be done to mitigate sedimentation. Rizvi et al.
(2019) indicated that sediment management in
very
functionality and extending their operational life.

Afforestation and Soil Conservation: Afforestation

reservoirs  is important in maintaining

and other sustainable land management practices in
upstream catchments can reduce sediment inflow
into the reservoirs. Wang et al. (2020) found that
afforestation programs in catchment areas can have
a significant positive impact on sedimentation rates,
improving the overall health of water reservoirs.

© 2022 JSI, Universitas Pertamina
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Renewable Energy Integration

Integrating Renewable Energy Sources: Integration
of renewable energy sources such as solar and wind
with hydropower generation could ensure better
energy security and resilience. This hybrid approach
reduces dependence on fluctuating water resources,
hence assuring a steady supply of energy during
drought periods. Varga et al. 2021, proved that a
hybrid of hydropower plants with solar and wind
energy resources may provide a more reliable and
resilient energy grid, especially in areas more prone
to the effects of climate change.

Case Studies of Adaptation of Dams
Infrastructure to Climate Change

1. Three Gorges Dam, China

Challenges: The Three Gorges Dam is one of the
most ambitious hydropower undertakings in the
world and has challenges such as increased
sedimentation in the reservoir and fluctuating water
levels downstream due to changes in precipitation,
particularly during the monsoon season. These
reduce the storage capacity of the reservoir and
have consequences on hydropower generation and
the amount of water available for various uses in the
downstream reaches of the river.

Adaptations:
Government

Sediment
authorities

Management: Chinese
have enforced better
sediment management methods, such as sediment
flushing, that help in removing the gained sediments
from the reservoir. This assists in maintaining
storage capacity and minimizes the adverse effects
on hydropower generation. Zhao et al., 2021 add
that sediment flushing used in Three Gorges Dam
helps maintain the reservoir capacity and curbs the
sedimentation effect that had affected the normal
operations of the dam.

Improved flood control practices are revised to
account for the rising extreme weather events in the
face of climate change. With an improved collection
of real-time data and advanced hydrological
models, flood risks could be forecast more
accurately, and timely adjustments can be made in
water release operations accordingly.

[
k Journal of
Sustainable
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2. Hoover Dam, USA

Challenges: Extended droughts, to which climate
change is a contributing factor, diminish the inflow
of the Hoover Dam on the Colorado River. Lake
Mead-the reservoir behind the dam-has suffered a
dramatic loss in water levels due to decreased
precipitation and increased evaporation.
Hydropower generation and water provided for
irrigation and municipal use are both affected as this
inflow reduction continues in the southwestern
United States.

Adaptations:  Water-Saving  Measures:  The
introduction of advanced water-saving measures
includes the promotion of efficient irrigation
technologies and reduced allocations of water
supplies to non-essential uses because of water
shortages. According to McDonald et al. (2020), the
adoption of water-saving irrigation systems drip and
micro-sprinkler technologies has been imperative in
cutting down water demands from the dam.
Stakeholder Collaboration: The operators of the
dam have been working in close collaboration with
state and local stakeholders, including water
managers and agricultural communities, to establish
a more equitable system for distributing water. This
includes prioritizing water for essential needs and
managing agricultural water use more efficiently.
Collaborative governance has been important in
balancing water needs among different sectors and
states in the Colorado River Basin.

3. Aswan High Dam, Egypt

Challenges include variability in the flow of the
Nile River, increased rates of evaporation with
higher temperatures, and changed rainfall patterns.
The dam was designed to regulate the flow of the
Nile and hence provide irrigation water; however,
the increasing variability of the river's flow is
making the management of effective water storage
quite challenging.
Adaptations: Regional Agreements on Water
Sharing: This country, due to the challenges of
fluctuating river flow, has made several attempts to
create regional agreements on water sharing with
other Nile Basin countries. This will ensure that
there is equitable sharing of the river water as every
country both upstream and downstream will have

adequate water. Elshinnawy et al. (2020)
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emphasized these agreements to ensure cooperation
is attained with minimal conflict on water resources.
Investment in Water-Saving Technologies: The
immense investment by Egypt in water-saving
irrigation technologies has helped raise the water
use efficiency in agriculture. Techniques used
include drip irrigation and sprinkler systems. These
modern technologies reduce the impacts of scarce
water and reduce dependency on the fluctuating
flow of the Nile.

4. Kariba Dam, Zambia/Zimbabwe

Challenges: Kariba Dam on the Zambezi River has
faced fluctuating water levels due to reduced
rainfall and increased evaporation. The dual
purpose of this dam for hydropower and regulation
of water for irrigation and domestic use further
complicates the problem faced by this dam.
Adaptations: Diversification of hydropower: the
governments of Zambia and Zimbabwe have been
trying to diversify their energy resources against the
volatility of water supply. Solar and wind power
were proposed as alternatives to hydropower.
Chikozho et al. (2021) suggested that integrating
renewable energy into the operation of the dam
could offer a resilient energy system amid
fluctuating hydrological conditions.

Improved Water Resource Management: Better
monitoring and forecasts have enabled more
flexible and adaptive operation of dams. For
example, this is being done by shifting the water
release schedules to changes in the availability of

water.
5. Itaipu Dam, Brazil/Paraguay
Challenges: Changing rainfall and drought

conditions are affecting the Parana River Basin,
home to one of the world's largest hydroelectric
plants, the Itaipu Dam. With longer dry periods, the
water level in the reservoir has gone down, which in
turn affects generation capacity.

Adaptations: Smoothing the Effects of Reduced
Inflow: The Itaipu Dam has been adopting flexible
water management policies, revising the schedules
of water release, and acting in concert with other
dams in the region. Lima et al. (2020) demonstrated
that such optimization of water management and
operational strategies has helped assure the
maximization of power generation during periods of
drought.

Investment in Water Efficiency Technologies: The
dam operators invest in technologies that reduce the
usage of water in power generation processes, such
as turbines of higher efficiencies and better cooling
systems to minimize evaporation losses.

1. Research Gaps and Future Directions for Dam
Infrastructure and Water Resource
Management

Predictive Modeling: The development of high-
order climate models for more reliable predictions
of future regional hydrological alterations
Knowledge Gap: The main limitation to adapting
the dam infrastructure to climate change is the lack
of accurate, region-specific hydrological forecasts.
Current climate models often fail to capture the
complexity of local hydrological changes, including
precipitation patterns, temperature fluctuations, and
extreme weather events, which are crucial for
managing dam operations effectively.

Future Direction: Future studies should be done to
enhance predictive modeling capabilities for more
effective climate predictions on a regional scale.
This will involve refining hydrologic models that
couple climate data with current observations,
developing better data-gathering techniques such as
the use of satellite and remote-sensing data, and
application of climate change scenarios on how
such situations may affect dam operations. With this
enhancement in the predictive capability, the
operators of dams will be better prepared to plan for
future hydrological variability, such as seasonal
changes in flow patterns, drought conditions, and
flood risks. Research should also address how these
predictive models can be combined with decision-
support tools to drive real-time operational
strategies.

Relevant Citation: Xu et al. (2021) showed that the
incorporation of machine learning methods with
hydrological
predictions

models provides more accurate
on water availability in changing
climates and thus more operational guidance for
dam management.
2. Material Innovations: Resilient Construction
Materials against Extreme Weather Conditions
Knowledge Gap: The conventional construction
materials used in dam infrastructure may not be
resilient enough to handle the rise in extreme
weather events due to climate change. There is an
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increasing demand for new types of much more
resistant materials to flooding, temperature
extremes, and other environmental stressors.

Future direction: Basic materials research is
necessary for the development of construction
materials that will be resilient against stresses due to
weather events as affected by climate. This calls for
the use of high-performance concrete, corrosion-
resistant alloys, and self-healing materials in
infrastructure to maintain their integrity under
extreme conditions. Furthermore, the research
spotlight has to be focused on the development of
materials with a minimal environmental footprint.
Future studies may, for example, be supported by
whether nanotechnology can play a role in
improving the strength and durability of dam
infrastructure.

Relevant Citation: Nguyen et al. (2020) explored
advanced composite materials and self-healing
concrete for hydraulic infrastructure resilience in
extreme weather conditions.

3. Ecosystem-Based Approaches:
Complementing traditional dam operations with
nature-based solutions such as reforestation and
wetland restoration.

Research Gap: Traditional operation of dams
focuses more on engineering solutions to manage
water flow, with minimal emphasis on how such
operations might affect the ecosystem. There is a
growing need to integrate ecosystem-based
approaches to better enhance the resilience of dams
and mitigate the negative impacts of sedimentation,
habitat loss, and degradation of water quality.
Future Direction: Further research is needed to
study the potential of nature-based solutions in
complementing  the operations of dams.
Reforestation in upstream catchments, wetland
restoration, and the preservation of riparian
ecosystems can enhance water quality and reduce
sedimentation, among other co-benefits, such as
biodiversity conservation and carbon sequestration.
Research is also needed to quantify how such
ecosystem-based approaches,
based solutions, improve overall sustainability
related to dam operations. Integration of NBS with

including nature-

traditional infrastructure might eventually provide
holistic, resilient water management systems.

Relevant Citation: Seddon et al. (2020) have
identified the potential of ecosystem-based
approaches in reducing the environmental footprint
of large infrastructure projects, including dams,
through improving water quality and riverbank
stabilization.

4. Cross-Border Collaboration: Promoting
International Cooperation for Transboundary
Water Resource Management

Research Gap: Many large dams are located in
transboundary river basins, where water resources
are shared between multiple countries. Managing
these resources requires strong cooperation and
coordination among nations. However, political,
legal, and technical barriers often hinder effective
collaboration, especially in regions facing water
scarcity and geopolitical tensions.

Future Direction: Future research should focus on
improving frameworks for
transboundary water management. This involves the
study of legal and institutional mechanisms that
could foster cooperation among riparian states.
Research should look into novel ways of conflict
resolution, such as joint agreements on the sharing

governance

of water, joint management committees, and
equitable distribution of water resources. Besides,
climate change is likely to increase tension over the
allocation of water, thus making it even more urgent
to devise mechanisms that would foster trust and
cooperation among countries. Furthermore, there is
a need for research into the role that international
organizations can play in promoting cross-border
water governance and strengthening diplomatic
relations in achieving water security.

Relevant Citation: Pahl-Wostl et al. (2019)
discussed the need for international cooperation in
managing transboundary water resources given
climate change and identified the main challenges
and opportunities likely to enhance cross-border
collaboration.

Summary of Future Research Directions:
Predictive Modeling: Enhancing regional climate
and hydrological forecasts to inform adaptive
management of dam operations.
Material Innovations: To develop
sustainable construction materials considering the
rising intensity of extreme weather events.

resilient,
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Ecosystem-Based Approaches: Explore
ecosystem-based measures, such as reforestation
and restoration of wetlands, that could supplement
traditional ways of operating dams for better
ecological sustainability.

Cross-Border Cooperation: Improved
international cooperation based on good governance
and conflict resolution mechanisms in dealing with
transboundary water resources.

Conclusion and Recommendations

Conclusion

This review highlights the urgent need to adapt dam
infrastructure and water resource management to
the escalating challenges posed by climate change.
Dams are integral to providing water security,
hydropower, and flood control; however, they face
significant risks from altered hydrological cycles,
increased sedimentation, structural vulnerabilities,
and operational inefficiencies. The study identifies
key adaptive strategies, including retrofitting and
reinforcing infrastructure, implementing advanced
monitoring  systems, integrating nature-based
solutions, and adopting flexible operational policies.
The analysis of case studies—such as the Three
Gorges Dam, Hoover Dam, and Aswan High
Dam—demonstrates the effectiveness of practical
measures to mitigate sedimentation, manage
drought, and address fluctuating water levels.

Future research must focus on enhancing predictive
modeling to anticipate hydrological variability,
developing resilient construction materials, and
fostering cross-border cooperation to manage
transboundary water resources. These efforts are
critical to ensuring the sustainable functionality of
dam infrastructure and water systems amidst
evolving climatic conditions.

Recommendations
1. Policy Development: Develop and
implement climate-resilient water

governance frameworks to integrate long-
term climate projections into the design,
construction, and operation of dam
infrastructure. Establish flexible policies
that account for hydrological variability and
encourage adaptive water management
strategies.

Technological Advancements: Invest in
advanced  monitoring  systems  and
predictive modeling tools to enhance real-
time data acquisition and inform decision-
making processes for dam safety and water
management. Research and  adopt
innovative construction materials, such as
high-performance concrete and corrosion-
resistant alloys, to enhance the durability of
dams under extreme weather conditions.
Integrated Management Approaches:
Implement Integrated Water Resource
Management (IWRM) practices to optimize
water use efficiency while addressing
environmental and socioeconomic factors.
Adopt effective sediment management
techniques, including sediment flushing,
dredging, and afforestation in upstream
catchments, to maintain reservoir capacity
and water quality.

Nature-Based Solutions: Promote
ecosystem-based approaches, such as
wetland restoration, reforestation, and
riparian buffer zones, to complement
traditional dam operations and enhance
sustainability. Encourage the integration of
nature-based  solutions to  mitigate
sedimentation, improve water quality, and
support biodiversity conservation.
Cross-Border Cooperation: Strengthen
international agreements and collaborative
governance  frameworks to  manage
transboundary water resources effectively
and equitably. Facilitate knowledge-sharing
and joint initiatives among riparian states to
address shared challenges and promote
regional stability.

Community and Stakeholder
Engagement: Actively involve local
communities, governments, and private
stakeholders in decision-making processes
to ensure inclusive and sustainable water
resource management. Foster public
awareness campaigns to educate
stakeholders about the importance of
climate-resilient water management.
Funding and Investment: Secure adequate
funding for research, innovation, and the
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implementation of climate-resilient
measures, leveraging  support  from
governments, private investors, and
international ~ organizations.  Prioritize
investments in  renewable energy
integration, such as hybrid systems

combining hydropower with solar and wind
energy, to reduce reliance on fluctuating
water resources

References

Biswas, A. K., et al. (2021). "Climate Resilient
Water Governance Frameworks." International
Journal of Water Resources Development,
37(4), 532-549.

Brown, C., Ghile, Y., Laverty, M., et al. (2012).

scaling:  Linking  bottom-up
vulnerability analysis with climate projections
in the water sector. Water Resources Research,
48(9).

Chikozho, C., et al. (2021). "Diversifying Energy
Systems: A Case Study of the Kariba Dam."
Renewable Energy Review, 28(2), 121-130.

Elshinnawy, M., et al. (2020). "Water Sharing
Agreements in the Nile Basin." International

Decision

Journal of Water Resources Development,
36(4), 545-560.

Gleick, P. H. (2014). Water, Drought, Climate
Change, and Conflict in Syria. Weather,
Climate, and Society, 6(3), 331-340.

Grafton, R. Q., et al. (2017). "Adapting Water
Management to Climate Change: The Role of
Flexible Operating Rules." Water Resources
Research, 53(5), 3876-3892.

IPCC. (2021). Climate Change 2021: The Physical
Science Basis. Contribution of Working Group
I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change.

Jha, A. K., et al. (2016). "Retrofitting Dams for
Climate Resilience." Journal of Hydraulic
Engineering, 142(7), 04016032.

Kundzewicz, Z. W., & Stakhiv, E. Z. (2010). Are
dams out of date? Journal of Water Resources
Planning and Management, 136(2), 297-305.

Lehner, B., Liermann, C. R., Revenga, C., et al.
(2011). High-resolution mapping of the world's
reservoirs and dams for sustainable river-flow

management. Frontiers in Ecology and the
Environment, 9(9), 494-502.

Lima, J. S., et al. (2020). "Optimizing Water
Management at Itaipu Dam." Energy Policy,
145, 111617.

McDonald, J., et al. (2020). "Water-Saving
Technologies at Hoover Dam." Water
Resources Management, 34(6), 1965-1980.

Mekonnen, A., et al. (2022). "Sediment
Management in Hydropower Dams: The Case
of FEthiopia." Hydrology and Earth System
Sciences, 26(1), 23-36.

Nguyen, M. T., et al. (2020). "Innovations in
Resilient ~ Construction ~ Materials for
Hydroelectric Infrastructure."  Materials
Science and Engineering Journal, 32(4), 145-
160.

NHESS. (2020). Climate Impacts on Dams and
Hydropower Systems. Natural Hazards and
Earth System Sciences, 20(4), 1021-1035.

Pahl-Wostl, C., et al. (2017). "Stakeholder
Engagement in  Water  Management."
Environmental Science & Policy, 75, 30-38.

Pahl-Wostl, C., et al. (2019). "Transboundary Water
Management and Climate Change: Challenges
and  Opportunities for  Cooperation."
Environmental Science and Policy, 101, 78-88.

Poff, N. L., & Zimmerman, J. K. (2010). Ecological
responses to altered flow regimes: A literature
review to inform environmental flows science
and management. Freshwater Biology, 55(1),
194-205.

Pokhrel, Y. N., Hanasaki, N., Wada, Y., et al
(2016). Modeling large-scale human alteration
of land surface hydrology and climate.
Geophysical Research Letters, 43(3), 1148-
1156.

Rizvi, A. A., et al. (2019). "Sediment Management
for Sustainable Dam Operations." Journal of
Water Resources Planning and Management,
145(5), 04019022.

Rogers, P., et al. (2018). "Integrated Water
Resource Management: Theory and Practice.”
Water International, 43(4), 505-520.

Seddon, N., et al. (2020). "Nature-Based Solutions
for  Water Infrastructure: Enhancing
Sustainability —and  Resilience."  Global
Environmental Change, 63, 102082.

© 2022 JSI, Universitas Pertamina
Climate change impact on dam infrastructure and
Water Resource

10



[
Journal of
Sustainable
Volume 4 No. 1 Infrastructure

Shrestha, R., et al. (2021). "Demand-Side
Management in Irrigation Systems." Water
Resources Management, 35(8), 2655-2668.

Varga, L., et al. (2021). "Hybrid Renewable Energy
Systems for Enhancing Energy Resilience."
Renewable Energy, 165, 1217-1232.

Vorosmarty, C. J., Mclntyre, P. B., Gessner, M. O.,
et al. (2010). Global threats to human water
security and river biodiversity. Nature,
467(7315), 555-561.

Wang, X., et al. (2020). "Advanced Monitoring and
Early Warning Systems for Dam Safety."
Natural Hazards Review, 21(3), 04020018.

World Bank. (2020). "Building Climate-Resilient

Infrastructure." World Bank Group Report,

102-110.

Y., et al. (2021). "Real-Time Monitoring for

Flood Risk Management in Dams."

Environmental Monitoring and Assessment,

193(7), 463-475

Xu, Z., et al. (2021). "Improving Hydrological
Predictions with Machine Learning Models:
Implications for Water Resource
Management." Hydrology and Earth System
Sciences, 25(8), 3350-3365

Zarfl, C., Lumsdon, A. E., Berlekamp, J., et al.
(2015). A global boom in hydropower dam
construction. Aquatic Sciences, 77(1), 161-170.

Zhao, J., et al. (2021). "Sediment Management at
the Three Gorges Dam." Hydrology and Earth
System Sciences, 25(8), 3301-3315

Xu

-

© 2022 JSI, Universitas Pertamina
Climate change impact on dam infrastructure and
Water Resource



