
  

 

 

Climate impacts on water reservoirs and coastal processes:  

Integrating big data, physically based modeling and remote sensing 
 

 

 

Dissertation (cumulative) approved by the 

Doctoral Degree Committee of 

Hamburg University of Technology 
in pursuit of the academic degree of 

 

 

Doktor-Ingenieur (Dr.-Ing.) 
 

 

 

written by 

HANNES NEVERMANN 

 
from 

Grevesmühlen 

 
 

 

 

 

2026 
 



 

 

1. Examiner:     Prof. Dr. Nima Shokri  
2. Examiner:     Prof. Dr. Simon Papalexiou 
Chair of Examination Board:  Prof. Dr.-Ing. habil. Prof. E.h. Dr. h.c. Stefan Heinrich 
 
Date of Thesis Defense: February 23. 2026 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DOI:   https://doi.org/10.15480/882.16796 
ORCID:  https://orcid.org/0000-0002-6198-8564 
  
Creative Commons License Agreement 

The text is licensed under the Creative Commons Attribution 4.0 (CC BY NC 4.0) license 
unless otherwise noted. This means that it may be reproduced, distributed and made publicly 
available provided that the author, the source of the text and the abovementioned license are 
always mentioned. The exact wording of the license can be accessed at 
https://creativecommons.org/licenses/by-nc/4.0/legalcode  



  

ACKNOWLEDGEMENTS 

I would like to express my sincere gratitude to my supervisor Prof. Dr. Nima Shokri 

for his guidance, critical feedback, and continuous support throughout my doctoral studies. 

His expertise and supervision have been essential to the completion of this work. I also thank 

Dr. Milad Aminzadeh for his scientific input, valuable discussions, and steady support during 

the course of my research. I am grateful to my wife Marie for her patience and support during 

this time, which allowed me to focus on my work. I extend my thanks to my parents and 

grandparents for their encouragement and for supporting me throughout my education. 

Finally, I would like to thank my colleagues and collaborators for the stimulating discussions 

and the pleasant working environment   



 

  



  

ABSTRACT 

Hydrological systems are highly dynamic, shaped by the complex interplay of 

atmospheric and climatic conditions and they, in turn, profoundly influence the environment. 

This dissertation investigates the bidirectional interaction between climate and water 

systems, employing an interdisciplinary approach that integrates big data analytics, 

physically-based modeling and remote sensing. By analyzing diverse hydrological systems 

across different scales and geographical contexts, this work contributes to understanding how 

atmospheric variability drives changes in hydrological systems and their subsequent 

environmental impacts.  

The first study examines the inland migration of coastal wetlands under projected sea 

level rise (SLR). It highlights the challenges posed by human-made barriers that inhibit 

natural wetland adaptation, leading to noteworthy ecosystem loss, particularly in regions like 

the Wadden Sea. This work underscores the necessity of considering both natural and 

anthropogenic constraints in climate adaptation strategies. 

The second study explores land loss implications of SLR along Colombia's coasts, 

under various climate change scenarios. It identifies socio-economic and environmental 

vulnerabilities in regions at risk, emphasizing the compounded challenges faced by coastal 

communities due to rising seas and extreme weather events. The findings call for targeted 

policies that address local and regional dynamics in mitigating the effects of climate change. 

The third study focuses on evaporation dynamics in the largest reservoirs located in 

water-stressed regions. By employing a physically-based modeling framework combined 

with remote sensing data, the study quantifies evaporative losses and their implications for 

water management. It provides actionable insights into optimizing reservoir operations to 

reduce water loss and sustain ecological and hydrological balance in a warming climate. 

The fourth study narrows in on the Helmand River Basin shared by Afghanistan and 

Iran, where reservoir evaporation interacts with regional scarcity and transboundary tensions. 

By combining satellite observations with hydrological modeling, the research demonstrates 

how evaporative losses influence basin-scale water balances, contribute to atmospheric 

moisture recycling, and intensify political challenges between riparian states. 



 

Together, these studies reveal the intricate interdependencies between climate 

systems and water bodies, offering a comprehensive framework to predict, analyze and 

mitigate the impacts of climatic variability. This work not only advances scientific 

understanding but also informs policy, management and governance strategies essential for 

addressing global water and environmental challenges. 

  



  

ZUSAMMENFASSUNG 

Hydrologische Systeme sind äußerst dynamisch und werden durch das komplexe 

Zusammenspiel von atmosphärischen und klimatischen Bedingungen geformt, wobei sie 

ihrerseits die Umwelt maßgeblich beeinflussen. Diese Dissertation untersucht die 

wechselseitigen Interaktionen zwischen Klima- und Wassersystemen und verfolgt dabei 

einen interdisziplinären Ansatz, der Big-Data-Analysen, physikalisch basierte Modellierung 

und Fernerkundung integriert. Durch die Analyse vielfältiger hydrologischer Systeme über 

unterschiedliche Skalen und geografische Kontexte hinweg trägt diese Arbeit dazu bei, 

besser zu verstehen, wie atmosphärische Variabilität Veränderungen in hydrologischen 

Systemen antreibt und welche Auswirkungen diese auf die Umwelt haben. 

Die erste Studie untersucht die Landmigration von Küstenfeuchtgebieten infolge des 

prognostizierten Meeresspiegelanstiegs (SLR). Sie beleuchtet die Herausforderungen, die 

durch menschengemachte Barrieren entstehen, welche die natürliche Anpassung von 

Feuchtgebieten verhindern und zu erheblichen Verlusten von Ökosystemen führen, 

insbesondere in Regionen wie dem Wattenmeer. Diese Arbeit unterstreicht die 

Notwendigkeit, sowohl natürliche als auch anthropogene Einschränkungen in 

Klimaanpassungsstrategien einzubeziehen. 

Die zweite Studie erforscht die Auswirkungen des Meeresspiegelanstiegs auf 

Landverluste entlang der kolumbianischen Küsten unter verschiedenen 

Klimawandelszenarien. Sie identifiziert sozioökonomische und ökologische 

Verwundbarkeiten in gefährdeten Regionen und hebt die vielfachen Herausforderungen 

hervor, denen Küstengemeinden durch steigende Meeresspiegel und extreme 

Wetterereignisse ausgesetzt sind. Die Ergebnisse plädieren für gezielte politische 

Maßnahmen, die lokale und regionale Dynamiken berücksichtigen, um die Auswirkungen 

des Klimawandels zu mindern. 

Die dritte Studie konzentriert sich auf die Dynamik der Verdunstung in den größten 

Stauseen, die sich in wasserarmen Regionen befinden. Mithilfe eines physikalisch basierten 

Modellierungsrahmens in Kombination mit Fernerkundungsdaten quantifiziert sie 

Verdunstungsverluste und deren Auswirkungen auf das Wassermanagement. Die Studie 

liefert praxisorientierte Erkenntnisse zur Optimierung des Stauseemanagements, um 



 

Wasserverluste zu minimieren und das ökologische und hydrologische Gleichgewicht in 

einem sich erwärmenden Klima zu erhalten. 

Die vierte Studie richtet den Blick auf das Helmand-Flusseinzugsgebiet, das zwischen 

Afghanistan und Iran geteilt wird. Hier wird gezeigt, wie Stauseeverdunstung nicht nur die 

lokalen Wasserbilanzen beeinflusst, sondern auch transnationale Spannungen verschärfen 

kann. Durch die Kombination von Satellitenbeobachtungen mit hydrologischer Modellierung 

verdeutlicht die Untersuchung, dass Verdunstungsverluste sowohl wasserwirtschaftliche als 

auch geopolitische Implikationen haben und zudem durch atmosphärische Rückkopplungen 

über die Beckenränder hinauswirken. 

Zusammen offenbaren diese Studien die komplexen Wechselwirkungen zwischen 

Klima- und Wassersystemen und bieten einen umfassenden Rahmen, um die Auswirkungen 

klimatischer Variabilität vorherzusagen, zu analysieren und zu bewältigen. Diese Arbeit 

leistet nicht nur einen wissenschaftlichen Beitrag, sondern liefert auch entscheidende Impulse 

für Politik-, Management und Governance-strategien zur Bewältigung globaler und 

grenzüberschreitender Wasser- und Umweltprobleme.
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1. Introduction 

1.1. Research Gaps 

Hydrological systems, being central to global water cycles, are increasingly under strain from 

anthropogenic influences and a changing climate, which have cascading effects on 

ecosystems, societies and economies (Haddeland et al., 2014; Intergovernmental Panel On 

Climate Change (Ipcc), 2023). These pressures manifest through altered precipitation 

patterns, intensified droughts and increased frequency of extreme weather events, 

significantly impacting water availability and quality (Intergovernmental Panel On Climate 

Change (Ipcc), 2023; Vörösmarty et al., 2010). Changes in precipitation regimes and the 

hydrological cycle disrupt ecosystems, agricultural productivity and water resource 

management, creating complex challenges for both developed and developing regions (Poff 

et al., 2007; Rockström et al., 2009). While progress has been made in understanding the 

implications of these changes, critical gaps remain in hydrological research, hindering 

effective adaptation and mitigation strategies (Granata and Di Nunno, 2025; Wang and Li, 

2025).  

Hydrological systems operate across spatial and temporal scales, yet existing research often 

focuses on either localized impacts or global trends, neglecting the interconnected dynamics 

between these scales. Recent studies highlight the lack of comprehensive approaches that 

integrate local hydrological data with global climatic drivers to fully understand cascading 

impacts. Granata and Di Nunno, 2025, for instance, investigate hydrological resilience 

strategies under extreme events, emphasizing the need for multi-scale models that link global 

climate projections with localized flood and drought data. Mehmood and Rathnayake, 2025 

extend this discussion by examining agricultural vulnerabilities in the Lower Mekong Basin, 

identifying the disconnect between regional hydrology and global climatic phenomena, such 

as El Niño-Southern Oscillation (ENSO), which complicates effective adaptation. While 

these studies underline the importance of scale integration, actionable frameworks to 

operationalize such models across diverse regions remain lacking. Developing these 

frameworks is critical to ensuring locally adaptive yet globally informed solutions to 

hydrological challenges. These findings underscore the underutilization of interdisciplinary 
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methodologies that combine hydrological modeling with socio-economic and ecological 

assessments, leaving a gap in actionable, multi-scale insights. 

Coastal wetlands provide vital ecosystem services, such as biodiversity support, carbon 

sequestration, and coastal protection. However, wetlands face dual pressures from sea level 

rise (SLR) and human-made barriers that limit their adaptive migration potential. Recent 

work suggests that existing models inadequately account for the interaction between natural 

processes and anthropogenic interventions. Srivastava et al., 2025 review hydrological 

modeling techniques and highlight the limitations of current frameworks in predicting 

wetland responses under SLR, particularly in urbanized regions where physical barriers 

prevent inland migration. The IPCC (Intergovernmental Panel on Climate Change (IPCC), 

2023) emphasizes the need for region-specific studies that integrate topographical, ecological 

and socio-economic variables, enabling tailored conservation strategies. These insights 

reveal an urgent need for hybrid approaches that incorporate both natural restoration efforts 

and engineered solutions, such as managed retreat or floodgate systems, to sustain wetland 

ecosystems under future climate scenarios. 

SLR significantly impacts coastal communities, particularly in low- and middle-income 

countries where socio-economic vulnerabilities exacerbate environmental risks. Studies such 

as Siddik, 2025 highlight the limited availability of region-specific socio-economic data 

needed to design adaptive policy frameworks. For example, the study examines how SLR 

affects agricultural and fishing communities in South Asia, revealing gaps in the integration 

of local economic data into broader climate models. Alasan et al., 2024 expand on this by 

emphasizing the challenges faced by resource-constrained regions in the Global South, where 

adaptation strategies must account for cultural and economic factors unique to the area. More 

broadly, research into socio-economic dimensions of SLR has yet to comprehensively 

address compounding stressors, such as urbanization, poverty and extreme weather events. 

Addressing these intersections is crucial for developing inclusive adaptation frameworks. 

These gaps hinder the development of inclusive strategies to protect the most vulnerable 

populations. 

Reservoirs are critical infrastructures for water storage, power generation and flood control, 

particularly in arid and semi-arid regions. However, evaporative losses, driven by climatic 

and operational factors, are often oversimplified in existing hydrological models. Granata 
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and Di Nunno, 2025 propose integrating physically-based models with high-resolution 

remote sensing data to improve the accuracy of evaporation loss estimates. Likewise, recent 

advances demonstrate how remote sensing can support such efforts: long-term monitoring of 

reservoir surface dynamics has been achieved with Landsat imagery (Liu et al., 2021), and 

novel machine learning methods have been introduced for consistent global reservoir 

detection and monitoring (Soesbergen et al., 2022). Beyond technical aspects, recent case 

studies reveal that evaporation also carries transboundary and political dimensions, as losses 

from shared reservoirs can fuel tensions between riparian states (Hossen et al., 2023). At the 

same time, research shows that reservoir evaporation contributes to atmospheric moisture 

recycling, redistributing water beyond basin boundaries and linking local management 

decisions to regional hydroclimatic patterns (Keys et al., 2012). While these developments 

are promising from a technological standpoint, practical barriers to implementing such 

techniques, including cost and technical expertise in water-stressed regions, require further 

exploration. Addressing these challenges is key to translating theoretical advances into real-

world applications. These studies highlight the potential for improved methodologies to 

enhance water resource management in regions facing acute water scarcity. 

Despite significant progress in hydrological science, translating research findings into 

actionable policy frameworks remains limited. Ng et al., 2024 identify a lack of collaboration 

between researchers and policymakers, which results in strategies that fail to balance socio-

economic realities with hydrological data. Their study, focusing on eco-geotechnics under 

climate change, recommends stakeholder-inclusive approaches to co-create policies that 

reflect both environmental and societal needs. Such co-creation processes could further 

benefit from the integration of scenario planning tools, which enable policymakers to 

evaluate trade-offs between different hydrological and socio-economic outcomes. Bridging 

this gap will require interdisciplinary collaboration and the development of tools that connect 

scientific findings with decision-making processes. 

Hydrological systems are increasingly subject to compound climate extremes, such as 

concurrent droughts and heatwaves or sequential floods. These phenomena exacerbate 

vulnerabilities, but current research does not sufficiently explore their mechanisms or multi-

scale impacts. Srivastava et al., 2025 emphasize the need for innovative modeling approaches 

capable of simulating interactions between different extreme events. For example, their work 
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demonstrates how hydrological cycles can amplify the impacts of sequential climate 

extremes, creating feedback loops that intensify vulnerabilities across scales. Expanding 

these models to capture interactions between compound extremes and socio-economic 

systems, such as impacts on food production and urban resilience, would significantly 

enhance their utility for adaptation planning. These findings stress the importance of 

integrating multi-event scenarios into future hydrological models. 

This dissertation addresses these research gaps by employing an integrative and 

interdisciplinary framework that combines big data analytics, physically-based modeling and 

remote sensing across diverse hydrological systems and geographical contexts. By exploring 

the dynamics of water systems under various climatic and anthropogenic pressures, this work 

seeks to provide actionable insights that support sustainable water management and climate 

adaptation strategies. 

1.2. Objectives 

The primary scientific goal of this dissertation is to investigate the complex interactions 

between climate systems and hydrological processes in order to address the critical 

challenges of a changing climate and its multiple impacts on water systems and ecosystems. 

This research aims to contribute to a deeper understanding of these phenomena through an 

interdisciplinary framework that integrates big data analytics, physics-based modeling and 

remote sensing. The specific objectives of the research are described below: 

1. Investigating the interactions between climate variability and hydrological systems: 

Climate variability plays a key role in shaping hydrological systems, which, in turn, influence 

environmental and socio-economic conditions. This dissertation aims to explore the 

bidirectional interplay between atmospheric dynamics and hydrological processes to uncover 

the mechanisms driving these changes. By analyzing diverse hydrological systems across 

different geographical and temporal scales, the research seeks to provide a general 

understanding of how climatic fluctuations influence water systems and their subsequent 

effects on the environment.  

2. Assessing the adaptation and vulnerability of coastal wetlands to sea level rise (SLR): 
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Coastal wetlands are among the most vulnerable ecosystems to climate-induced sea level 

rise, providing critical ecological functions such as carbon sequestration, biodiversity 

preservation and coastal protection. This research focuses on the inland migration potential 

of coastal wetlands and the constraints posed by both natural and human-made barriers, such 

as urban infrastructure and protective dikes. Special attention is given to regions like the 

Wadden Sea, one of the world’s largest coastal wetland systems, where human-made barriers 

restrict the natural adaptation of wetlands. The objective is to delineate the implications of 

these constraints and propose adaptive strategies to mitigate ecosystem loss. 

3. Quantifying the socio-economic and environmental impacts of land loss due to SLR: 

Sea level rise poses significant challenges for coastal communities, threatening 

infrastructure, livelihoods and ecosystems. This research investigates the scale of potential 

land loss along Colombia’s Caribbean and Pacific coasts under different climate change 

scenarios. By assessing the socio-economic and environmental vulnerabilities in these 

regions, this study aims to identify the compounded risks faced by coastal populations. The 

findings will contribute to targeted policy recommendations that address both local and 

regional dynamics, supporting resilience-building in the face of rising seas and extreme 

weather events. 

4. Analyzing evaporative losses in large reservoirs in water-stressed regions: 

Large-scale reservoirs are critical infrastructures for multiple purposes, including water 

storage and supply, hydropower generation, flood control, irrigation and even supporting 

aquatic ecosystems. In arid and water-stressed regions, they serve as essential buffers against 

water scarcity, ensuring the availability of freshwater for drinking, agriculture and industrial 

use, while also playing a key role in energy production and transport systems. However, 

evaporative losses from reservoirs are often overlooked, leading to inefficiencies in water 

management and reduced operational effectiveness. This research employs a physically-

based modeling framework, complemented by remote sensing data, to quantify evaporation 

rates and identify their driving factors in some of the world’s largest reservoirs. By enhancing 

understanding of evaporative losses and their implications, this study aims to support the 

development of informed strategies and frameworks that can aid in optimizing reservoir 

performance and promoting sustainable water management under a changing climate. 
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5. Examining transboundary and atmospheric implications of reservoir evaporation: 

Reservoir evaporation has greater implications than issues at the basin level. Afghanistan and 

Iran are two examples of how losses can worsen political tensions between upstream and 

downstream riparian governments in shared river basins. Evaporation also plays a role in the 

recycling of atmospheric moisture, therefore decisions made at the local level may have an 

impact on rainfall patterns outside of basin borders. In order to emphasize the necessity of 

combining local infrastructure management with regional governance and atmospheric 

feedbacks, this dissertation also takes into account evaporation as a transboundary and 

climatic element in addition to being a hydrological process. 

6. Integrating multi-scale and interdisciplinary approaches: 

Given the complexity of interactions between climate systems and hydrological processes, 

this research employs an integrative approach that synthesizes big data analytics, remote 

sensing techniques and physically-based modeling. By applying these methodologies across 

varied spatial and temporal scales, the research seeks to generate insights that are applicable 

to a wide range of hydrological contexts, from local ecosystems to global water systems. 

7. Informing climate adaptation and water management strategies: 

A central objective of this dissertation is to translate scientific findings into practical solutions 

for climate adaptation and water management. This research aims to develop evidence-based 

strategies that address the dual challenges of preserving ecological integrity and meeting 

human water demands. The findings will support the development of policies that enhance 

resilience to climate change, mitigate environmental degradation and promote sustainable 

use of water resources. 

Together, these objectives form a comprehensive framework to advance our understanding 

of the complex interdependencies between climate and water systems. They provide a 

foundation for predicting, analyzing and mitigating the impacts of climate variability on 

hydrological processes, while offering actionable solutions for policy and management 

strategies that are essential to addressing global environmental challenges. 
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1.3. Structure of the thesis  

This dissertation has been prepared in cumulative form and is based on four peer-reviewed 

scientific articles, which are included in the appendix. The main text provides the overarching 

framework, synthesizes the findings, and places the individual contributions into a broader 

scientific and societal context. The cumulative dissertation explores the multifaceted 

interactions between hydrological systems and climate change, with particular attention to 

sea-level rise, wetland adaptation, and evaporative losses in reservoirs. Each of the four 

articles addresses a specific research gap, but together they provide an integrated 

understanding of water-related vulnerabilities and adaptation strategies across different 

geographical and ecological contexts. 

The structure of the thesis is as follows: 

Chapter 1 introduces the scope of the dissertation, outlines the central research gaps, 

and defines the objectives. It frames the overall problem of how climatic and meteorological 

variability shapes water systems and motivates the need for interdisciplinary approaches. 

Chapter 2 reviews the theoretical background and state of the art. It situates the work 

within existing research on climate–hydrology interactions, wetland responses to sea-level 

rise, coastal vulnerability, and reservoir dynamics, while also highlighting methodological 

innovations in modeling and remote sensing. 

Chapter 3 presents the main achievements of the dissertation. It summarizes the 

contributions of each article, explaining how they address their respective research questions 

and how they connect to the overarching aims of the work. 

Chapter 4 synthesizes the findings from the four studies. It identifies cross-cutting 

themes, methodological advances, and implications for hydrological modeling and climate 

adaptation, linking the case studies across scales and contexts. 

Chapter 5 concludes the dissertation. It reflects on the contributions, discusses 

limitations, and outlines future research directions needed to strengthen both scientific 

understanding and applied water management. 
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Appendices contain the full versions of the four peer-reviewed scientific articles on 

which this dissertation is based. Their inclusion ensures transparency and allows readers to 

consult the original studies while also understanding how they are integrated into the broader 

framework of the thesis. 

Together, these components form a coherent and interdisciplinary investigation into the 

challenges and opportunities of managing hydrological systems under climate change. The 

cumulative format makes it possible to address different scales and processes, wetland 

migration, coastal vulnerability, and reservoir evaporation in both global and transboundary 

contexts, while also drawing them together into a unified perspective on climate–water 

interactions. 
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2. Theoretical Background and State of the Art 

2.1. Hydrological Systems in a Changing Climate 

Hydrological systems are among the most sensitive components of the Earth’s climate 

system, responding dynamically to changes in temperature, precipitation, land use and 

atmospheric circulation patterns. This sensitivity arises from the physical nature of 

hydrological processes, which involve constant energy exchange through phase changes, 

such as evaporation and condensation and their dependence on temperature and land-surface 

conditions. Even minor shifts in climate or land use can lead to large nonlinear responses in 

runoff, infiltration and evapotranspiration (Figure 1). As the climate continues to warm, the 

global hydrological cycle is undergoing intensification, characterized by more extreme and 

spatially variable patterns of rainfall, evaporation, snowmelt and runoff (Huntington, 2006; 

Trenberth et al., 2005). These changes are not only altering water availability and distribution 

but are also reshaping the functioning of ecosystems, challenging traditional water 

management approaches and exacerbating socio-economic vulnerabilities. In addition to 

climatic drivers, human interventions such as groundwater pumping, river diversion and 

urban expansion further destabilize natural hydrological regimes. These disruptions also pose 

growing challenges for sustainable development, water governance and transboundary water 

cooperation. 

At the global scale, the Clausius-Clapeyron relationship suggests that the atmosphere can 

retain approximately 7% more water vapor per 1°C increase in temperature (Allen and 

Ingram, 2002), a relationship reaffirmed in more recent assessments (Intergovernmental 

Panel on Climate Change (IPCC), 2023). This enhanced moisture-holding capacity increases 

the potential energy available to weather systems, fueling convective storms and amplifying 

latent heat release, which intensifies hydrological extremes. This has direct implications for 

the intensity and frequency of extreme hydrological events such as droughts and floods. 

Intensified precipitation events, combined with increased evapotranspiration, contribute to 

an amplified hydrological variability, leading to more severe wet and dry periods 

(Intergovernmental Panel on Climate Change (IPCC), 2023). Observational records and 

satellite datasets confirm that atmospheric water vapor and high-intensity rainfall events have 
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been increasing globally since the late 20th century  (Allan et al., 2020; Trenberth et al., 

2005), lending empirical support to modeled predictions. 

 

Figure 1: The hydrological cycle, showing storage of water in the atmosphere, on the land surface, and 
underground, as well as transfers between these stores. Water occurs as liquid, solid, or gas, and is influenced 
by both natural processes and human actions, including water use, storage, and quality. Adapted from Corson-
Dosch et al. (2022), U.S. Geological Survey Water Science School, Water cycle diagrams (Public Domain). 

Regional hydrological responses vary depending on climatic, geographic and anthropogenic 

factors. In the tropics, increased convective rainfall events and warmer sea surface 

temperatures are contributing to more intense and erratic precipitation, elevating flood risks, 

particularly in regions such as the Amazon Basin and Southeast Asia. In contrast, subtropical 

and mid-latitude regions, including the Mediterranean, southern Africa and the southwestern 

United States, face heightened drought frequency, largely driven by poleward shifts in the jet 

stream and weakening soil moisture feedbacks (Greve et al., 2014). These processes are 

further compounded by land cover changes. Urban expansion introduces impervious surfaces 

that disrupt natural infiltration and increase surface runoff, while heat island effects 

exacerbate localized warming and storm intensification. Deforestation, especially in tropical 

zones, impairs evapotranspiration and weakens regional rainfall recycling, leading to longer-

term declines in rainfall and streamflow (Vörösmarty et al., 2010). As a result, the interplay 

between climatic shifts and land-use change is reshaping regional hydrological regimes in 

highly context-specific ways. 

General
overview of

how water
moves

over ocean

over land

deep water zone

mixed zonemixed zone

saline

fresh

brackish

fresh

groundwater

groundwater

atmospheric moisture

oceanocean

reservoirs
permafrostpermafrost

snowpackice sheets  
and glaciers

oceanocean

lakes

wetlands

wetlands

rivers

soil moisture

lakes

atmospheric moisture

precipitation
over ocean

transport of moisture 
from ocean to land

snowmelt

ocean
circulation

domestic
water use

municipal
   water use

industrial
water use

agricultural
water use

grazing
water use

evapotranspiration

evapotranspiration

urban

ocean
evaporation

streamflow
to ocean

streamflow to 
closed basins

groundwater
revcharge    

precipitation over land

precipitation over land

groundwater 
    discharge to ocean

On Earth, water can be                   ,               , or a mix of both. 
Pools are places where water is stored, like the ocean. 
Fluxes are the ways that water moves between pools, such 
as evaporation         , precipitation          , discharge          , 
recharge           , or human use         . 

See www.usgs.gov/water-cycle for definitions.

fresh saline
Pools and Fluxes



Theoretical Background and State of the Art  Hydrological Systems in a Changing Climate 

 11  

Cryospheric contributions to hydrological systems particularly from glacier melt, snowpack 

reduction and shifting snow-to-rain ratios are introducing increasing uncertainty in seasonal 

water availability, especially in high-altitude regions (Immerzeel et al., 2010). As global 

temperatures rise, glaciers in mountain systems such as the Himalayas, Andes and Alps are 

retreating rapidly, affecting the timing and volume of river discharge. The accelerated retreat 

of glaciers often triggers an initial increase in meltwater, known as the “peak water” phase, 

after which runoff declines as ice reserves are depleted. This dynamic threatens long-term 

water security in glacier-fed basins, particularly where dry-season flows are crucial for 

agriculture, hydropower and drinking water. In the Indus Basin, for instance, over 40% of 

annual river flow originates from snow and glacial melt, making it highly sensitive to changes 

in cryospheric inputs (Immerzeel et al., 2010). In the Cordillera Blanca of Peru, the rapid loss 

of ice cover is already diminishing downstream water supply during critical agricultural 

periods, especially in the Santa River watershed (Baraer et al., 2012). These trends challenge 

current water resource management frameworks, which often assume stable snowmelt 

patterns and reservoir inflows. 

The increasing occurrence of compound climate extremes represents a critical challenge for 

hydrological systems and their management. Compound events can be classified into 

different types, including concurrent extremes, such as droughts and heatwaves occurring 

simultaneously, sequential events, like multiple flood pulses and multivariate hazards where 

interacting drivers exacerbate system vulnerability, such as coastal storm surges amplified 

by sea-level rise (Zscheischler et al., 2020). These events are not only becoming more 

frequent but also more complex, with interactions that amplify their impacts across 

ecological, agricultural and urban systems. Recent examples include the 2010 Pakistan 

floods, driven by a convergence of intense monsoon rainfall and glacier melt in the upper 

Indus Basin (Immerzeel et al., 2013) and the 2021 North American heatwave, which 

intensified regional drought and wildfire risks across the western U.S. and Canada (Philip et 

al., 2022). Despite growing evidence of such risks, most climate and hydrological models 

still assess hazards in isolation, lacking the capacity to simulate interrelated extremes. 

Bridging this methodological gap requires multi-hazard modeling frameworks that integrate 

climate, land and socio-economic feedbacks to improve forecasting and risk reduction 

strategies. 
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Recent research has emphasized the dynamic and bidirectional feedbacks between 

hydrological systems and human activities. Land-use changes and agricultural 

intensification, particularly irrigation, can substantially modify regional climate patterns 

through altered albedo, soil moisture and evapotranspiration dynamics (Seneviratne et al., 

2010). For instance, extensive irrigation in the Indo-Gangetic Plain has been shown to reduce 

surface temperatures and modify monsoon circulation by altering atmospheric humidity and 

land–atmosphere energy fluxes (Douglas et al., 2009; Syed et al., 2008). Similarly, irrigation 

in California’s Central Valley exerts a strong local cooling effect, reducing daytime 

temperatures by up to 5°C and enhances regional moisture recycling, influencing 

precipitation patterns across the southwestern United States (Kueppers et al., 2007; Lo and 

Famiglietti, 2013). In parallel, large-scale water infrastructure, such as dams, reservoirs and 

diversions, can significantly reshape river flow regimes. In transboundary river basins like 

the Nile and Mekong, upstream dam regulation has disrupted seasonal discharge cycles, 

exacerbating downstream water insecurity and challenging agricultural adaptation. Beyond 

flow regulation, reservoirs also modify basin-scale water balances through substantial 

evaporation losses, which can create hidden pressures in already water-scarce basins and fuel 

transboundary tensions, as highlighted in recent studies from Central and South Asia. These 

feedbacks may, paradoxically, amplify vulnerability in the face of climate change, especially 

where infrastructure design assumes historical hydrological stability (Wada et al., 2017). This 

growing body of evidence is central to the field of socio-hydrology, which examines the co-

evolution of human and water systems and calls for coupled models that account for adaptive 

behavior, governance responses and long-term trade-offs.  

To address the increasing complexity of hydrological risks under climate change, the field 

must adopt integrative, multi-scale approaches that bridge the gap between global climate 

dynamics and local water system responses. This requires combining high-resolution remote 

sensing platforms such as MODIS, GRACE and Sentinel missions with process-based 

hydrological models like SWAT, VIC and LISFLOOD to capture spatial and temporal 

variability across river basins, deltas and urban catchments (Haddeland et al., 2011; Jiang 

and Wang, 2019). For reservoirs, the integration of energy-balance modeling with satellite-

derived surface dynamics has emerged as a key advance in capturing evaporation losses more 

accurately, linking atmospheric variability with local water management. However, a 

persistent challenge lies in the mismatch of scales. Climate models often operate at coarse 
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resolutions of 50 to 100 kilometers, while hydrological decision-making and ecosystem 

responses occur at much finer spatial scales, for example at the catchment or sub-basin level. 

Bridging this gap necessitates downscaling techniques, ensemble scenario modeling and the 

coupling of physical models with socio-economic and land-use datasets (Blöschl et al., 2019). 

Furthermore, the increasing role of human systems in shaping water outcomes demands the 

integration of interdisciplinary methods that draw from socio-hydrology, resilience theory, 

Earth system modeling and sustainability science. These frameworks allow for the inclusion 

of governance structures, infrastructure development, livelihoods and behavioral adaptation 

within hydrological assessments (Sivapalan et al., 2012). Ultimately, advancing hydrological 

science in the 21st century means moving beyond isolated process models toward holistic, 

data-rich and stakeholder-engaged platforms that support anticipatory water management. 

This dissertation embraces such an approach by applying physically based models, big data 

analytics and socio-environmental analysis across diverse hydroclimatic contexts to generate 

actionable insights for climate adaptation and water governance. 

2.2. Coastal Wetlands under Pressure 

Coastal wetlands, including salt marshes, mangroves and tidal flats, are among the most 

productive and ecologically valuable ecosystems on Earth. They play a central role in 

regulating water quality, storing carbon, supporting biodiversity and protecting coastlines 

from erosion and extreme weather events (Millennium Ecosystem Assessment (Program), 

2005; Mitsch and Gosselink, 2015). Through their complex interactions of vegetation, 

hydrology and sedimentation, wetlands maintain ecological stability in dynamic coastal 

environments and contribute significantly to human well-being. The economic value of the 

services they provide, including flood protection and nutrient cycling, is substantial, with 

early estimates placing their worth among the highest of all global ecosystem types (Costanza 

et al., 1997). Despite their importance, these ecosystems are under mounting pressure from 

both natural drivers, such as sea-level rise and anthropogenic factors, including urban 

development, pollution and hydrological modification. 

One of the primary adaptation mechanisms of coastal wetlands is inland migration in 

response to rising sea levels. This landward movement depends on several factors, including 

topographic gradients, sediment supply and vegetation resilience. In many regions, 
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anthropogenic barriers such as dikes, seawalls and urban infrastructure create a “coastal 

squeeze” effect, restricting wetlands between the rising sea and fixed landward boundaries 

as illustrated in Figure 2 (Doody, 2013). This results in habitat loss, ecosystem fragmentation 

and a decline in ecosystem services over time. The Wadden Sea, one of the world’s largest 

tidal wetland systems, exemplifies this tension between natural processes and human-

imposed limits. Although the region is recognized for its ecological significance and is part 

of UNESCO’s World Heritage network, its adaptive capacity is constrained by embankments 

and land reclamation, which limit sediment deposition and vegetative expansion inland. 
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Figure 2: Illustration of coastal wetland responses to sea-level rise: (a) natural inland migration of coastal 
wetlands, (b) habitat adjustment with rising sea levels in a natural setting, (c) the onset of coastal squeeze due 
to a dike, and (d) the progression of coastal squeeze leading to wetland loss. Adapted from Esteves (2016), in 
Kennish, M.J. (Ed.), Encyclopedia of Estuaries. Springer, Dordrecht, p. 123. 

Traditional elevation-based models, such as the Sea Level Affecting Marshes Model 

(SLAMM), simulate habitat transitions under sea-level rise using topographic thresholds and 

probabilistic rules. While they are useful for identifying zones of wetland loss and migration 
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potential, these models often simplify or omit key processes like sediment dynamics, 

infrastructure constraints and land-use change (Clough et al., 2016). More advanced process-

based models aim to incorporate feedbacks between topography, vegetation and 

hydrodynamics. However, as demonstrated in global-scale assessments (Schuerch et al., 

2018), even these models face limitations in spatial resolution, calibration data and the 

integration of socio-ecological complexity. Particularly in densely populated or fragmented 

landscapes, translating model outputs into policy-relevant strategies remains a major 

challenge. 

From a governance perspective, adaptation options for wetland conservation increasingly 

emphasize hybrid solutions that combine natural processes with engineered interventions. 

Approaches such as managed retreat, landward buffer zoning and the use of permeable 

structures aim to reconcile ecological restoration with human safety and land use priorities. 

Yet these strategies often encounter institutional, legal, or financial obstacles, especially in 

densely populated deltaic regions. The IPCC (2023) underscores the urgent need for context-

specific, integrative planning frameworks that account for both ecological dynamics and 

human constraints. 

Moreover, the loss or degradation of wetlands has cascading implications for climate 

mitigation efforts. Coastal wetlands are significant carbon sinks. Their destruction not only 

releases stored carbon but also diminishes future sequestration potential (Mcleod et al., 

2011). Ensuring their persistence is therefore not only a matter of local adaptation but also a 

component of global climate strategies. 

The persistence of coastal wetlands under future climate scenarios relies on both biophysical 

adaptability and informed human decision-making. Although significant progress has been 

made in understanding processes such as sediment–vegetation feedbacks and migration 

thresholds, substantial gaps remain in translating these insights into actionable strategies 

within real-world planning contexts. As discussed in the first article of this dissertation, 

current modeling approaches primarily focus on physical parameters and spatial constraints, 

while recognizing the critical need for future integration of socio-economic variables and 

governance considerations. Advancing wetland conservation will require interdisciplinary 

frameworks that bridge ecological modeling with policy-relevant decision support, enabling 

more context-specific and adaptive responses to climate-driven coastal change. 
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2.3. Coastal Vulnerability and Sea-Level Rise 

SLR is increasingly recognized as one of the most pervasive threats to coastal systems and 

societies. The global mean sea level has already risen by more than 20 centimeters since 

1900, primarily due to thermal expansion of seawater and the accelerated melting of glaciers 

and polar ice sheets. Additional contributions come from changes in land water storage, 

including groundwater depletion and reservoir impoundment, while local and regional 

variations are further shaped by land subsidence, tectonic uplift and ocean dynamics 

(Intergovernmental Panel on Climate Change (IPCC), 2023). In the 21st century, this trend 

is expected to intensify. Projections under high-emissions scenarios, such as SSP3-7.0 and 

SSP5-8.5 (Shared Socioeconomic Pathway), indicate possible increases of more than one 

meter by 2100, with profound implications for low-lying deltas, coastal cities and small 

island states (Figure 3) (Hinkel et al., 2014; Nicholls and Cazenave, 2010). These changes 

will not only drive permanent inundation but will also amplify storm surges, disrupt drainage 

systems and contribute to the salinization of coastal aquifers. 

 

Figure 3: Projected risks from sea-level rise (SLR) for low-lying coastal areas by 2100. The left panel shows 
observed global mean sea-level (GMSL) rise from 1986–2005 and projections under RCP2.6 (low emissions) 
and RCP8.5 (high emissions) scenarios. The middle panel shows additional SLR-related risks to key coastal 
regions. Source: IPCC (2019), Figure 4.3, in Chapter 4: Sea Level Rise and Implications for Low-Lying Islands, 
Coasts and Communities, IPCC Special Report on the Ocean and Cryosphere in a Changing Climate. 
Cambridge University Press, Cambridge, UK and New York, NY, USA. Licensed under CC BY 4.0. 

In the Global South, and particularly in Latin America, these risks intersect with rapid urban 

growth, informal development patterns and governance limitations. Many coastal regions 

face multiple, compounding pressures, including land subsidence due to groundwater 
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extraction, erosion driven by altered sediment flows and socio-economic vulnerability arising 

from poverty, limited infrastructure and dependence on coastal ecosystems for livelihoods 

(Neumann et al., 2015). As (Reguero et al., 2018) argue, the effectiveness of adaptation 

planning depends not only on accurate hazard modeling but also on incorporating land use, 

governance and socio-economic realities into decision-making frameworks. 

Colombia exemplifies the complex challenges faced by coastal nations under climate change. 

With over 3000 kilometers of coastline, including approximately 1600 km on the Caribbean 

Sea and 1300 km along the Pacific Ocean, its exposure to SLR is significant but spatially 

varied. The Caribbean coast is marked by large lowland expanses, extensive port 

infrastructure and rapidly expanding urban centers such as Cartagena, Barranquilla and Santa 

Marta. These areas are particularly vulnerable due to flat topography, population density and 

the presence of critical economic assets within one kilometer of the shoreline. In contrast, the 

Pacific coast features a more rugged topography, high precipitation, dense mangrove systems 

and relatively low development pressure, but still faces risks associated with ecological 

degradation and poor adaptive infrastructure. 

The second article of this dissertation builds on this national context by applying an elevation-

based inundation model to assess permanent land loss under five SSPs. Using elevation data 

and sea-level projections aligned with the IPCC Sixth Assessment Report, the study 

quantifies the total area of land potentially lost under each scenario and distinguishes between 

Colombia’s Caribbean and Pacific coastal fronts. The results reveal a notable distinction: 

under the highest-emissions scenario (SSP5-8.5), approximately 2232 km² of land along the 

Caribbean could be permanently inundated, compared to 609 km² on the Pacific coast. These 

patterns are largely shaped by local topography, subsidence processes and the historical 

placement of urban development in vulnerable coastal zones. 

To better understand the implications of this land loss, the study also incorporates a socio-

ecological classification of land use types. Urban areas, agricultural zones, conservation 

regions and water bodies were mapped and overlaid with projected inundation areas, 

providing insight into the types of socio-economic assets at risk. Municipalities with high 

exposure include strategic cities such as Cartagena, as well as smaller, often overlooked 

jurisdictions in departments like Bolívar, Atlántico and Magdalena. The analysis also 

identifies Pacific municipalities in Chocó and Nariño that, although less exposed in terms of 
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area, face heightened vulnerability due to lower adaptive capacity and limited infrastructure 

investment. 

While the study does not model policy or governance dynamics directly, it provides a high-

resolution, spatially explicit baseline for national and subnational adaptation planning. By 

linking physical exposure with land classification and regional administrative units, the 

results help identify priority zones for intervention and potential synergies between 

conservation and adaptation. The work also underscores the need for further integration of 

dynamic socio-economic scenarios, stakeholder engagement and governance capacity 

assessments to develop actionable strategies that are both locally grounded and nationally 

coordinated. 

2.4. Reservoir Evaporation and Water Management 

Reservoirs are central to water supply systems in many regions of the world, particularly in 

drylands where natural storage is scarce and rainfall variability is high. They are built to 

secure drinking water, support irrigation and hydropower, and to regulate floods, but at the 

same time they introduce new inefficiencies into the hydrological cycle. One of the most 

significant of these inefficiencies is evaporation from open water surfaces, a process that is 

often underestimated in basin-scale water balances and climate adaptation planning. Rates of 

evaporation depend not only on climate variables such as temperature, wind, humidity and 

radiation but also on the geometry of the reservoir (surface-area-to-volume ratio, depth, 

shoreline complexity) and on operational practices such as drawdown regimes. These 

interacting drivers mean that evaporation is a highly dynamic process, yet in many global 

assessments it is simplified or left out entirely. 

The scale of the problem is considerable. Global estimates suggest that reservoir evaporation 

exceeds 150–200 km³ annually, making it one of the largest forms of human-driven 

consumptive water use (Wada et al., 2017). In some regions the proportion of water lost is 

even more striking. In the western United States, for example, Friedrich et al., 2018 reported 

that shallow reservoirs can lose more than 20% of their capacity to evaporation, highlighting 

the particular vulnerability of arid-zone storage systems. Comparable findings have been 

reported in China, where Tian et al., 2021 estimated substantial evaporative losses across a 

national sample of reservoirs, with direct implications for agriculture and urban water supply. 
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Recent work has started to move beyond traditional pan-evaporation methods by combining 

physically based energy-balance models with remote sensing. These approaches can better 

capture the temporal and spatial variability of evaporative losses by linking satellite 

observations of reservoir surface areas with meteorological forcing data. In my own research, 

I developed such a framework and applied it to ten of the largest reservoirs in water-stressed 

regions worldwide. The results showed annual evaporation rates in excess of 3,200 mm, with 

cumulative losses of around 26.5 km³ per year. In some cases, this amounted to nearly 16% 

of total storage capacity, underscoring the need to explicitly include evaporation in long-term 

planning for water allocation and conservation (Nevermann et al., 2024). 

Further studies examined at how evaporation occurs in politically sensitive basins, building 

on this global perspective. For instance, evaporation from reservoirs was found to be 

responsible for significant amounts of storage loss in the Helmand River Basin, which is 

shared by Afghanistan and Iran. This has obvious implications for downstream water 

availability and transboundary relations (Nevermann et al., 2025). The study also emphasizes 

that not all of the water that evaporates is lost permanently; some of it is recycled back into 

the hydrological cycle through atmospheric moisture, where it may fall as precipitation inside 

or outside the basin. When assessing reservoir evaporation, this dual role emphasizes the 

importance of taking into account both local scarcity and larger climatic connections. 

The consequences of neglecting these losses extend well beyond hydrological calculations. 

For water managers, evaporation reduces the reliability of supply for cities, irrigation 

schemes and hydropower production, often in places that already face acute scarcity. For 

ecosystems, lower storage volumes can alter downstream flow regimes, degrade aquatic 

habitats and shift sediment dynamics. Climate change adds another layer of risk, as rising 

temperatures, altered rainfall regimes and more variable drought–flood cycles are expected 

to increase evaporative demand in most regions (Intergovernmental Panel on Climate Change 

(IPCC), 2023). 

Different strategies have been tested to reduce evaporation from reservoirs. Chemical 

monolayers can lower losses by 30–70%, although their effectiveness is highly variable and 

often constrained by wind, wave action and ecological concerns (Barnes, 2008). Floating or 

suspended covers, such as modular shade structures or membranes, can achieve reductions 

above 90% but are costly to install and maintain, and their environmental side effects are still 
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under debate (Pittaway et al., 2018; Zhang et al., 2010). Reviews emphasize that these 

measures may work on smaller storages but are less feasible for large-scale reservoirs due to 

costs and durability concerns (Craig et al., 2005; Pittaway et al., 2023). More recently, 

floating photovoltaic (PV) systems have attracted interest as they can both reduce 

evaporation and generate renewable energy, offering a potential integrative solution 

(Pittaway et al., 2018). 

The paradox, therefore, is that the very infrastructure designed to secure water supply under 

scarcity can itself become a source of substantial hidden losses. Addressing this paradox will 

require not only technical measures but also improved monitoring, more accurate 

incorporation of evaporation into basin-wide water assessments, and stronger integration of 

climate–hydrology interactions into decision-making frameworks (Granata and Di Nunno, 

2025). This dissertation contributes to this broader agenda by applying physically based 

models and remote sensing to quantify evaporation and to assess its implications for water 

management under changing climatic and socio-environmental conditions. 

2.5. Integrated and Interdisciplinary Approaches 

The challenges discussed in the preceding sections, such as climate-induced shifts in 

hydrological systems, the pressures on coastal wetlands, the risks associated with sea-level 

rise, and the hidden losses from reservoir evaporation, point toward the conclusion that water 

security under climate change is shaped by complex and interacting processes that cannot be 

analyzed in isolation. Each domain has generated important insights, yet taken separately, 

they risk presenting a fragmented view of reality. Hydrology without governance 

underestimates human agency. Coastal modeling without socio-economic data overlooks 

differential vulnerability. Evaporation quantification without allocation analysis ignores the 

political economy of water. The need, therefore, is not simply for better models of individual 

processes, but for frameworks that connect them in meaningful ways. 

Crossing scales and domains 

One of the persistent problems is the mismatch of scales. Global climate models operate at 

grid sizes of 50–100 km, but many relevant hydrological decisions, whether to build a 

reservoir, drain a wetland or implement coastal defenses, take place at the scale of 
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catchments, deltas, or municipalities . This mismatch produces uncertainty and reduces the 

usability of climate information for local water governance. Remote sensing partly helps to 

bridge this gap by providing high-resolution observations of land, water, and vegetation 

dynamics (MODIS, GRACE, Sentinel), but the challenge remains of translating these 

observations into models that can guide adaptation. 

Another challenge lies in the interaction of natural and human systems. Hydrological systems 

do not simply respond passively to climate forcing as they are shaped by irrigation, dams, 

urbanization, and land-use change. Coastal wetlands are not only ecological systems but also 

socio-ecological landscapes constrained by manufactured dikes. Reservoir evaporation is not 

just a physical flux but a contested component of basin allocation, sometimes even with 

transboundary and geopolitical consequences, and it is closely entangled with energy 

production and agricultural policy. Recognizing these interdependencies requires approaches 

that go beyond isolated disciplinary domains. 

Emergence of integrated frameworks 

Several fields of research have moved in this direction. Socio-hydrology (Blöschl et al., 2019; 

Sivapalan et al., 2012) explicitly studies the co-evolution of water and society and asks how 

human decisions, feedbacks, and institutional responses alter hydrological outcomes. 

Resilience theory (Folke, 2016) has emphasized the adaptive capacity of coupled human–

natural systems under stress and uncertainty. Earth system science brings hydrology into the 

larger context of climate, carbon, and land-use feedbacks whilst making it clear that water 

cannot be managed separately from energy systems, ecosystems, and human development. 

More recently, joined approaches have gained popularity, especially the water–energy–food 

(WEF) nexus (Ringler et al., 2013). These frameworks highlight the trade-offs and synergies 

between sectors, such as when water stored in reservoirs supports food production and 

hydropower but is simultaneously lost through evaporation. At the same time, evaporation is 

not only a technical issue but also a governance and allocation challenge, particularly in 

water-scarce and transboundary basins, where competing national and sectoral demands can 

increase its significance.  Similarly, the planetary boundaries framework (Rockström et al., 

2009) situates water within global limits, stressing the interconnectedness of freshwater use 

with climate stability, land change as well as biodiversity. 
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Methodological integration 

In addition to theoretical frameworks, a growing toolkit for integrating data and models is 

available. Advances in Earth observation make it possible now to monitor precipitation, soil 

moisture, evapotranspiration, and terrestrial water storage at high temporal resolution. These 

satellite-derived products, such as those from MODIS, GRACE, and Sentinel missions, are 

increasingly being integrated with process-based hydrological models including SWAT, 

VIC, and LISFLOOD to improve spatially explicit assessments of water availability and 

variability (McCabe et al., 2019, 2017; Miralles et al., 2011). Recent work on large reservoirs 

further demonstrates the potential of such integration, where remote sensing of surface water 

dynamics is combined with energy-balance modeling to estimate evaporative losses across 

diverse climatic and geographic settings (Zhao et al., 2022; Zhao and Gao, 2019). Big data 

analytics and machine learning add the capacity to detect patterns and predict extremes across 

scales. Meanwhile, methods that involve people participating and tools that support decision-

making incorporate local knowledge and governance aspects into the modeling process. This 

helps make sure the results are not only technically correct but also relevant to society (Pahl-

Wostl, 2015). 

Despite this progress, integration is rarely straightforward due to differences in data 

availability, resolution, and disciplinary assumptions which make it difficult to couple 

models seamlessly. There are also differences in organizations and methods of understanding 

due to the fact that engineers often prefer models focused on efficiency and optimization, 

ecologists highlight feedback loops in systems, and social scientists pay attention to how 

rules and decision-making processes change over time. Therefore, interdisciplinary 

approaches require negotiation not only across datasets and scales but also through modes of 

generation and exchange of knowledge. 

Implications for water governance 

The integration of physical and social perspectives is not only a scientific necessity but also 

a political one. Climate change impacts water in ways that cut across administrative 

boundaries, creating transboundary tensions and multi-level governance challenges. The Nile 

Basin, the Mekong, and the Andes are clear cases where upstream reservoir construction and 

operation reshape downstream vulnerabilities, affecting flow regimes, ecosystems, and 
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human water security (Best, 2019; Grill et al., 2015; Kuenzer et al., 2013). Coastal wetlands 

face trade-offs between conservation and urban expansion, often handled by separate 

organizations. Sea-level rise threatens national structures but requires local adaptation. 

Without integrative frameworks, policies risk either being too narrow in scope or too 

detached from reality. 

Adaptive governance literature suggests that successful management during times of 

uncertainty requires multidisciplinary governance systems (Ostrom, 2017), iterative learning, 

and the involvement of a variety of interest groups. Interdisciplinary science can inform such 

governance by clarifying risks, trade-offs, and potential adaptation pathways. However, it 

must also recognize uncertainty as a structural aspect of water-climate interactions and 

acknowledge the limitations of prediction. This dissertation's case studies demonstrate the 

challenge: wetland adaptation is limited by land-use policies, coastal resilience in Colombia 

relies on institutional capacity, and reservoir management needs to combine hydrological 

realities with conflicting demands from agriculture, energy, and urban areas. These examples 

show how governance decisions affect the risks that research around climatic changes aims 

to analyze. 

Positioning this dissertation 

The work presented in this dissertation belongs within this integrative and interdisciplinary 

approach to investigate climate-water interactions. Rather than addressing individual 

processes in isolation, the four articles together explore how hydrological systems are shaped 

by both climatic drivers and human interventions across a range of scales. Each paper 

contributes a distinct perspective: one investigates wetland adaptation under sea-level rise, 

another examines socio-ecological vulnerability along Colombia’s coasts, a third quantifies 

evaporation from some of the world’s largest reservoirs, and the fourth analyzes evaporation 

within the politically sensitive Helmand Basin shared by Afghanistan and Iran. Taken 

together, these studies span ecological, national, global, and transboundary contexts.  

By connecting physical modeling with remote sensing and socio-environmental analysis, the 

dissertation illustrates how climate variability and human pressures interact in ways that 

cannot be captured by single-discipline or single-scale approaches. Its contribution lies less 

in isolated findings than in demonstrating the value of bringing ecological processes, 
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infrastructure, and governance into a shared analytical framework. In doing so, it positions 

hydrological research as both a scientific and a societal attempt, one that links natural 

variability to the institutional and political settings in which water decisions are made. 
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3. Achievements 

3.1. Overview 

The research presented in this cumulative dissertation builds on four peer-reviewed scientific 

articles that together form the main contributions of the work. While each paper addresses a 

specific research gap described in the introductory chapters, collectively they provide a 

comprehensive and interdisciplinary understanding of climate–water interactions across 

different spatial scales and socio-ecological settings. 

The first article focuses on coastal wetland adaptation under sea-level rise with a case study 

of the Wadden Sea in northwestern Europe. The results highlight how natural processes of 

inland migration are increasingly constrained by anthropogenic barriers, leading to coastal 

squeeze and a loss of ecosystem services. This paper provides insights into the shortcomings 

of conventional elevation-based modeling approaches, while underscoring the importance of 

incorporating socio-ecological and governance dimensions into wetland adaptation 

strategies. 

The second article extends the scope to the national scale, analyzing coastal vulnerability in 

Colombia under multiple sea-level rise scenarios. By integrating high-resolution inundation 

modeling with a socio-ecological land classification, the study analyzes both physical land 

loss and the socio-economic assets at risk. This work shows the uneven spatial distribution 

of risks between the Caribbean and Pacific coasts, highlighting the importance of governance 

capability and adaptive infrastructure in shaping vulnerability. 

The third article shifts focus to reservoir evaporation in global water-stressed regions, a less 

visible but increasingly critical component of climate–water interactions. Using a physically 

based energy-balance modeling framework combined with remote sensing observations of 

surface water dynamics, the study quantifies evaporative losses across some of the world’s 

largest reservoirs. The findings demonstrate that evaporation can account for a substantial 

fraction of total storage capacity, positioning it as a hidden but significant inefficiency in 

water management and allocation. 
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The fourth article narrows in on the Helmand River Basin shared by Afghanistan and Iran, 

where reservoir evaporation interacts directly with transboundary politics and regional water 

scarcity. By combining satellite observations with hydrological modeling, the study shows 

how evaporative losses influence basin-scale water balances, downstream availability, and 

geopolitical tensions. It also points to the atmospheric dimension of evaporation, highlighting 

its contribution to moisture recycling beyond basin boundaries. 

Together, these four studies range from ecosystem-scale processes (wetland migration), to 

country-scale vulnerability (Colombia’s coasts), to global-scale infrastructure challenges 

(reservoir evaporation) , and finally to the transboundary and geopolitical context of reservoir 

management (Helmand Basin). They illustrate how changes in climate may reshape 

hydrological and coastal systems not only through physical drivers, but also through the 

socio-ecological and institutional circumstances in which these systems are embedded. By 

combining physically based modeling, remote sensing, and socio-environmental analysis, 

this dissertation contributes to an integrated assessment that emphasizes both scientific 

understanding and policy relevance. 
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3.2. Coastal wetlands 

Paper 1:  

Nevermann, H., AghaKouchak, A., & Shokri, N. (2023). Sea level rise implications on future 

inland migration of coastal wetlands. Global ecology and conservation, 43, e02421. 

The purpose of this study is to address a fundamental question, namely to what extent can 

natural processes of inland wetland migration compensate for SLR in the presence of human-

made barriers such as dikes and embankments? 

To answer this, the analysis applies an elevation-based inundation model to high-resolution 

topographic data of the Wadden Sea region. The model simulations are combined with spatial 

data on dike locations and reclaimed land to capture the constraints imposed by 

anthropogenic infrastructure. This approach makes it possible to contrast the theoretical 

potential of wetlands to migrate inland with the reduced adaptive capacity observed under 

current land-use conditions. 

The results show that while significant areas of wetland could shift landward in response to 

SLR, in practice coastal protection structures obstruct these migration pathways. This so 

called “coastal squeeze” effect results in the progressive loss of wetland habitats and 

associated ecosystem services, including biodiversity support, carbon sequestration, and 

storm buffering. The findings show the shortcomings of conventional modeling approaches 

that often only take topographic thresholds in consideration, while neglecting socio-

ecological realities. 

Main contributions of the article include: 

• Demonstrating how physical and anthropogenic constraints jointly shape wetland 

adaptation potential under sea-level rise. 

• Providing one of the first systematic examples of elevation-based modeling in the 

Wadden Sea that specifically integrates human-made barriers. 
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• Presenting policy-relevant information for hybrid adaptation strategies, that take into 

account ecological and social priorities like managed retreat and landward buffer 

zoning. 

This paper therefore contributes to the broader goals of the dissertation by illustrating how 

ecological processes, infrastructure, and governance interact to determine adaptation 

outcomes, and by highlighting the need for interdisciplinary approaches that go beyond 

purely physical models. 
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3.3. Coastal Land Loss in Colombia 

Paper 2:  

Nevermann, H., Gomez, J. N. B., Fröhle, P., & Shokri, N. (2023). Land loss implications of 

sea level rise along the coastline of Colombia under different climate change 

scenarios. Climate Risk Management, 39, 100470. 

This study extends the scope of the dissertation to the national scale, examining how SLR 

may reshape Colombia’s Caribbean and Pacific coastlines. The main research question is 

which socio-ecological systems are most at risk and the spatial extent of potential land loss 

under future SLR scenarios. 

The methodology combines an elevation-based inundation model with high-resolution 

topographic datasets and sea-level projections aligned with the IPCC Sixth Assessment 

Report. A socio-ecological land classification that distinguishes between urban areas, 

agricultural land, conservation regions, and other land uses strengthens the modeling 

framework even further. In addition to quantifying the actual land loss, this integrated 

methodology makes it possible to identify the kinds of assets that are most vulnerable to 

flooding. 

Results show a pronounced difference between Colombia’s two coastlines. The Caribbean 

coastline is particularly vulnerable due to its large low-lying areas, dense urban settlements, 

and critical infrastructure. Under high-emission scenarios (SSP5–8.5), up to 2,232 km² of 

land are expected to be inundated. In contrast, the Pacific coast faces less extensive land loss 

(609 km² under the same scenario), however its high ecological value and low adaptive 

capacity increase its vulnerability. The analysis emphasizes how governance capacity, 

infrastructure, and land-use patterns shape risk differently across regions. 

Main contributions of the article include: 

• Quantifying the spatial extent of potential land loss in Colombia under multiple SLR 

scenarios. 

• Linking physical exposure to socio-ecological classifications, thereby identifying 

which assets and communities are most at risk. 
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• Providing actionable insights for national and subnational adaptation planning by 

distinguishing between the uneven vulnerabilities of the Caribbean and Pacific 

coasts. 

By situating SLR impacts within both ecological and socio-economic contexts, this paper 

advances understanding of how physical drivers interact with governance capacity and 

development pathways. It contributes to the dissertation’s broader aim of providing spatially 

explicit, policy-relevant insights into socio-ecological vulnerability. 
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3.4. Reservoir Evaporation 

Paper 3:  

Nevermann, H., Aminzadeh, M., Madani, K., & Shokri, N. (2024). Quantifying water 

evaporation from large reservoirs: Implications for water management in water-stressed 

regions. Environmental research, 262, 119860. 

This study shifts its focus to a less visible but increasingly important aspect of climate–water 

interactions: evaporation from large reservoirs. The guiding question is to what extent 

evaporative losses weaken the effectiveness of reservoirs as water security infrastructures, 

especially in regions already facing acute water scarcity. 

The methodology combines a physically based energy-balance model with remote sensing 

observations of reservoir surface areas, using multisource satellite datasets to capture 

temporal variability in water levels and meteorological forcing. The analysis was applied to 

ten of the world’s largest reservoirs situated in arid and semi-arid regions. 

Results reveal annual evaporation rates exceeding 3,200 mm in some reservoirs, with 

cumulative losses of approximately 26.5 km³ per year. In several cases, this corresponded to 

up to 16% of the total storage capacity. Such magnitudes position evaporation as a substantial 

but often overlooked driver of water loss, with consequences for how water is allocated 

across competing demands. 

Main contributions of the article include: 

• Quantifying evaporative losses at a global scale using a combined modeling and 

remote sensing framework. 

• Demonstrating how evaporation can rival or exceed other consumptive water uses in 

arid-zone reservoirs. 

• Providing evidence for integrating evaporation explicitly into basin-scale water 

balances and adaptation planning. 

By showing evaporation as both a hydrological process and a management challenge, this 

paper illustrates the paradox that reservoirs built to secure water can also contribute to 



Achievements  Reservoir Evaporation 

 34 

substantial hidden losses. It contributes to the dissertation’s broader aim of linking physical 

processes with governance challenges to inform sustainable water management strategies in 

a changing climate. 
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3.5. Transboundary Reservoir Evaporation (Helmand Basin) 

Paper 4:  

Nevermann, H., Madani, K., Zampieri, M., Hoteit, I., & Shokri, N. (2025). Struggling over 

water, losing it through evaporation: The case of Afghanistan and Iran. Journal of 

environmental management, 375, 124319. 

This paper narrows the scope from the global assessment of reservoir evaporation to a 

politically sensitive transboundary river basin. The central question is how evaporation from 

reservoirs in the Helmand River Basin, shared between Afghanistan and Iran, influences 

water availability, basin-scale balances, and regional political tensions. 

The methodology integrates remote sensing of reservoir surface areas with energy-balance 

modeling of evaporation. In addition to quantifying annual evaporative losses, the study links 

these findings to downstream availability and to existing water-sharing disputes between the 

riparian states. The analysis also considers the atmospheric dimension, noting that evaporated 

water contributes to regional moisture recycling, which may redistribute precipitation beyond 

basin boundaries. 

The results indicate that evaporation in the Helmand Basin is considerable, with annual losses 

contributing a significant amount of the stored water. These losses occur in a basin already 

characterized by scarcity, lack of governmental cooperation, and political disputes about how 

to allocate resources. The study illustrates how the magnitude of evaporative losses can 

exacerbate tensions in international water relations through a physical hydrological process. 

Main contributions of the article include: 

• Quantifying reservoir evaporation in a transboundary basin with acute water 

scarcity. 

• Demonstrating how physical water losses intersect with geopolitical tensions and 

governance weaknesses. 

• Highlighting the atmospheric role of evaporation, linking local reservoir 

management to regional hydroclimatic feedbacks. 
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This paper contributes to the dissertation’s broader objectives by situating reservoir 

evaporation not only as a hydrological challenge but also as a transboundary and political 

issue. It underscores the need for management approaches that integrate physical modeling, 

remote sensing, and governance analysis in order to address both scarcity and cooperation in 

shared river basins.
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4. Conclusion 

The aim of this dissertation was to investigate how water systems respond to climatic and 

meteorological variability across different regions and social–ecological settings. To do so, 

it combined physically based modeling with remote sensing and socio-environmental 

analysis. This made it possible to capture not only the physical processes that drive 

hydrological change, but also the wider conditions that influence how societies adapt to them. 

The four case studies address distinct questions and scales: coastal wetlands, coastal 

vulnerability in Colombia, reservoir evaporation at the global scale, and evaporation in a 

politically sensitive transboundary basin. Taken together, however, they show how climate 

pressures and human activities interact to reshape water systems in ways that are both 

physical and social.  

One of the main conclusions of this work is that physical pressures and human constraints 

are deeply intertwined. In the Wadden Sea, wetlands could in theory migrate inland as sea 

levels rise, yet this natural response is blocked by dikes and reclaimed land, leading to the 

well-known problem of coastal squeeze and the loss of habitat. In Colombia, the challenge is 

different but the pattern is similar in which low-lying Caribbean municipalities are highly 

exposed and that exposure is made worse by rapid urban expansion and weak governance 

structures. Reservoirs show this paradox from another perspective. They were built partly to 

protect societies against scarcity, yet they may also lose vast amounts of water through 

evaporation, which adds pressure to basins already under stress. In the Helmand Basin, 

evaporation is not only a hydrological inefficiency but also a geopolitical factor, influencing 

water allocation between Afghanistan and Iran and amplifying political tensions. Taken 

together, these cases illustrate that climate-related risks cannot be separated from the 

infrastructures, land uses, and institutions that shape them.  

Another key conclusion concerns the scale at which vulnerability plays out, and the fact that 

it rarely looks the same from one setting to another. In the wetland case, ecological processes 

unfold across entire landscapes, but their response to sea-level rise is determined by very 

local land-use choices. The Colombia study shows how vulnerability shifts not only between 

communities but even between coasts, shaped by contrasts in topography, infrastructure, and 

the capacity of institutions to act. The global study on reservoirs, in turn, shows how a 
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seemingly uniform process, evaporation on open water, varies considerably depending on the 

climate zone, the geometry of the reservoir, and how the system is operated. The Helmand 

case extends this insight by showing that evaporation has transboundary implications: its 

impacts cascade across borders and are entangled with international politics as well as 

regional hydroclimatic feedbacks. Together, these cases suggest that broad climatic drivers 

can only be understood properly when set against the diversity of regional conditions and 

management practices.  

Methodologically, this dissertation demonstrates the value of integrative approaches that 

combine physically based models with remote sensing and socio-ecological framing. 

Elevation-based inundation models, when enriched with data on dikes and reclaimed land, 

reveal migration constraints otherwise invisible. National-scale inundation models in 

Colombia gain policy relevance when coupled with land-use classifications that capture 

urban and ecological assets. Evaporation estimates are often simplified in basin-scale 

assessments but will achieve higher accuracy when energy-balance models include data from 

satellite observations. In transboundary basins, such as the Helmand, this integration further 

demonstrates the political salience of technical hydrological estimates, since quantifying 

evaporation directly informs allocation debates and international negotiations. These 

methodological advances are not purely technical, since they provide actionable insights by 

linking the quantification of physical processes to the realities of governance, land use, and 

policy decision-making.  

An additional contribution of this work is its relevance for policy and governance. Effective 

conservation solutions for wetlands must integrate engineering measures with ecological 

restoration as elevation models and topographic thresholds alone will not suffice. In 

Colombia, adaptation planning has to be regionally tailored, since the Caribbean and Pacific 

coasts face different kinds of risks and have unequal capacities to respond. Reservoir 

management, likewise, should begin to treat evaporation as part of the allocation problem, 

while also exploring potential collaborations with new approaches such as floating solar 

installations. In shared basins, accounting for evaporation is equally critical, as it may not 

only affect water balances but also the political stability of riparian relations. The Helmand 

Basin case makes clear that physical processes can become triggers for wider geopolitical 

conflict if they are not addressed transparently in cooperative frameworks. When combined, 
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these results demonstrate that hydrological research is most useful when it influences and at 

the same time is influenced by societal decisions about infrastructure, water, and land. 

Finally, this work confirms the argument that water security cannot be considered in isolation 

in an ever-changing climate. The displacement of wetlands or coastal squeeze, coastal 

flooding, and evaporation from reservoirs are not separate problems, but interconnected 

effects of the same broader challenge of how societies can adapt their water systems in the 

face of climatic fluctuations and long-term environmental change. The addition of the 

transboundary perspective emphasizes that these challenges extend beyond single basins or 

countries, and that future adaptation will require not only technical solutions but also 

cooperative and diplomatic ones. To meet this challenge, approaches are needed that combine 

ecological, infrastructural, and governance perspectives while taking into account 

uncertainties and unavoidable compromises.  

In conclusion, this dissertation adds to scientific knowledge while also offering insights for 

the practice of water governance. It demonstrates how the relationship between water and 

climate can be investigated in ways that are thorough at the spatial level, based on reliable 

methodologies, and considering the social circumstances in which choices are made. While 

each of the four case studies offers new perspectives in their respective fields, taken as a 

whole, they highlight a greater need for research that crosses disciplines, scales, and takes 

governance challenges into account. This not only increases the likelihood that measures for 

reservoirs, wetlands, and coastlines will remain effective as climate pressures continue to 

grow, but also strengthens the potential for cooperative solutions in politically sensitive water 

basins. 
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5. Summary and Outlook 

This dissertation has explored ways hydrological systems adapt, or struggle, to climatic and 

meteorological shifts across diverse ecological and societal landscapes. It addressed four 

different but related issues using a combination of satellite data, physical modeling, and 

socio-environmental perspectives: the potential inland shift of wetlands due to sea level rise, 

the uneven vulnerabilities along Colombia’s coasts, the significant evaporative water losses 

from important reservoirs in regions prone to water scarcity, and the geopolitical dimensions 

of evaporation in the Helmand River Basin shared by Afghanistan and Iran. A recurrent 

theme that emerged from these investigations is the interaction of human decisions on 

infrastructure, land management, and policy frameworks with climate-related variables. This 

supports the principle that when physical mechanisms are seen as integrated into their larger 

environmental and social contexts rather than as isolated components, hydrological studies 

become more precise and useful. 

This work creates a number of opportunities for further future development and application. 

By combining regional satellite images with evolving data on land use and governance 

structures, for example, there is a genuine chance to strengthen the connections between 

remote sensing and modeling. Such measures might narrow the divide between large-scale 

climate assessments and local decisions. For wetlands, advancing models that integrate 

geomorphological and biological dynamics with societal barriers could inform more practical 

conservation strategies, balancing natural limits against regulatory and community 

constraints. In coastal planning, upcoming efforts should aim to go beyond fixed inundation 

maps to embrace dynamic factors like population movements, city expansion, and evolving 

governance paths. Furthermore, it is essential to consider the optimization of evaporation 

reductions along with energy outputs and ecosystem integrity in reservoirs, particularly as 

solutions such as large-scale floating solar panels gain popularity. Equally, in transboundary 

basins, future research must expand to explicitly include evaporation in allocation 

frameworks and to explore its atmospheric feedbacks, since these losses have implications 

not only for local scarcity but also for international stability and cooperation. 

This dissertation highlights how crucial it is to take into account various scales and ensure 

collaboration between multiple disciplines when addressing the challenges surrounding 
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water, given that the climate continues to undergo changes and warming in some places. 

Wetlands, shorelines, and reservoirs should not be treated as isolated systems as they are 

parts of broader socio-ecological networks in which natural dynamics and human decisions 

interact and, at times, might amplify one another. Transboundary rivers in particular 

demonstrate how physical processes can spill over into governance and diplomacy, 

underscoring the need for scientific work that supports cooperative solutions alongside 

technical adaptation. Future research will therefore need to continue combining insights from 

the natural sciences, engineering, and policy, while also acknowledging uncertainties and the 

possibility of sudden system shifts. 

In summary, the studies presented in this dissertation show that understanding water systems 

under climatic and meteorological fluctuations requires approaches that are both technically 

grounded and also consider the context in which they are applied. By combining physics-

based modeling, remote sensing, and socio-ecological analysis, this dissertation has 

demonstrated how processes such as wetland migration, coastal flooding, and reservoir 

evaporation can be studied with greater precision and relevance. The addition of the 

transboundary case study further illustrates that hydrological science has geopolitical 

dimensions, and that physical water balances cannot be separated from international relations 

and cooperative governance. While challenges remain in relation to varying scales, data gaps, 

and disciplinary perspectives, the results point to opportunities for more integrated and 

resilient approaches to water management in a changing climate. Ultimately, wetlands, 

coasts, and reservoirs will continue to play a critical role in protecting societies and 

ecosystems from variability, and the methods developed here provide a foundation for further 

development of both scientific research and practical adaptation in the years to come. 
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A B S T R A C T   

Coastal wetlands provide essential ecosystem functions, including coastal protection, improve-
ment in water quality and carbon sequestration, which are threatened due to sea level rise (SLR) – 
a well-documented aspect of anthropogenic climate change. While there are numerous articles on 
SLR impacts on wetlands, data about the interactions between natural or human-made barriers 
and future SLR projections e.g. coastal squeeze are still sparse. If wetlands are bounded by natural 
formations or human-made structures, coastal wetlands could be permanently lost in a warming 
climate. Here we delineate impacts of SLR on wetland inland migration under a changing climate 
in six locations around the world with a particular focus on the consequences of human-made 
structures along coastlines in Europe, specifically along the largest continuous coastal wetland 
system in the world, the Wadden Sea. Various locations around the world (North America, South 
America, Europe, Africa, Asia and Australia) were chosen to analyze the impacts of regional SLR 
on wetland dynamics under climate change scenario. Our results show that places like 
Bangladesh, India and Myanmar have much larger areas at risk with nearly 10% of their coastal 
wetlands, whereas the wetlands in northern Australia seem to have a low area at risk to be lost 
with not even 1%. For the North Sea coast, wetlands where we had access to data from human- 
made infrastructure, we show that due to the built infrastructure, the wetland areas do not have 
the opportunity to evolve landward and hence, are expected to disappear permanently.   

1. Introduction 

Wetlands are identified as areas of land that are permanently or temporarily covered with water and are considered among the most 
valuable and productive ecosystems in the world to (Mitsch and Gosselink, 2015). Their importance was particularly emphasized in the 
1971 UNESCO Ramsar Convention aimed to enhance international cooperation to foster wetland conservation. To date almost 90% of 
UN member states have joined and declared over 2400 wetlands “Ramsar Sites”, distributed in all climate zones, covering more than 
2.5 million km2 (Ramsar Convention Secretariat, 2021). 

Coastal wetland ecosystems maintain vital functions and provide services that are crucial to humans and nature and include, among 
others, coastline protection (Chung et al., 2021; Costanza et al., 2014; Perillo et al., 2018; Sun and Carson, 2020), carbon sequestration 
(Morris et al., 2012; Nahlik and Fennessy, 2016) and biodiversity preservation, as they provide habitats for numerous plant, fish and 
bird species (Yang et al., 2017; Russi et al., 2013). 
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The IPCC’s latest Working Group I contribution to the Sixth Assessment Report, highlighted once more the threat that climate 
change and sea level rise (SLR) impose on coastal wetlands. The studies show that under the different climate scenarios, the projected 
rising sea levels exceed the levels of SLR reported in previous assessments (Masson-Delmotte et al., 2021). The Wadden Sea, for 
example, is one of the largest coherent coastal wetland ecosystems, and emerged around 8000 years ago along with the deceleration of 
the post glacial SLR (Reise et al., 2010). The Wadden Sea ecosystem adapted dynamically during the slow rate of the rising sea level, 
however, the projected acceleration in future SLR endangers this development (Graph inside Fig. 1). 

The adaptive capability of coastal wetlands during rising sea levels can be attributed to sediment accumulation from sediments 
transported landwards by waves and sea tides (Reise et al., 2010) or from rivers. If the sediment supply is insufficient to make up for the 
SLR, the landward migration of the ecosystem during marine transgression can help to preserve coastal wetlands (Fig. 2a). However, 
coastal areas worldwide are home to hundreds of millions of people, and predictions show that the global coastal population will 
exceed one billion people this century (Hauer et al., 2020). To protect the coast from storms, floods and other SLR related hazards, a 
variety of structures were installed along coastlines. These structures along with natural barriers, like cliffs, prevent the landward 
migration of wetlands and can result in permanent disappearance of wetlands (Fig. 2b) this process is also known as coastal squeeze 
(Borchert et al., 2018; Torio and Chmura, 2013). 

This study aims to analyze the impact of future SLR on coastal wetlands around the world with a focus on whether the wetlands 
have the opportunity to evolve into a new wetland environment. Our analysis includes natural or human-made barriers (Fig. 2), 
located alongside the North Sea coast in Europe adjacent to the largest coherent coastal wetland system in the world, that can be fatal 
to the future of some wetlands. In order to achieve this, locations in North America, South America, Europe, Africa, Asia and Australia 
were chosen (boxes labeled Zone 1 to Zone 6 in Fig. 1), that also have their significance as Ramsar Sites. 

2. Methods 

We used a geographic information system to assess the vulnerability of coastal wetlands to a 1 m SLR. In order to get information on 
the area that is at risk to be lost, we combined bathymetry data, digital elevation models as well as a database on the global extent of 
wetlands (see Figs. 3 and 4). 

2.1. Digital elevation models and bathymetry 

As a data source for our bathymetric information, we used the GEBCO_2021 Grid data. This global terrain model for ocean and land 
provides elevation data with a spatial resolution of 15 arc-seconds (GEBCO Compilation Group (2020). However, this data has a 
relatively coarse resolution, which might be challenging in shallower water depths that are more susceptible to changes in morphology 
due to tidal and wave action. For the land and terrain elevation information we could use the SRTM 1 Arc-Second Global elevation data 
offering a much higher resolution than the GEBCO grid data (Earth Resources Observation and Science (EROS) Center, 2017, Farr 

Fig. 1. Global map that shows the different types of wetlands within 100 km of the coast. The graph over Asia shows the measured sea level change 
over the past 170 years in black and the different projected SLR scenarios in color for the tide gauge station Cuxhaven 2, located in Germany. The 
black boxes show the six study areas (Zone 1 to Zone 6) that are investigated in this study. 
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et al., 2007). The GEBCO_2021 Grid was refined via resampling to the cell size of the SRTM grid. 

2.2. Wetland database 

The main source for the distribution and classification of the wetlands was the Global Lakes and Wetlands Database (GLWD), which 
is a combination of several existing datasets and provides a good representation of the maximum extent of global wetlands with a 
spatial resolution of 30 arc-seconds (Lehner and D!oll, 2004). There are various types of coastal wetlands such as salt marshes, 
freshwater marshes, seagrass beds, mangrove swamps as well as forested swamps. The GLWD contains one layer for coastal wetlands 
that includes mangroves, estuaries, deltas and lagoons. However, there are also separate layers for freshwater marshes, swamps and 
flooded forests, saline wetlands and also different layers that are categorized as wetland complexes with varying percentages that can 
be included as coastal wetlands. To include the different wetland categories appropriately, a coastal zone had to be chosen in which 
those wetland types that are not clearly classified as coastal wetlands are included. We chose the coastal zone that was defined in the 
Millennium Ecosystem Assessment (Millennium Ecosystem Assessment (Program), 2005) which includes an area that is closer than 
100 km from the sea but that doesn’t exceed 50 m elevation. Towards the sea we decided to choose areas that don’t exceed water depth 
of 60 m due to depth limitation of sea grass beds. 

2.3. Sea level projections 

The data used for the different sea level projections was created by the Working Group 1 contribution to the Intergovernmental 
Panel on Climate Change’s Sixth Assessment Report. We used sea level projections created from CMIP6 models for this assessment 
(Fox-Kemper et al., in press). 

Fig. 3 shows how the various data sources were combined using the ArcGIS Pro 2.7.0 software. To work with the different types of 

Fig. 2. Illustration of a) wetlands moving landwards due to SLR; b) coastal morphology, natural barriers or human-made structures/cities could 
prevent the wetlands from naturally migrating inland under SLR. 

Fig. 3. Flowchart showing an overview of the basic steps of the workflow used in this study.  
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data, we had to firstly project the data in appropriate coordinate system for each of the six zones. The second step encompasses refining 
the data in order to have identical cell sizes throughout our datasets. Once the data is refined, through the method of resampling, we 
could create mosaic datasets from the SRTM land elevation data and the GEBCO ocean bathymetry (Fig. 4a), b) and c)). The last step in 
Fig. 3 depicts the overlaying of the data. This is necessary to be able to use different geoprocessing tools such as clipping the data. Once 
the wetland data from the GLWD (Fig. 4d)) is clipped with the previously created mosaic (Fig. 4c)), more geoprocessing tools, e.g. 
raster calculator can be applied. An important step is the overlaying of the data to use different geoprocessing tools such as the raster 
calculator. Fig. 4f) shows how results from calculations of the raster data (Fig. 4e)) might look. 

3. Results 

In this study, we considered coastal wetlands on all continents, besides Antarctica, categorized into six zones (Fig. 1). Zone 1 is 
located in North America and comprises nearly the entire southern coast of the USA (Fig. 5). Our analysis showed that the majority of 
wetlands in this zone were classified as “Intermittent Wetland/Lake”, “50–100% Wetland” and “25–50% Wetland”. The extent of 
wetlands is nearly 19 million ha and ranges from around 50 m below sea level to 50 m above sea level (Fig. 6). 

Located in South America is Zone 2, which includes large parts of the Brazilian coast (Fig. 5). Wetlands in this area were classified as 
“Coastal Wetland”, “Swamp Forest, Flooded Forest” and “Freshwater Marsh, Flooded Forest” and range from 95 m below sea level to 
50 m above sea level (Fig. 6) making up an area of around 16.7 million ha. On the European continent we choose the Wadden Sea for 
our analysis which makes up Zone 3. As presented in Fig. 5, this entire area was classified as “Coastal Wetland” and spreads over the 
North Sea Coast of Germany, Netherlands and Denmark. Wetlands were mapped from 40 m below sea level to 50 m above sea level 
(Fig. 6) and cover an area of around 1.2 million ha. 

Zone 4 is located in the southwest of the African continent and spreads mainly along Mozambique and South Africa (Fig. 5). 
“Coastal Wetland” and “Freshwater Marsh, Floodplain” make up the entirety of the wetland area in this zone covering an area of 1.3 
million ha and ranges between 100 m below sea level and 50 m above sea level (Fig. 6). The wetlands in Zone 5 are mainly located in 
Bangladesh, India and Myanmar (Fig. 5) and were chosen as our study area for Asia. An area of around 10.4 million ha were mapped as 
“Coastal Wetlands” and “Freshwater Marsh, Floodplain”. The extent of the mapped wetlands in this zone varies from 100 m below sea 
level to 50 m above sea level (Fig. 6). The coastline of the Northern Territory and some of Queensland, Australia make up our area of 
interest on the Australian continent, Zone 6. The wetlands along the coastline were classified as “Coastal Wetlands” and have an extent 
of around 3 million ha (Fig. 5). They range from 85 m below sea level and 50 m above sea level (Fig. 6). 

The classification used for the Global Lakes and Wetlands Database (GLWD), shows clear differences in the identification of wetland 

Fig. 4. Flowchart showing detailed steps of the overlaying process used to analyze the data.  
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areas in coastal regions. For our analysis, we generated overlays of the wetland data with the bathymetry and land elevation data, 
allowing us to visualize the impacts of current and future sea levels based on wetlands elevation information (see the Methods section 
for more details). Fig. 5 shows that Zone 1 has a very large wetland area along the coast, however, it is not classified as “Coastal 
Wetland” but as a combination of wetlands, virtually a wetland complex. In all other zones the classification includes “Coastal 
Wetlands”. Our data shows that the water depth in which coastal wetlands were mapped is much deeper in all six zones than what 
would occur naturally. This can be observed, for example in Fig. 6, where it shows depths of coastal wetlands in Zone 2, 4 and 5 of 
~100 m below sea level, which is far too deep even for seagrass beds in tropical regions (Durako et al., 2003). This might be due to the 
coarse resolution of the GLWD. If we look at the distribution of the mapped wetlands over depth of occurrence, we can see in our data 
that in Zone 1, 2 and 4 (Fig. 6) large areas were mapped above sea level. In all three zones over 90% of the mapped wetlands were 
between 0 m and 50 m. In order to make better estimates of percentage losses of wetlands by zone, we only looked at wetland regions 
mapped below sea level up to a depth of 6 m (Fig. 7). The area of coastal wetlands in that range are much smaller than the mapped 
extent. From our analysis we estimate that only ~630 thousand ha of coastal wetlands are located between 0 m and 6 m water depth in 
Zone 1 (Fig. 7). Zone 2 has ~400 thousand ha, Zone 3 ~670 thousand ha, Zone 4 only ~22 thousand ha, Zone 5 has nearly 940 
thousand ha and Zone 6 has ~770 thousand ha in the range between 0 m and → 6 m (Fig. 7). 

Our results indicate that the area of wetland that is at risk of permanent loss due to 1 m SLR is largest in Zone 5 with nearly 10% (see 
Fig. 7). The second most affected area is Zone 2 with over 6%, followed by Zone 4 with ~5%, and Zone 1 and Zone 3 with both around 
2.6%. Zone 6 wetlands appear to show the lowest area at risk with nearly 0.5%. 

This study shows that vast areas that are currently classified as “Coastal Wetlands” and also wetlands that are just in coastal areas, 
are above sea level and a large fraction is not expected to entirely “drown” under 1 m of SLR. However, using a threshold of 6 m water 
depth for wetland definition, indicates that up to 10% of wetlands in some areas (Fig. 7 Zone 5) are at risk of permanent disappearance. 
The results indicate that coastal areas most threatened by SLR area in are in Bangladesh, India and Myanmar (Zone 5 in Fig. 7). These 
results are in line with the concerns discussed in other studies regarding the areas that seem to be greatly vulnerable to SLR (Hooijer 
and Vernimmen, 2021; Kibria and Yousuf Haroon, 2017). Northern Australia (Zone 6), where the environment is relatively pristine 
compared to other areas exhibits the lowest risk. However, the results confirm that permanent loss of coastal wetlands are expected 
globally and in all climate zones due to SLR consistent with other findings though with different rates (Blankespoor et al., 2014; Crosby 
et al., 2016; Rodríguez et al., 2017; Spencer et al., 2016; Woodruff, 2018). We note that the percentages presented here correspond to 
fraction of wetlands lost permanently due to 1 m SLR. In practice, a much larger area will be impacted due to the rising baseline that 
will also affect tidal range and enhance storm future storm surges. For this reason, the estimated loss reported here should be 
considered as the lower bound of future impacts. 

Fig. 5. Close up maps of the six zones highlighted in Fig. 1.  
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3.1. Influence of human-made barriers 

The influence of human-made barriers built for coastal protections on the landward migration of the coastal wetlands has been 
rarely discussed in literature partly due to lack of data. Currently, conducting such analysis for the entire globe considering human- 
made infrastructure is not possible as there is not such global product. Here, we show the adverse consequence of such built envi-
ronments on the fate of coastal wetland extending along the entire North Sea coast of Germany, called the Wadden Sea, where such 
data is available. The Wadden Sea is one of the world’s largest intertidal wetlands registered on the UNESCO World Heritage List 
(Huismans et al., 2022). Fig. 8 shows the expansion of the Wadden Sea along Germany in green, and in red the area of the wetland that 
is at risk under 1 m SLR. Also shown in this figure is the blue colored area that displays the parts of the mainland that would be flooded 
at a 1 m SLR. This flooded area is large enough to compensate for the ecosystem at risk of drowning, however, the thick black line 
shows the location of dams, walls and dikes that are built as protection structures along the entire North Sea coast of Germany. The 
dikes have a height of around 8 m above the mean sea level and are expected to be elevated to over 9 m due to projected future SLR (D. 
J. Hofstede, 2008; D. J. (MLUR) Hofstede, 2022.; J. Hofstede and Hamann, 2022). 

Since the entire coastline has a protective barrier, the event conceptualized in Fig. 2b is expected to occur. Our analysis reveals that 
more than 2,5% of the coastal wetlands in Zone 3 (Fig. 7), which mainly comprises of the German North Sea coast, will be under risk of 
being lost. Due to the presence of the human-made structure along the coast, there will be no opportunity for the wetland to evolve into 

Fig. 6. Area of coastal wetlands plotted over elevation for every zone.  
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a new system by moving landward and thus, these wetlands (facing human-made barriers) may be lost permanently leading to severe 
consequences on ecosystem. Given that significant populations live close to the coastal areas (Hauer et al., 2020), it can be concluded 
that wide areas along the shorelines will be protected by structures. An increase in the coastal population will also lead to an increase in 
the number of protective structures to be constructed and prevent the wetlands from migrating landwards. 

4. Summary and Conclusions 

In this study, we investigated the implications of climate change and the accompanying SLR on the evolution of coastal wetlands. 
Our results showed that there are wetlands at risk on all continents, however it is unclear how much of the ecosystem will be lost and 
how much can adapt through a landward migration. It should be noted that the vertical growth of biomass has not been considered in 
this analysis that may contribute to the survival of the wetland. Quantifying dynamic changes in wetland ecosystems can be chal-
lenging due to several unknown parameters related to driving forces. Under certain conditions involving high sediment influx into 
coastal areas, there could be even an increase instead of a decrease in coastal wetlands (Schuerch et al., 2018). That being said, in this 
analysis, we examined only the horizontal shift of wetlands and did not assume any increase in sedimentation. To examine this closer, 

Fig. 7. Area of coastal wetland that lies extents between sea level and 6 m water depth (blue). In red is the area that is at risk at a SLR at 1 m. The 
locations of the zones were illustrated in Figs. 1 and 5. 

Fig. 8. Map of the German North Sea coast.  

H. Nevermann et al.                                                                                                                                                                                                   



Appendix B Reprinted publications  

  58 
Sea level rise implications on future inland migration of coastal wetlands 

Global Ecology and Conservation 43 (2023) e02421

8

we analyzed the migration possibilities of one of the world’s largest coastal wetland systems. This could be done due to the data 
availability in Europe. Information on natural or human-made barriers in other locations are not readily available. Such information is 
vital to have an accurate understanding of the complex coupling between wetland dynamics and human-made structures. This in-
formation is needed to devise the necessary action plans for coastal wetland protections. 

Digital elevation models have improved greatly over the past decades, however, it is still challenging to obtain global datasets with 
very fine horizontal and vertical resolutions for studying wetlands. The same applies for global bathymetry datasets, especially close to 
the coast, as in our study. Coastal wetlands usually occur in water depths too shallow for vessels recording bathymetry. Hence, the 
accuracy and reliability of the bathymetry data in water depths below 10 m is hard to evaluate. The relatively coarse resolution of 
datasets, vertical usually 1 m or more, horizontal even more than 100 m, makes it almost impossible to determine fluctuations of sea 
level changes that are in the centimeter range. Due to those limitations, we assumed a sea level increase of 1 m, which is most likely 
expected to happen under scenario SSP3–7.0 and SSP5–8.5 in all of our locations by the year 2150 and in Zone 1 even under scenario 
SSP2–4.5. The changes between the different scenarios are too fine, only several centimeters or decimeters, to make valid predictions 
using the datasets available to us. Elevation data, obtained by lidar, has substantially improved vertical accuracy over the past decades 
(Gesch, 2009) however, we could not obtain those fine datasets for the areas of interest in our study. Datasets with a higher spatial 
resolution could significantly improve the analysis of wetlands in coastal zones. It would allow us to make more accurate statements 
about the distribution of these ecosystems. 

Another limiting factor is the variability of coastal areas, not only on land but also below the water surface. Tidal activity and 
natural alterations can change the morphology of the area under investigation in a relatively short time. Heavy storms for example, can 
erode or modify the ground in the order of several centimeters during a single event. Therefore, it is very difficult to make clear 
statements about long-term changes. Since we did not have fine resolution bathymetry data, we had to exclude tidal activity in this 
study, although tidal activity has an impact on morphology and the overall ecosystem. 

Inundation models, used in this study, for SLR have many advantages but also disadvantages e.g. areas of inundation are often 
overestimated when the connectivity of water is ignored (Mcleod et al., 2010). In our analysis we only counted areas that had con-
nections to the ocean to counter this problem. Another disadvantage of the inundation model for this analysis is that it does not account 
for possible feedbacks on wetland accretion. We discounted this in our study due to the rapid increase in SLR, which is expected to be 
much faster than in previous times where sedimentary accumulation was more likely to happen (Graph inside Fig. 1). 

The Global Lakes and Wetlands Database (GLWD), that was used to identify wetland areas in this study, is very comprehensive but 
it has some limitations. This global dataset was created by combining data from different datasets with various levels of accuracy and 
resolution. As a result, the information the accuracy is not necessarily consistent across space, primarily because, unlike lakes and 
rivers, partially under water areas cannot be mapped easily via satellites. In some locations, coastal wetlands were mapped in areas 
with water depths of more than 100 m. Coastal wetlands cannot even remotely exist at those depths and it is likely that the mapping 
was done with horizontal resolutions that were too coarse and in areas with deep slopes close to the shore. Another issue with the 
GLWD is that the classification is not consistent globally. In Zones 2, 3, 4, 5 and 6 the coastal wetlands were classified as “Coastal 
Wetland”, whereas in Zone 1 nearly the entire southern coast of the USA was classified as “25–50% Wetland” or “50–100% Wetland”. 
This makes the analysis very difficult, especially since that area is so large and at a very low elevation. It is likely that wetland types 
such as coastal wetlands, floodplains, swamps, bogs and others are included in that “25–50% Wetland” or “50–100% Wetland” layer. 
Although global datasets of wetland types, that also occur in coastal regions, exist in a finer resolution e.g. mangroves and salt marshes 
(Giri et al., 2011; Mcowen et al., 2017) the GLWD seemed to be the most complete dataset of global coastal wetlands that we could 
acquire. 

Considering the variety of different study areas spread over six continents in different climatic zones, we used a rather simple model 
for our analysis. We decided not to use the finest datasets available, which are only for certain types of coastal wetlands in certain 
regions, but instead the datasets that we considered to cover the different areas with a similar accuracy. Another consideration of this 
assessment is the variety of biota that makes up the coastal wetlands. The six zones looked at in this study are located in different 
climatic zones, resulting in different plant populations. The location might also be affected by the angle of the sun, e.g. if the wetlands 
are closer to the equator, the sun might penetrate the water to deeper levels, allowing plant growth at greater water depths. In our 
analysis, we neglected the effects of such differences on wetland inland migration and we assumed that all types of coastal wetlands 
behave the same. In reality, different wetlands may react differently to the projected SLR but such an assumption could serve the 
purpose of our analysis which was to investigate and highlight the extent and possible consequences of built structure or natural 
barriers on inland migration of coastal wetlands. According to (Mitsch and Gosselink, 2015) coastal wetlands exist to a water depth of 
6 m at low tides. The tides can vary, depending on the location, by up to several meters. However, in some regions there are sea grass 
beds, that are also considered as coastal wetlands, that exist at much greater depths. Sea grass beds can exist up to 50 m water depth 
(Durako et al., 2003) and some sea grass species (Halophila decipiens) are apparently located even deeper at ~80 m. The reliability of 
results in areas that contain sea grass beds at such depths is questionable. Therefore, we considered coastal wetlands in our study up to 
a bathymetry depth of 6 m. 

Previous studies have shown that SLR impacts the loss of coastal wetlands much less than direct human modification (Kirwan and 
Megonigal, 2013). Coastal wetlands have the ability to compensate the “drowning” by transgression and also by geomorphological 
feedback mechanisms e.g. vertical sediment accretion (Kirwan et al., 2016; Kirwan and Megonigal, 2013; Schuerch et al., 2018). 
However, wherever humans create urban areas close to the coast it is likely there will be protection infrastructure, constructed to 
prevent areas from inundation. Those act as barriers and will generate coastal squeezing and that can result in coastal wetland losses 
(Enwright et al., 2016). The survival of coastal wetlands depends on a number of dynamic factors whose mechanisms of interaction 
have not been well understood. In this analysis, we only considered the landward migration and the effect of coastal squeeze by 
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human-made structures. Important factors that need further study include the impact of socio-economic pathways or the potential 
availability of buffer zones for coastal wetland ecosystems. 
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A B S T R A C T   

The sea level has risen notably in recent decades compared to the most recent millennia. This poses serious threats to infrastructure, local jobs, 
environment and human population over the next century, especially in coastal zones. In this paper, the most up-to-date understanding of the 
climate system and climate change was used to investigate impacts of sea level rise on potential land loss along the Caribbean and Pacific coastlines 
of Colombia. Sea level rise projections published in August 2021 by the Intergovernmental Panel on Climate Change in the Sixth Assessment Report 
were used to identify the area at risk of land loss. Moreover, the potential socio-economic implications of these changes were discussed in regions 
affected by the projected sea level rises. We examined five Shared Socioeconomic Pathways for the 21st century (SSP1-1.9, SSP1-2.6, SSP2-4.5. 
SSP3-7.0, SSP5-8.5). Our results suggest a sea level rise of 1.04 m in the worst-case scenario (SSP5-8.5) which would threaten an area of 2840.64 
km2. The land use in the affected zones was determined. The area at risk will impact 12 departments or 86 municipalities with different social, 
environmental, economic, and cultural conditions along the coastline of Colombia, that need to be considered when devising and implementing 
mitigation policies.   

1. Introduction 

Sea level rise (SLR) is one of the consequences of climate change and may pose serious environmental and socio-economic chal-
lenges, especially in coastal environments. SLR exacerbates the impacts of extreme sea level events as well as coastal hazards, and has 
several detrimental effects on marine ecosystems and services (Moftakhari et al., 2017; Fagherazzi et al., 2020; Masson-Delmotte et al., 
2021; Martyr-Koller et al., 2021; van den Hurk et al., 2022). The United Nations states that about 40 % of the world’s population lives 
in coastal regions, i.e. within 100 km of the coastline (Barbier, 2015; Montgomery, 2007). The land area that is less than 10 m above 
sea level is just 2 % of the world’s total land area, yet it is home to 10 % of the world’s population and 13 % of the world’s urban 
population (McGranahan et al., 2007). SLR, extreme sea level events, and land subsidence have the potential to significantly affect 
landscapes, land use, infrastructure, morphology and ecosystem services, therefore coastal areas are among the most vulnerable re-
gions in the world (Nicholls & Cazenave, 2010; Davtalab et al., 2020). Estimations from the Intergovernmental Panel on Climate 
Change (IPCC) suggest a future increase in Global Mean Sea Level (GMSL) rise. Such a trend can already be observed when, for 
example, comparing the rate of change of 3.7 [3.2 to 4.2] mm/yr between 2006 and 2018 with the rate of 1.9 [0.8 and 2.9] mm/yr 
between 1971 and 2006 (Masson-Delmotte et al., 2021). In order to effectively develop ways to adapt, regional and local drivers must 
first be determined. Authorities and stakeholders require information regarding how sea level rise will impact specifically their local 
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area in order to implement future development plans. 
This study aims to analyze impacts on the coastline of Colombia. Colombia extends from north to south between 12→N and 4→S and 

from east to west between 67→W and 79→W (Fig. 1a) with a total area of nearly 1.14 million km2 and it is home to nearly 51.3 million 
people (The World Bank, 2022). It is composed of 32 departments (subnational divisions) plus the capital district of Bogota, and it 
shares borders in the North with Panama, in the East with Venezuela and Brazil and in the South with Ecuador and Peru. The climate is 
predominantly tropical along the coast and in the eastern plains, whereas the highlands are characterized by a cooler climate. The 
overall coastline of Colombia is more than 3000 km in length, with over 1600 km on the Caribbean Sea and about 1400 km along the 
Pacific Ocean (Fig. 1a). 

Rising sea levels and an increase in the occurrence of extreme events are recognized as key climate concerns by policymakers and 
the global public (Oppenheimer and Alley, 2016). Sea level rise threatens coastal areas through a combination of hazards and impacts, 
including intensification of episodic, temporary flooding, as well as permanent inundation of land, inundation of groundwater, and 
salinization of ground and surface waters (Magnan et al., 2022). Additionally, marine and terrestrial coastal ecosystems will undergo 
significant changes by the end of this century, which include the loss of biodiversity and ecosystem functions (Albright et al., 2018; 
Blankespoor et al., 2014; Borchert et al., 2018; Coldren et al., 2019; Perry et al., 2018). 

Similar to other regions around the globe, SLR in Colombia is expected to cause flooding and coastal erosion (Restrepo-!Angel et al., 
2021). This study analyses three different aspects of SLR consequences along the Colombian coasts. Firstly, by using different IPCC 
scenarios, potential land loss due to SLR will be determined. Secondly, the current land use of these threatened areas will be assessed. 
Finally, a socio-economic discussion will be presented to delineate the potential impact of SLR with the associated land loss on the local 
population. 

2. Methods 

2.1. Elevation information from Colombia 

Digital Elevation Model (DEM) data is needed to assess land elevation compared to SLR and thus determine potential land loss as a 
result of the projected SLR. The data used in this study is a high accuracy Multi-Error-Removed Improved-Terrain DEM (MERIT DEM) 
with a resolution of 3 arc seconds (~90 m at the equator), that was created by removing the key error components from existing DEMs 
(NASA SRTM3 DEM, JAXA AW3D DEM, Viewfinder Panoramas DEM) (Yamazaki et al., 2017). Yamazaki et al. (2017) used a multi-step 
method to improve the accuracy of the global DEM. Firstly, strip noise was removed, then the absolute bias and the tree height bias 
were identified and removed and as a last step the speckle noise was removed by using adaptive smoothing filters. Each dataset 
represents 5→ (latitude) by 5→ (longitude) tiles. For the analysis, we merged several tiles in a mosaic dataset using the same geographic 
coordinate system (WGS 1984). Fig. 1b illustrates the results of DEM analysis. 

Fig. 1. (a) Map of Colombia showing tide gauge stations as well as the 100 km coastal zone for the Pacific and the Caribbean coasts (hatched zones). 
(b) Elevation of Colombia. The legend indicates the elevation above the sea level. 
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For the predicted future scenarios, the inundated area is calculated according to the elevation value from the DEM. For each 
scenario, the area is determined by connected pixels that have a value less than or equal to the sea level rise. 

2.2. Tide gauge information from Colombia 

Two organizations, the Permanent Service for Mean Sea Level (PSMSL), which offers a global data bank for long-term sea level 
change information including, the Global Sea Level Observing System (GLOSS), and the University of Hawaii Sea Level Center 
(UHSLA), collect tide gauge data on the coasts of Colombia. The two tide gauge stations located on the Pacific coast are Buenaventura 
and Tumaco and the four stations located on the Caribbean coast are San Andres, Cartagena, Santa Marta and Riohacha (Fig. 1a). Each 

Fig. 2. Sea level rise values based on the monthly and annually averaged data measured by the tide gauge stations shown in Fig. 1a.  
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tide gauge station is part of a network of stations belonging either to the PSMSL - GLOSS or to the UHSLC. The quality assessment of the 
sea level data can be found in their metadata. There are two different types of datasets available for each station. One is fast delivery 
data, which is released within 1–2 months of data collection and receives only basic quality control which focuses on large sea level 
shifts and obvious outliers. The other data type is “science-ready” data which follows an in-depth quality control process that is time- 
consuming and results in research quality data. However, this process may take up to 2 years until data release. In our analysis, data in 
research quality was used from PSMSL – GLOSS for the tide gauge stations Buenaventura, Cartagena and Tumaco. Fast delivery data 
from the UHSLC was used for the stations Buenaventura, Cartagena, Tumaco, San Andres and Santa Marta. The recorded data from 
these stations are presented in Fig. 2.Note that the tide gauge recordings start at different years and there was a recording gap in 
Cartagena – Station B. 

2.3. Projected climate changes and sea level rises 

The IPCC has developed sea level scenarios by establishing emissions-dependent probabilistic projections and discrete scenarios- 
based methods (Pachauri et al., 2014). Each emissions scenario is represented by a Representative Concentration Pathway which 
describes different climate futures, depending on the volume of greenhouse gases emitted in the coming years. Moreover, the climate 
change research community has developed different scenarios incorporating future changes in climate and society to explore different 
alternatives for mitigation and adaptation (O’Neill et al., 2017). These scenarios, known as Shared Socioeconomic Pathways (SSP), 
include key aspects of society such as demographics, human development, economy and lifestyle, policies and institutions, technology 
and environment and natural resources and are assessed to identify challenges that are due to mitigation and adaptation. In the most 
recent report published by the IPCC (Masson-Delmotte et al., 2021), Integrated Assessment Models (IAM) are being used to create 
different scenarios of energy use, air pollution, land use, and greenhouse gas emission. The implementation of mitigation policies or 
lack of them could develop numerous emission scenarios for each SSP (Riahi et al., 2017). The IPCC’s Sixth Assessment Report 
(Masson-Delmotte et al., 2021) relates an SSP with a radiative force level at the end of the 21st century depending on the mitigation 
and adaptation and the emission future within the IAM modeling framework. For example, the SSP1-1.9 scenario represents the SSP1- 
Sustainability together with a policies and emission framework that would reach a radiative forcing of 1.9 W/m2 value by 2100. The 
core SSP scenarios used in the IPCC report are SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 (Masson-Delmotte et al., 2021) 
therefore, we decided on using these scenarios in this study. 

The IPCC analyses and assesses the scientific-experimental information and produces unified projections on future sea levels across 
the world under a variety of potential future scenarios. The NASA Sea Level Projection Tool (Fox-Kemper et al., 2021; Garner 
et al.,2021) is created to visualize and download the sea level projection data from the IPCC 6th assessment report. Sea-level change for 
each SSP scenario results in medium confidence (50th percentile) and two low confidence (17th and 83rd percentile range) scenarios 
adding several other SLR drivers such as ice sheet and thermal expansion (among other parameters). We used the NASA Sea Level 
Projection Tool to project SLR from 2020 to 2150 under different future climate scenarios for the tide gauge station Cartagena on the 
Caribbean coast and the station Buenaventura on the Pacific coast. The projected values are presented in Fig. 3 (note that the cor-
responding tabulated values are reported in Table SM.1). 

Fig. 3. Buenaventura (a) and Cartagena (b) total sea level rise. Shaded zones show the 17th-83rd percentile ranges. Projections are relative to a 
1995–2014 baseline. 
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3. Results 

Over the last few years, a clear SLR is seen in the Caribbean Sea, whereas a slower SLR is observed in the Pacific Ocean. 

3.1. Potential land loss due to SLR according to the IPCC scenarios 

Based on the previously projected SSP scenarios, the potential land loss on the Pacific and Caribbean Sea coast due to SLR was 
calculated. Only the area located within the 100 km coastal region (Fig. 1a) was used for the calculation with the data presented in 
Fig. 4a. Even though the Caribbean coast of Colombia (with around 1600 km length) is only 1.15 times as long as the Pacific coastline 
(less than 1400 km length), the area at risk is over 5.5 times larger on the Caribbean coast under SSP1-1.9. Under SSP1-2.6. SSP2-4.5, 
SSP3-7.0 and SSP5-8.5 the area at risk is still 5.5, 4.2, 3.8 and 3.7 times larger on the Caribbean coast. The total area at risk within the 
100 km zone (on both Pacific and Caribbean Sea coast) is around 2064 km2 under SSP1-1.9, 2136 km2 under SSP1-2.6, 2424 km2 under 
SSP2-4.5, 2658 km2 under SSP3-7.0 and 2841 km2 under the SSP5-8.5 Scenario. 

Our results indicate that the Caribbean Sea coastline will experience a higher SLR than the Pacific Ocean coastline. This could be the 
result of natural factors such as tectonic activity and sediment compaction (Restrepo-!Angel et al., 2021). As reported in supplementary 
material, Table SM.1, the Caribbean Sea will undergo a sea level rise between 0.64 m (SSP1-1.9) and 1.04 m (SPP5-8.5) whereas the 
Pacific Ocean will experience a lesser impact with a sea level rise between 0.35 m (SSP1-1.9) and 0.72 m (SSP5-8.5). An area of 1748 
km2 and 2232 km2 along the Caribbean Sea coast is at risk of permanent loss under SSP1-1.9 and SSP5-8.5, respectively (Fig. 4a) while 
these numbers are 316 km2 and 609 km2 for the Pacific coast (Fig. 4a). If the SLR would exceed the values of the future projections used 

Fig. 4. Potential land loss due to the projected sea level rise for the Caribbean Sea coast and the Pacific coast within the (a) 100 km and (b) 1 km 
of coastlines. 

Fig. 5. Land use of the area in potential risk of land loss due to the projected sea level rise on the (a) Caribbean and (b) Pacific coastlines.  
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in this paper, the calculated numbers reported here would be modified accordingly. Considering that the area within 1 km of the 
coastline is most affected by changes in mean sea level, this area should be given special consideration by policy makers to adapt to sea 
level rise and mitigate some impacts. Therefore, we have performed a similar analysis to calculate the area under the risk of permanent 
land loss due to SLR within 1 km of the coastline of Pacific Ocean and Caribbean Sea with the results presented in Fig. 4b (see sup-
plementary materials, Table SM. 2 and Table SM. 3, for the values used to plot Fig. 4). 

Fig. 5a and 5b show the land use of the area that is in potential risk of land loss due to the projected sea level rises (the numerical 
values used to plot Fig. 5 are presented in the supplementary materials, Table SM. 4). On both coasts, the Caribbean and the Pacific, the 
land type classified as “water bodies” will be affected most by the SLR under any scenario. The second most affected land type is the 

Fig. 6. Gross Domestic Product by branch of economic activity for the year 2019 (a) and 2020 (b) (DANE, 2020b).  

Table 1 
Department GDP percentage by branch of economy activity (%) presented in Fig. 6 (DANE, 2020b).  

Department Industry code 

A B C D E F G H I J K L 

Antioquia  12.97  12.25  19.07  19.50  16.10  14.30  14.70  15.99  14.64  19.86  11.27  14.15 
C!ordoba  2.83  1.83  1.78  2.05  1.94  1.41  1.77  0.85  0.66  1.76  3.06  1.23 
Choc!o  1.15  2.26  0.03  0.12  0.33  0.29  0.15  0.17  0.09  0.01  0.98  0.15 
Sucre  1.10  0.12  0.52  0.54  1.56  0.79  0.66  0.45  0.51  0.27  1.76  0.94 
Atl!antico  0.64  0.25  6.15  9.66  4.16  5.40  4.00  4.21  3.72  4.67  4.55  4.44 
Bolívar  2.44  2.17  4.76  3.39  5.76  2.91  2.37  1.83  2.59  3.39  4.14  2.09 
Magdalena  3.26  0.08  0.48  0.70  1.53  1.53  1.16  0.78  0.92  0.69  2.48  1.14 
La Guajira  0.69  3.61  0.06  1.58  1.11  0.71  0.35  0.36  0.49  0.04  1.47  0.66 
Cauca  3.37  0.46  2.67  1.49  2.67  1.15  0.75  0.71  0.93  1.93  2.44  0.99 
Valle del Cauca  9.31  0.31  14.29  9.78  6.62  10.01  8.79  8.29  13.26  12.95  8.38  8.74 
Nari”no  3.59  0.33  0.35  0.62  2.38  1.74  0.86  0.99  1.35  0.74  2.77  1.55 
San Andr!es, Providencia y Santa Catalina 

(Archipi!elago)  
0.00  0.00  0.00  0.10  0.10  0.38  0.07  0.10  0.08  0.08  0.16  0.03  
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land that is dedicated for soil conservation. As is also visible in Fig. 4, the land along the Caribbean coastline is expected to experience 
greater impacts. 

3.2. Socio-economic considerations and impacts 

Colombia is an emerging economy and an economic power in the South American continent. According to the International 
Monetary Fund (IMF), Colombia’s nominal GDP is the fifth highest in Latin America after Brazil, Mexico, Chile, and Argentina, and 
ranks 45th in the world. The largest industry sectors in the country are public administration, defense, education and health, wholesale 
and retail trade and manufacturing industries (Fig. 6: Gross Domestic Product by branch of economic activity for the year 2019 (a) and 
2020 (b) (DANE, 2020b). – the numerical values used to plot Fig. 6 are presented in the supplementary material, Table SM. 5). 

Our results show that under SSP5-8.5 climate scenario, 12 departments and a total of 86 municipalities are directly affected by the 
projected SLR via its effects on potential land loss. Table 1 shows those departments and their percentage of the total economic activity 
of that branch. The departments Antioquia and Valle del Cauca have a great impact on the national GDP, covering a substantial ratio in 
most of the economic activities. 

The population that is affected by the potential land loss due to SLR could vary depending on the country’s development and future 
adaptation policies. Nevertheless, it is possible to estimate the population that currently lives in the potentially endangered area 
(Table 2). In addition to the affected population, it is crucial to evaluate the economic conditions in which the inhabitants live. The first 
factor to be evaluated is the GDP per capita. DANE reports the GDP per capita by department, which shows an estimate of the pur-
chasing power per population (Table 2). 

4. Discussion 

Along the coastline of the Caribbean Sea are many important cities such as Cartagena, Barranquilla, Santa Marta, San Andres and 
Riohacha, which according to Banco de la Republica de Colombia are the cities that attract a large number of tourists and generate 
significant employment. Resources that are extracted in this coastal zone, among others, are coal, natural gas, and salts. The region’s 
main crops are cotton, rice, coffee, cacao, cassava, African oil palm, bananas and other fruits. Cattle ranching also plays an important 
role, especially for dairy products, meat and also the leather industry. The economy of the Pacific region is based on industrial deep-sea 
fishing and mariculture; in addition, the extraction of forests for the national and international market plays a major role, as well as 
industrial gold and platinum mining. Livestock is also kept and the agriculture is mainly African oil palm, banana and plantain crops. 

In order to determine the impact of sea level rise on the environment and the inhabitants, it is crucial to know the land use of the 
area that is at risk of inundation. The major land use types on both coasts, that are at risk, are water bodies and soil conservation 
(Fig. 5). One of the consequences of the SLR is wetland salinization. This salinization modifies the essential physicochemical nature of 
the soil–water environment, raising ionic concentrations and modifying chemical balances and mineral solubility (Herbert et al., 
2015). Wetland ecosystem services are among the most valuable on the planet (Mitsch et al., 2015). The services include water sta-
bilization, flood and drought mitigation, cleaning of polluted water, shoreline protection and recharging of groundwater aquifers. 
Wetlands also provide a unique habitat for a large variety of flora and fauna and they act as a carbon sink and can stabilize the climate. 
Therefore, the environmental loss due to sea level rise will have a significant impact on the natural processes of the region. Another 
consequence of sea level rise is soil salinization, which adversely influences vegetation, food security and environmental health 
(Shokri-Kuehni et al., 2020; Hassani et al., 2021). In particular, places where groundwater with high levels of salt concentration are 
being used for irrigation. This poses a threat to the agriculture and food production Funakawa & Kosaki, 2007). Due to the fact that 
land that is used for agriculture will be affected by the sea level rise under each of the SSP scenarios, and considering that agriculture, 
livestock, hunting, forestry and fishing represent almost 10 % of the national GDP, sea level rise poses a serious threat to food security 
and socio-economic activities. The different climate zones, as well as terrains, provide Colombia with a large variety of fauna and flora 
species making Colombia one of the world’s top 5 producers of coffee, avocado, and palm oil, and one of the world’s top 10 producers 
of sugar cane, banana, pineapple and cocoa (Food and Agriculture Organization, 2021). Furthermore, residential zones will also be 

Table 2 
Population (2018) in the municipalities that are at potential risk of land loss due to SLR (DANE, 2020a) and GDP per capita by each department 
that lies within area that is at risks (DANE, 2020b).  

Department Inhabitants Municipalities GDP per capita (USD) 

Antioquia 371,321 8 5,898 
Atl!antico 2,001,531 13 4,343 
Bolívar 1,081,757 8 4,163 
Cauca 60,809 3 3,218 
Choc!o 210,323 13 2,186 
C!ordoba 358,124 10 2,614 
La Guajira 654,452 7 2,205 
Magdalena 822,223 11 2,538 
Nari”no 355,250 8 2,561 
Sucre 109,589 4 2,341 
Valle Del Cauca 258,445 1 5,816  
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affected by the SLR under each of the SSP scenarios, requiring reallocation of families to a secure location in terms of inundation risk. In 
addition to the financial cost, the social consequences of such a task would be extremely complex. 

The population of Colombia contains many different ethnic groups (Fig. 7a) (DANE, 2020a). Given the ethnic territories and the 
social-cultural value represented, the reallocation of the population in these territories could be more complex and expensive (see 
Fig. 7b). For example, the departments of Choco and Guajira, which may be affected by sea level rise, have a population of almost 40 % 
living in indigenous reservations or CCN territory, leading to a special policy in terms of mitigation and adaptation, and reallocation in 
case this is necessary. 

In addition, these departments, and some others, have poverty indicators with values that make the implementation of policies 
more challenging. The informal labor rate in the departments of Choco and La Guajira are the highest in the country, 92 % and 93 % 
respectively, and the other affected departments have rates higher than 50 %. This makes tax collection more difficult or non-existing. 

Fig. 7. (a) Population in private households, by ethnic self-recognition and ethnic territoriality. CCN: Collective Territories of Black Communities 
(Territorios Colectivos de Comunidades Negras) (DANE, 2020c) and (b) Social information Multidimensional Poverty Index 2020 (DANE, 2020d). 
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Unemployment rates in these departments are also among the highest in the country, which makes it more complicated to adapt to new 
mitigation and adaptation policies. Moreover, inadequate excreta disposal and no access to treated water sources are also issues that 
may be worsened by sea level rise. 

5. Summary and conclusions 

In this study we investigated the economic and social impacts of sea level rise in the coastal zones of Colombia, considering the 
different SSP scenarios projected by the IPCC report released in 2021. Potential land loss due to the projected sea level rises under 
different SSP scenarios were delineated. A reconstruction of the sea level rise back to 1870 shows a substantial acceleration in the last 
century, possibly as a result of global warming which melts land ice and causes ocean expansion (Church & White, 2006). However, the 
degree of impact on coastal areas depends on the regional and local features such as profile slope, topography, sediment type, wave 
conditions, tide conditions, meteorological conditions etc. (Orejarena-Rond!on et al., 2019). Even though there are severe conse-
quences of sea level rise, in theory, the implementation and success of adaptation policies are fairly uncertain, which leads to a demand 
for more assessment and consideration (Nicholls & Cazenave, 2010), especially on a regional scale. Therefore, it is essential to conduct 
local studies that consider all variables to determine the impact of sea level rise on coastal areas, to administer the best mitigation and 
adaptation measures. The DEM used to analyze the land elevation in our investigation has a resolution of 90 m → 90 m, which leads to 
uncertainty in the potential land loss assessment. Naturally, the study evaluates the land which would be below sea level with sea level 
rise and the behavior in an area of 8,100 m2 could vary significantly. However, our analysis provides a general scope of the area at 
potential risk of inundation due to the projected sea level rise. Another limitation is that the information used to determine the sea level 
rise was obtained by the projections performed by the IPCC in the Sixth Assessment Report, released in 2021, which only forecasted the 
sea level rise for two meteorological stations in Colombia. Fortunately, the two stations are on both Pacific and Caribbean coastlines. 
The sea level rise projections were extrapolated spatially and temporally to the whole coastline which leads to a substantial assumption 
when assessing the potential land loss. Certainly, the sea level rise depends on various local and regional meteorological, climatic, 
geophysical and other factors and therefore, extreme waves, sea level extremes and surges need to be considered when measuring the 
impact of the sea level rise. 

The results showed a clear trend that the Pacific coast will experience a milder increase in sea level than the Caribbean coast. The 
increased rates in rising sea levels along the Caribbean coast are likely attributable to natural causes such as tectonic activity or 
sediment compaction resulting in land subsidence (Restrepo-!Angel et al., 2021). 

It should be highlighted that the potential risk assessed in this study does not consider any mitigation measures adopted to protect 
against the impact of the sea level rise. Each SSP scenario represents a specific pathway the society could take, but special measures, 
such as dykes to prevent inundation, are not considered in this analysis. Hence, the results should be understood as a signal of the 
consequences of sea level rise if no actions are undertaken. It should also be mentioned that the uncertainties included in the future SLR 
projections influence the calculated areas that are under risk of being lost. 

To the best of our knowledge, the reported results in this paper offer one of the first detailed analyses of the consequences of the 
projected sea level rises (released by the IPCC in the Sixth Assessment Report in 2021) with the associated socio-economic impacts on 
the coastline of Colombia under different climate scenarios. This can be a useful tool and a starting point toward a precise calculation of 
the environmental, ecological and socio-economic consequences in the region. 
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Table SM.1: Regional mean sea level projections (in meters) for 5 SSP scenarios, relative to a baseline of 1995-20140. 

 

 

 

 

Table SM.2: Potential land losses due to SLR within 100 km distance of the coastline per Shared Socioeconomic Pathway 

(SSP), given the regional mean sea level projections (in square kilometers). 

Coast SSP1 – 1.9 SSP1 – 2.6 SSP2 – 4.5 SSP3 – 7.0 SPP5 – 8.5 

Caribbean Sea Coast 1747.68 1805.93 1963.19 2105.56 2231.78 

Pacific Coast 316.12 329.68 460.9 552.21 608.89 

Total 2063.8 2135.61 2424.09 2657.77 2840.67 

 

 

 

 

 

Climate 

System 
Station 

SSP scenario at 2100 

SSP1 – 1.9 SSP1 – 2.6 SSP2 4.5 SSP3 – 7.0 SPP5 – 8.5 

Caribbean 

Sea 
Cartagena 

0.64  

(0.47, 0.86) 

0.69  

(0.53, 0.90) 

0.82  

(0.65, 1.07) 

0.94  

(0.77, 1.21) 

1.04  

(0.84, 1.34) 

Pacific 

Ocean 
Buenaventura 

0.35  

(0.19, 0.56) 

0.41  

(0.25, 0.62) 

0.51  

(0.35, 0.76) 

0.64  

(0.46, 0.90) 

0.72  

(0.53, 1.01) 
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Table SM.3: Potential land losses due to SLR within 1 km distance of the coastline per Shared Socioeconomic Pathway (SSP), 

given the regional mean sea level projection (in square kilometers). 

Coast SSP1 – 1.9 SSP1 – 2.6 SSP2 – 4.5 SSP3 – 7.0 SPP5 – 8.5 

Caribbean Sea Coast 265.22 272.42 285.68 301.1 313.39 

Pacific Coast 41.5 41.63 103.06 125.61 138.78 

Total 306.72 314.05 388.74 426.71 452.17 

 

Table SM.4: Area of land, divided by land use, affected under each of the SSP scenarios in square kilometers. 

Coast Land Use 

Shared Socioeconomic Pathway 

SSP1 – 1.9 SSP1 – 2.6 SSP2 4.5 SSP3 – 7.0 SPP5 – 8.5 

Caribbean 

Sea Coast 

Airport 2.91*e-5 2.91*e-5 2.91*e-5 2.91*e-5 2.91*e-5 

Agriculture 56.26 60.39 73.56 88.34 103.16 

Agroforestry 188.54 195.38 222.37 243.22 268.08 

Sandpit 0.004 0.004 0.004 0.006 0.006 

Soil Conservation 428.60 452.75 521.83 583.24 639.90 

Water Body 973.20 993.29 1033.64 1069.26 1090.16 

Forestry 2.66 2.82 3.26 3.59 3.87 

Coal Mine Pit 3.20 3.21 3.21 3.21 3.21 
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Livestock 29.89 31.29 36.02 43.52 50.26 

Saltmarsh 37.70 38.56 39.53 39.85 39.96 

Residential Zone 1.35 1.41 1.65 1.98 2.27 

Pacific Coast 

Agriculture 0.28 0.28 0.93 1.33 1.6 

Agroforestry 6.26 6.55 15.35 26.66 31.11 

Soil Conservation 30.15 32.21 88.81 134.37 167.6 

Water Body 255.7 266.21 308.24 325.29 334.66 

Forestry 2.97 3.13 8.38 17.74 22.26 

Livestock 7.17 7.67 13.42 17.5 20.81 

Residential Zone 0.5 0.53 0.7 0.78 0.87 

Total 

 

2024.44 2095.68 2370.91 2599.89 2779.78 

Area in potential risk without a 

reported land use 
39.36 39.93 53.18 57.88 60.89 
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SM.5: Gross Domestic Product by branch of economic activity (DANE, 2020b). 

Code Industry 2019 2020 

A Agriculture, livestock, hunting, forestry, and fishing 7.06% 8.39% 

B Mining and quarrying 6.06% 4.50% 

C Manufacturing industries 12.06% 12.09% 

D Electricity, gas, steam, and air conditioning supply 3.76% 3.99% 

E Construction 6.90% 5.65% 

F Wholesale and retail trade 19.60% 17.87% 

G Information and communications 3.07% 3.16% 

H Financial and insurance activities 4.89% 5.35% 

I Real estate activities 9.63% 10.55% 

J Professional, scientific, and technical activities 7.54% 7.73% 

K Public administration, defense, education, and health 16.63% 18.04% 

L Arts, entertainment, recreation, and other service activities 2.82% 2.68% 
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Quantifying water evaporation from large reservoirs: Implications for water 
management in water-stressed regions

Hannes Nevermann a,b,*, Milad Aminzadeh a,b,**, Kaveh Madani c, Nima Shokri a,b,***

a Institute of Geo-Hydroinformatics, Hamburg University of Technology, 21073 Hamburg, Germany
b United Nations University Hub on Engineering to Face Climate Change at the Hamburg University of Technology, United Nations University Institute for Water, 
Environment and Health (UNU-INWEH), Hamburg, Germany
c United Nations University Institute for Water, Environment and Health (UNU-INWEH), Richmond Hill, ON, Canada

A B S T R A C T

Dam reservoirs are at the core of local water storage and supply, especially in water-stressed regions of the world with acute water shortage problems. However, 
evaporative losses from these reservoirs and their storage efficiency are often overlooked in water budgeting. We offer a mechanistic approach that combines 
physically-based modeling with remote sensing information of reservoir characteristics to reliably predict evaporative losses from dam reservoirs. The developed 
framework is used to predict evaporative water losses from potential dam reservoirs in different basins worldwide. We apply this framework to 10 of the largest dam 
reservoirs in the world’s water-stressed regions to quantify evaporative water losses. Our analysis, spanning from 2000 to 2020, reveals considerable variations in 
annual evaporation rates in the reservoirs located in water-deprived regions exceeding 3200 mm/year during the study period with the total evaporative loss 
reaching 26.5 km3/year. The evaporative water loss accounts up to 15.8% of the storage capacity in one of the dam reservoirs, posing significant challenges for water 
allocation and conservation strategies, with notable economic and environmental consequences in regions already suffering from water scarcity.

1. Introduction

Global warming, along with increasing water demands, exacerbates 
the pressure on limited freshwater resources, particularly in water- 
stressed regions of the world where demands surpass the available 
water supply (Boretti and Rosa, 2019; Dolan et al., 2021; Huns, 2020; 
Wada et al., 2016), leading to a state of ‘water bankruptcy’ with the 
corresponding socio-economics implications (Madani et al., 2016; 
Degefu and He, 2016). Moreover, reservoirs are under increasing stress 
due to the combined effects of climate change and human activities, 
further compromising their ability to meet water demands (Cooley et al., 
2021; Li et al., 2023). Throughout history, local water storages have 
been crucial for supplying water during dry periods. However, their 
numbers have drastically been growing during the past decades reach-
ing to over 76,000 reservoirs around the world that are larger than 0.1 
km2 with total storage capacity of more than 7200 km3 (Lehner et al., 
2011). Dam reservoirs are key components of local water storages not 
only affecting water management and budgeting across scales, but also 
regulating global fluvial network and ecosystem functioning. Never-
theless, evaporative losses are often overlooked in water balance of dam 
reservoirs. This could impact the estimation of their storage efficiency, 

which could exacerbate water shortage problems, and may even inten-
sify conflicts over shared water resources (Gleick, 2019; Oranye and 
Aremu, 2021; Pacific Institute, 2023; Schillinger et al., 2020; Sivapra-
gasam et al., 2009).

With some estimates, as much as half of the stored water in small 
water reservoirs (between 2 and 3 m water depth) may be lost via 
evaporation (Aminzadeh et al., 2024; Bakhtiar et al., 2022; Craig et al., 
2005; Mady et al., 2020; Rost et al., 2008). However, the intricate nature 
of inflows, seepage, and water releases in dam reservoirs makes it 
difficult to reliably estimate their evaporative losses (Friedrich et al., 
2018; McMahon et al., 2013). Nonetheless, reliable estimation of 
evaporative fluxes from dam reservoirs are crucial for water resource 
management, mitigating climate change impact, sustainable develop-
ment, energy production (hydroelectricity generation), understanding 
ecological consequences, policy making, planning and international 
cooperation. In particular, climate change influences evaporative fluxes 
from land and water reservoirs through changes in temperature, wind, 
and precipitation (Aminzadeh et al., 2023; Konapala et al., 2020). Dam 
reservoirs, particularly the ones located in water-stressed regions, could 
be severely influenced by these changes (Rocha et al., 2020). Further-
more, human activities such as land-use changes, urbanization, and 
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increased water withdrawals are compounding the stress on these res-
ervoirs, leading to further depletion of their water resources (Cooley 
et al., 2021; Li et al., 2023). Strengthening quantitative capabilities to 
predict and incorporate evaporative losses in the water budget calcu-
lations of the dam reservoirs under different climate scenarios enables 
the development of effective adaptation and mitigation strategies thus 
protecting people and businesses.

Currently, methods for estimation of evaporative fluxes primarily 
rely on pan measurements (Sivapragasam et al., 2009), Penman-type 
estimates with locally calibrated transfer coefficients and heat storage 
within the water body (Bai and Guo, 2023), eddy covariance (EC) 
technique (Spank et al., 2020), or measurements of water surface tem-
perature (Zhao et al., 2020, 2022, 2023; Zhao and Gao, 2019). In this 
study, we seek to provide a mechanistic framework that incorporates 
physically-based modeling with remote sensing information, utilizing 
bathymetry and atmospheric data from the MERRA-2 reanalysis (a 
product based on a combination of models and satellite remote sensing) 
to reliably predict evaporative losses from dam reservoirs located in 
different basins worldwide. We thus consider the role of local atmo-
spheric forcing variables and reservoir characteristics including the 
bathymetry and area to reliably estimate water losses via evaporation. 
Such mechanistic approach reduces empiricism associated with esti-
mating evaporative losses, which often depends on in situ measurements 

and local calibrations, and enables trend analysis thus improving local 
water accounting and management.

To demonstrate the utility of the approach, we focus on the ten 
largest dam reservoirs in water-stressed regions of the world extended in 
different climatic zones (Fig. 1a). We opted for dam reservoirs located 
below 300 m elevation to exclude seasonally frozen reservoirs (pri-
marily limiting the influence of air temperature lapse rate on reservoir’s 
energy balance). High atmospheric evaporative demands in these re-
gions driven by elevated air temperatures and wind speeds, and low 
humidity levels (as reflected in Fig. 1b), render these reservoirs sus-
ceptible to substantial evaporative losses.

2. Materials and methods

2.1. Reservoir characteristics and meteorological data

Water stress was calculated using the WaterGAP model and its in-
dicators (Alcamo et al., 2003; D!oll et al., 2003), which estimates runoff 
and water allocation based on variables such as precipitation, temper-
ature, reservoirs, lakes, and sector-specific water use. The model oper-
ates at a spatial resolution of 0.5→ (~55 km per grid cell). The water 
stress index was calculated by aggregating runoff and water use with 
ecoregion and determining the ratio of water demand to availability.

Fig. 1. (a) The largest dam reservoirs in water-stressed regions of the world (Table 1). Water stress is defined as the ratio of water withdrawal to water availability 
within an ecoregion, where higher values indicate greater stress on water resources (the extent of the water-stressed regions was extracted based on the data provided 
in the Atlas of Global Conservation (Hoekstra et al., 2010).) (b) Mean annual air temperature, wind speed, shortwave irradiation, and specific humidity of reservoirs 
from 2000 to 2020 extracted from MERRA-2 reanalysis datasets (Global Modeling And Assimilation Office, 2015a; Global Modeling And Assimilation Office, 2015b).
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Reservoir characteristics, encompassing bathymetry, area, capacity, 
and elevation, were extracted from Global Reservoir and Dam Database 
(GRanD) and GLOBathy (Khazaei et al., 2022; Lehner et al., 2011). In 
this analysis, we used information on dams and reservoirs from GRanD 
version 1.3 consisting of 7320 records of reservoirs and dams. Each dam 
in the database is geospatially referenced and linked to reservoir out-
lines at a high spatial resolution. To obtain bathymetry information for 
the selected dam reservoirs, we utilized the GLOBathy dataset (Khazaei 
et al., 2022) created using a GIS-based framework, aligning with the 
widely recognized HydroLAKES global dataset (Messager et al., 2016). 
GLOBathy covers over 1.4 million waterbodies, including natural lakes 
and reservoirs. These waterbodies play a crucial role in the ecological 
and hydrological balance of watersheds, and their morphology and 
geophysical characteristics, defined by bathymetry, are vital for un-
derstanding dynamics of the waterbody. Bathymetric maps were 
generated based on the maximum depth estimates of waterbodies and 
the geometric/geophysical attributes from HydroLAKES. The accuracy 
of maximum depth estimates was validated using data from 1503 
waterbodies, incorporating multiple observed sources.

The atmospheric forcing variables required for quantification of 
evaporative losses were obtained from the Modern-Era Retrospective 
analysis for Research and Applications, Version 2 (MERRA-2) reanalyses 
dataset (Global Modeling And Assimilation Office, 2015a; 2015b). We 
thus extracted hourly meteorological data including wind speed, radi-
ation, air temperature, and specific humidity at spatial resolution of 0.5→

longitude by 0.625→ latitude (approximately 55 km by 70 km).
Reservoirs located at elevations exceeding 300 m were subsequently 

excluded from our analysis. From the remaining reservoirs, we identi-
fied the ten largest reservoirs by surface area for further investigation as 
these tend to experience higher rates of evaporation (Fig. 1). This 
approach ensured that our study focused on dam reservoirs within 
water-stressed areas and prioritized those with substantial potential for 
water loss due to evaporation.

2.2. Physically-based modeling of evaporation rate in dam reservoirs

We used the physically-based model of Aminzadeh et al. (2018) to 
quantify evaporation rate from water reservoirs. This model solves the 
1D energy balance equation considering the radiation adsorption in the 
depth of the water body to quantify vertical temperature profile in depth 
of the reservoirs: 

∂Tw

∂t
↑ ∂

∂z

)[
αTωw ↓Dw

] ∂Tw

∂z

⌊
↓ Q↔zω t↗

ρwcw
(1) 

here, Tw [K] is the water temperature at depth z [m], αTωw [m2/s] is 
molecular thermal diffusion, Dw [m2/s] is eddy thermal diffusivity, and 
ρw [kg/m3] and cw [J/kgK] are the water density and specific heat, 
respectively. According to Dake and Harleman (1969), the heat source 
(Q [W/m3]) which is responsible for the absorption of radiative flux 
within the water body, is a function of depth (light attenuation) and time 
(diurnal or seasonal fluctuation of incoming radiation). The upper 
boundary condition for Eq. (1) is defined based on sensible, radiative, 
and latent heat fluxes at the surface, while the bottom boundary con-
dition considers thermal exchanges with the underlying soil layer and 
radiation interception at the bottom of the water column. This approach 
allows quantification of surface temperature defining saturated vapor 
pressure over the surface of the evaporating water body. Hence, evap-
orative flux can be quantified as: 

E↑ 86ε4 ↘ 106 0ε622 κ2 U

ρw Rd Ta

⌋
ln
)

z
z0

⌊⌈2 ↔es↔Tws↗ ≃ ea↗ (2) 

where E represents the evaporation rate [mm/day], κ is von Karman’s 
constant, U is the wind speed [m/s], Rd is the gas constant for dry air 
(~287 [J/kgK]), Ta is the air temperature [K] and Tws is the water 

surface temperature [K]. The parameter z0 represents the roughness 
length [m], and z is the measurement height for wind speed and air 
temperature [m]. Finally, es and ea [Pa], represent the saturated vapor 
pressure at the water surface and the vapor pressure within the air, 
respectively. Through this methodology, we were able to estimate and 
analyze the evaporation rates in an hourly resolution, providing essen-
tial information for our comprehensive assessment of water loss from 
dam reservoirs in water-stressed regions.

To calculate annual evaporation rates, we adopted a method of 
averaging the area of MERRA-2 cells that fell entirely or partially within 
a specific basin. It is important to highlight that the impact of inflows 
and outflows on changing energy balance of the water body was tacitly 
ignored. The presence of such detailed information would facilitate a 
more precise assessment of the water temperature within the reservoir, 
thereby enhancing the precision of estimates of evaporative losses and 
the dynamics of the energy balance.

3. Results

3.1. Model evaluation using Lake Mead data

Our model predictions of water temperature and evaporation dy-
namics were primarily evaluated with measurements in Lake Mead, 
USA, due to the availability of comprehensive, high-quality data for the 
selected time period (Fig. 2). With more than 640 km2 surface area and 
32 km3 storage capacity (Ferrari, 2008), it plays a key role in supplying 
water demands of Nevada, Arizona, and California, which are amongst 
the driest states in the USA (Bartels et al., 2020; Easterling et al., 2017). 
The average annual precipitation (based on data from several weather 
stations around the lake) and temperature (measured at Lake Mead 
Boulder Basin ET Station, 2011–2021) of 146 mm/year and 23 →C 
highlight high atmospheric evaporative demands in Lake Mead (Rosen 
et al., 2012; USGS Surface-Water Daily Data for Nevada, 2023).

Fig. 2 compares model predictions of water temperature and evap-
oration dynamics with measurements of vertical temperature profile 
using an array of temperature sensors mounted on a floating platform 
and surface fluxes obtained from an eddy covariance tower in Lake Mead 
from March 2010 to March 2011 (Moreo and Swancar, 2013). The 
required atmospheric forcing variables including radiation, wind, air 
temperature, and humidity were extracted from a weather station in 
Lake Mead. The model incorporated the influence of bathymetry and 
variations in the reservoir’s depth, enabling to estimate radiative energy 
absorption within the water body and subsequent determination of 
surface fluxes. The results in Fig. 2 indicate that the physically-based 
model captures dynamics of evaporative losses and temperature varia-
tions in the lake. Our model estimates of cumulative annual evaporative 
loss (1688 mm) is comparable with measurements (~1950 mm). The 
difference (~15%) between modeled and measured evaporative losses 
could primarily be attributed to the impact of water inflows with 
different temperatures affecting energy balance of the water body 
(currently neglected due to the lack of the reliable data). However, 
model estimates could be improved wherever reliable temperature data 
for inflows are available.

3.2. Evaporative loss from dam reservoirs in water-stressed regions

Although dam reservoirs play a key role in addressing seasonal water 
demands in regions with acute water shortages, their impacts can vary 
depending on local conditions and management practices affecting their 
storage efficiency. We employed a physically-based model to quantify 
evaporative losses from the ten largest dam reservoirs in water-stressed 
regions of the world from 2000 to 2020 (located at elevations below 300 
m). The area of the selected largest reservoirs ranged from 354 km2 

(Eufaula Lake, USA) to 5385 km2 (Lake Nasser, Egypt) with average 
depths varying from 2.7 m (Lake Okeechobee, USA) to 50.9 m (Qiandao 
Lake, China) (Table 1). The largest dam reservoir is Lake Nasser in Egypt 
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with 5385 km2 surface area, 160 km3 storage capacity and maximum 
depth of 130 m, while Eufaula Lake possesses the smallest storage ca-
pacity, measuring 4.7 km3. With only 3.7 m maximum depth, Lake 
Okeechobee is the shallowest reservoir, while deepest points of Qiandao 
Lake reach to 176 m. Detailed specifications for each reservoir can be 
found in Table 1.

Characteristics of the reservoirs including surface area and ba-
thymetry were extracted from GranD (Lehner et al., 2011) and GLO-
Bathy (Khazaei et al., 2022), while local atmospheric forcing variables 
providing above surface boundary conditions were obtained from 
MERRA-2 (Global Modeling And Assimilation Office, 2015a; Global 
Modeling And Assimilation Office, 2015b). The results of our study 
reveal significant variations in the yearly evaporation rate from the dam 
reservoirs in water-stressed regions across different climatic conditions 

(Fig. 3a). Lake Nasser exhibits the highest evaporation rate, ranging 
from 2350 mm/year to 3200 mm/year, while Qiandao Lake shows the 
lowest evaporation rate, ranging from 383 mm/year to 692 mm/year. 
Fig. 3b depicts the evaporation rates for each reservoir during the study 
period from 2000 to 2020. To gain more profound insights, we explored 
the relationships between the yearly evaporation rate and first order 
climatic parameters, including mean annual air temperature, wind 
speed, shortwave irradiation, and specific humidity (Fig. 3c). Our results 
demonstrate that the yearly evaporation rate exhibits a positive corre-
lation with air temperature across different climatic zones. The observed 
increase in the evaporation rate is approximately 122 mm/year per 
degree rise in temperature. Additionally, an average increase of 1 m/s in 
wind speed results in a notable rise of over 600 mm/year in evaporation 
rate. A 1 W/m2 intensification in average shortwave irradiation causes a 

Fig. 2. (a) Lake Mead (USA) with ~640 km2 surface area and a maximum depth of ~162 m. (b) Comparison between our model predictions of evaporation rate from 
March 2010 to March 2011 with measurements obtained from an Eddy Covariance (EC) tower at Sentinel Island of the lake. (c) Physically-based modeled water 
temperature at depths of the reservoir compared with vertical measurements using a multi-parameter water-quality sonde.

Table 1 
Characteristics of dam reservoirs.

Reservoir Name Dam Name Country Area (km2) Capacity (mio m3) Depth avg. (m) Depth max. (m) Elevation ASL (m)

Lake Nasser High Aswan Dam Egypt 5385.34 162000 30.1 130 179
Lake Razzaza Raza Dike Iraq 1330.22 26000 19.5 45 29
Lake Tharthar Thartar Iraq 1698.86 43500 25.6 98 44
Srisailam Res. Srisailam India 536.42 8722 16.3 60 263
Lake Assad Tabqa Syria 636.77 11600 18.2 48 302
Lake Okeechobee Structure 193 United States 1418.77 10510 2.7 4 3
Eufaula Lake Eufaula Lake United States 354.96 4719 13.3 27 179
Mingachevir Res. Mingechaur Azerbaijan 415.51 16000 38.5 130 70
Lake Hongze Sanhezha China 1374.36 13500 5.0 6 10
Qiandao Lake Xinanjiang China 424.57 21626 50.9 176 100
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Fig. 3. Analysis of evaporation rates for 10 selected lakes in water stressed-regions of the world marked in Fig. 1. Box plot displaying the evaporation rates (a), and 
yearly evaporation rate from 2000 to 2020 (b). The relationship between atmospheric forcing variables (i.e., mean annual air temperature, wind speed, shortwave 
irradiation, and specific humidity), and yearly evaporation rate. Pearson correlation coefficients (r-values) are displayed within each plot, and the p-values are nearly 
0 for all plots(c). Model estimates of the variation of evaporation rate and its correlation with local climatological factors (SH→1 indicates the inverse of the specific 
humidity) (d). The relationship between yearly evaporation volume and the total storage volume of the reservoir, expressed as a percentage (e).
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rise of 22 mm/year evaporation rate. Evaporation is negatively corre-
lated with atmospheric humidity where an increase of 10→3 kg/kg in 
specific humidity is associated with a decrease of ~115 mm/year in 
evaporation rate.

As demonstrated in the top row of Fig. 3d, evaporation estimates for 
eight reservoirs over the 21-year period (2000–2020) reveals a declining 
trend. This finding may deviate from the prevailing insights into the 
impact of global warming on heightened evaporative losses from res-
ervoirs (Zhao et al., 2022). Consequently, we conducted additional in-
vestigations into the influence of climatic variables to offer a more 
comprehensive understanding of the intricate relationships governing 
evaporation rates in these reservoirs. Lake Nasser demonstrated the 
most notable decrease of ~150 mm/decade. Lake Tharthar experienced 
a decline of 91 mm/decade, while Lake Razzaza showed a diminishing 
trend of ~60 mm/decade. Eufaula Lake, Mingachevir Reservoir and 
Lake Hongze experience comparable decreasing trends of ~40mm/de-
cade. Qiandao lake and Srisailam Reservoir exhibited relatively modest 
decreases in their evaporation rates, with a reduction of 26 and 25 
mm/decade decrease, respectively. In contrast, our analysis showed that 
Lake Assad and Lake Okeechobee demonstrated increasing trends in 
their evaporative losses (25 and 5 mm/decade, respectively). Subse-
quent rows (2 through 5) of Fig. 3d depict the Pearson correlation co-
efficients between evaporation rate and mean climatic variables in each 
reservoir, i.e., air temperature, wind speed, shortwave irradiation, and 
atmospheric humidity. Considering the negative impact of humidity 
changes on evaporation trends, we opted to calculate the correlation 
based on the inverse of the specific humidity. A distinct negative cor-
relation between evaporation rates and mean annual air temperature 
was observed in Lake Nasser, Lake Tharthar, and Qiandao Lake. This 
suggests that despite increasing air temperatures during the study 
period, these reservoirs encountered a reduction in evaporation rates. 
This underscores the complex interplay of local climatological factors 
influencing evaporation dynamics where the decline in evaporation 
patterns is primarily attributed to a decrease in wind speed and radiation 
and an increase in humidity levels.

We elucidated the influence of evaporation on the storage efficiency 
of these dam reservoirs by calculating the ratio of evaporative loss to 
total storage for each reservoir. Our results obtained for 2020 suggest 
that evaporation accounts for up to 15.8% of annual losses in dam res-
ervoirs of water-stressed regions (Fig. 3e). Notably, shallow reservoirs 
such as Lake Okeechobee, Lake Razzaza, and Srisailam Reservoir exhibit 
high ratios of evaporative losses to storage capacity, while deep reser-
voirs like Qiandao Lake and Mingachevir Reservoir appear to be more 
efficient for water storage purposes.

4. Discussion

4.1. Implication of evaporative losses from dam reservoirs located in 
water-stressed regions

The estimated evaporation rates, surpassing 3000 mm/year in the 
studied water-stressed regions, underscore the significant water loss 
taking place in dam reservoirs. These losses amplify overall water stress, 
exacerbating the challenges faced in water-stressed regions in fulfilling 
water demands. The cumulative evaporative loss from the top 10 largest 
dam reservoirs, exceeding 26.5 km3/year over this 21-year analysis, 
highlights the significant impact of evaporation on water availability. 
Considering the global freshwater withdrawal of 3900 km3 in 2020 
(FAO, 2021), the cumulative evaporative losses from the 10 selected 
dam reservoirs located in the water-stressed regions in this study ac-
count for more than 0.68% of the total freshwater demands. To mitigate 
the evaporative losses, the implementation of effective strategies is 
essential. Modular floating elements have proven to be a potential so-
lution for reducing evaporation from small water reservoirs (Aminzadeh 
et al., 2018; Bakhtiar et al., 2022; Jin et al., 2022; Lehmann et al., 2019, 
Pourmand et al., 2022; Rezazadeh et al., 2020). However, for larger 

water bodies like dam reservoirs, alternative methods such as chemical 
monolayers are often used. Laboratory studies have shown that molec-
ularly thin films of compounds like hexadecanol and octadecanol can 
significantly reduce water evaporation (Barnes, 2008). Despite their 
potential cost-effectiveness, these monolayers face challenges such as 
limited lifespans and uneven distribution across large water surfaces (e. 
g., due to the wind effect), which diminish their efficiency under real 
environmental conditions (Barnes, 2008; Karimzadeh et al., 2023).

The economic significance of evaporative losses of stored blue water, 
i.e. liquid water in surface and groundwater reservoirs (Madani and 
Khatami, 2015), from dam reservoirs can be further assessed by 
comparing them with the costs of alternative freshwater resources, such 
as desalination. The cost of desalinated water production could reach to 
2 USD/m3 in some areas of the world depending on the type and ca-
pacity of the desalination plants. Accordingly, direct economic cost of 
26.5 km3 evaporative water loss may exceed 53 billion USD/year 
(Caldera et al., 2018; Pistocchi et al., 2020). This amount of water may 
alternatively support livestock or additional crop production. Consid-
ering the water footprint of wheat, rice, and maize (approximately 1827, 
1673, and 1222 l/kg, respectively (Mekonnen and Hoekstra, 2011a; 
Mekonnen and Hoekstra, 2011b), 26.5 km3 yearly evaporative losses 
could provide the necessary water demands for production of ~15 
million tons of wheat, 16 million tons of rice, and 21 million tons of 
maize. These numbers would change if different crops with varying 
water demands were considered in the calculation. Additionally, since 
the crops are not produced using only blue water, this also affects the 
reported values.

4.2. Global estimates of evaporative loss from dam reservoirs in different 
basins

Significant evaporative water losses from dam reservoirs in water- 
stressed regions highlight the importance of accurately estimating 
evaporation dynamics from such reservoirs worldwide. Therefore, we 
used the developed methodology to predict evaporative losses from 
potential dam reservoirs worldwide with the results presented in Fig. 4
depicting our model predictions for potential dam reservoirs (assuming 
30 m average depth, consistent with existing estimates for large dam 
reservoirs) in different basins worldwide. We tacitly ignored freezing 
periods and condensation process to provide a conservative estimate for 
upper bound of potential evaporative losses. Spatially averaged atmo-
spheric forcing variables in each basin were used to obtain the results 
reported in Fig. 4.

Our approach enables a deeper understanding of the intricate 
interplay between local environmental factors (air temperature, wind 
speed, solar irradiation and humidity) and their effects on evaporative 
losses, fostering a more accurate and reliable assessment of water re-
sources management globally. The results presented in Fig. 4 offer 
quantitative tools for making informed decisions for the design and 
construction of water storage infrastructures. In the presence of reliable 
climate data with high spatial and temporal resolutions (Bauer et al., 
2021), one could utilize the methodology proposed here to design and 
construct more resilient dam reservoirs in the face of projected climate 
changes. Such efforts contribute to several United Nations Sustainable 
Development Goals (UN SDGs), The European Green Deal and the Paris 
Agreement.

4.3. Model limitations and future improvements

The proposed mechanistic framework enables the prediction of 
evaporative losses from dam reservoirs under different climatic and 
reservoir conditions. However, our modeling approach has some limi-
tations that could be addressed in future investigations. Snowmelt and 
surface run off with different temperatures (Roberts et al., 2018), water 
release from the dam reservoirs, and varying water levels throughout the 
year can affect energy balance and thus water temperature within the 
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reservoirs (Wright et al., 2009). In the present study, we implicitly 
neglected the role of water inflows and outflows to the reservoir to 
maintain the model’s applicability for estimating evaporative losses 
globally. Presence of such detailed information of water flows and their 
associated temperatures will improve our model estimations. In addi-
tion, the relatively coarse resolution of MERRA-2 reanalysis meteoro-
logical datasets (0.5→ ↑ 0.625→) may not fully represent atmospheric 
boundary conditions above the reservoirs. Having highly resolved at-
mospheric forcing variables would enable us to improve our model es-
timates of water evaporation (Bauer et al., 2021; Shokri et al., 2023).

Uncertainties associated with bathymetric datasets may further in-
fluence our model estimations. Current global bathymetry models, 
including GLOBathy, are known to have relatively large uncertainties, 
especially when applied at the scale of individual reservoirs (Hao et al., 
2024). The lack of high-resolution and accurate bathymetric data for 
many global reservoirs introduces additional uncertainty into our 
model’s ability to precisely estimate evaporative losses. These inaccur-
acies can influence water volume estimations, surface area calculations, 
and, consequently, evaporation predictions. To enhance the model, 
future studies should consider integrating advanced bathymetric tech-
nologies, such as satellite-based altimetry and high-resolution sonar 
mapping, which are improving the accuracy of bathymetric datasets (Li 
et al., 2020). The development of these technologies and the refinement 
of bathymetric data will help to reduce uncertainties in water depth and 
surface area estimations, leading to more precise predictions of water 
temperature and evaporation rates.

5. Summary and conclusions

We developed and applied a mechanistic approach to estimate 
evaporative losses from the largest dam reservoirs in water-stressed 
regions of the world from 2000 to 2020. The model results revealed 
that evaporation rates in these regions may exceed 3000 mm/year with 
cumulative evaporative losses reaching as high as 26.5 km3/year. 
Among the studied regions, Lake Nasser, with its hot and dry climate, 
exhibited the highest evaporation rate (3221 mm/year in 2004), while 
Qiandao Lake had the lowest rate (383 mm/year in 2015).

Our study highlights the significance of evaporative water losses 
from large reservoirs, especially in regions with limited water avail-
ability and in the state of water bankruptcy. The importance of such 
losses is better understood when gauged with the cost of conventional 
water production methods like desalination (with considerable adverse 
environmental influences (Jones et al., 2019)) or resulting lost oppor-
tunities (e.g. crop production with additional water availability) 

(Caldera et al., 2018). This highlights the urgent need for effective water 
management strategies to mitigate water loss and ensure the sustain-
ability of water resources around the world, particularly in 
water-stressed regions. Our analyses unveiled valuable insights into the 
relationship between evaporation loss from dam reservoirs and meteo-
rological factors. We observed that evaporation increases by 122 mm per 
1 →C increase in air temperature, 629 mm per 1 m/s increase in wind 
speed, and 22 mm per 1 W/m2 rise in shortwave radiation flux. These 
identified correlations lay the groundwork for projecting future evapo-
ration rates and devising necessary actions to cope with water shortages 
in water-stressed regions. The proposed approach further enabled us to 
delineate potential evaporative losses from typical dam reservoirs across 
different climatic zones around the world thus highlighted the signifi-
cance of evaporative losses and their potential implications for 
improving water management and budgeting.
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A B S T R A C T

Prolonged droughts and rising water demand have worsened water disputes in the transboundary Helmand 
basin, shared by Afghanistan and Iran. While both countries have built water storage reservoirs to mitigate water 
shortages, evaporative losses from these reservoirs reduce their effectiveness. This issue intensifies challenges 
over water shortages in the region without reliable monitoring data. In this study, reanalysis and remote sensing 
data was used to calculate the rate of water evaporation from the major water reservoirs located in Helmand 
basin. Additionally, globally available moisture trajectory datasets were used to analyze where the evaporated 
water from these major storage reservoirs eventually falls as precipitation. Our main focus was on quantifying 
how much of this water precipitates outside the Helmand Basin. Our results indicate that evaporative losses of 
blue water from reservoirs in this transboundary river basin have reached to 284 million cubic meters in 2023. 
Additionally, our results indicate the presence of a teleconnection, whereby a significant portion of the water 
evaporated from these reservoirs is transported and then precipitates outside the Helmand Basin, reaching up to 
an annual average of 92%. The largest portion of this evaporated water was received as precipitation by India, 
Pakistan, Afghanistan and China, accounting for 25%, 19%, 16% and 6%, respectively. This study provides a 
real-world example of how improved water intelligence and transparency, achieved through remote sensing data 
and modelling, can support water diplomacy and conflict resolution in transboundary basins.

1. Introduction

Intensifying competition over dwindling freshwater resources is 
escalating longstanding water conflicts between Iran and Afghanistan, 
fueling clashes in recent years (Kumar, 2023). The Helmand (Hirmand) 
river, the main artery of the transboundary Helmand basin (Fig. 1), lies 
at the heart of the complex challenges in transboundary water man-
agement as regional water scarcity worsens. The long-standing water 
conflict between Iran (downstream nation) and Afghanistan (upstream 
nation) led to the signing of a Water Treaty in 1973 to ensure Iran’s 
share of the Helmand river. However, prolonged droughts, water 
diversion and construction of dams in Afghanistan, among other factors, 
have reduced downstream water availability, escalating water disputes 

(Loodin et al., 2024; Akbari and Torabi Haghighi, 2022; Mamasani et al., 
2024). This has impacted domestic water sectors, and led to the desic-
cation of the Hamoun wetlands in the past two decades, causing forced 
migrations, crop failure, livestock loss, desertification, and dust storms 
stemming from the dry bed of the wetlands arising from “water bank-
ruptcy” (Madani et al., 2016) in Iran’s Sistan region (Behrooz et al., 
2022). In Afghanistan, water shortage threatens wheat cultivation and 
previously led to the cultivation of drought-resistant crops.

Over the years, economic development, population growth and 
increasing water demands have encouraged Afghanistan and Iran to 
increase their water storage capacity and build water storage in-
frastructures to alleviate seasonal water stresses (Aminzadeh et al., 
2018). The Kajaki, Arghandab, and Kamal-Khan dams, with a total 
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capacity of ~3000 million cubic meters (MCM), satisfy domestic and 
agricultural water demands in Afghanistan. To cope with water scarcity 
in the Sistan Plain, the so-called Chah Nimeh reservoirs, comprised of 
four man-made water storages with capacity of 1440 MCM, were put in 
use in Iran (Fig. 1). The Kajaki and Arghandab dams, with respective 
storage capacities of 2500 MCM and 500 MCM, were constructed in 
1952 and 1953 to address water demand in Afghanistan. The 
Kamal-Khan Dam, with a capacity of 52 MCM, was inaugurated in 
March 2021 after its construction began in 1974. The Chah Nimeh res-
ervoirs consist of four storages: reservoirs 1, 2, and 3, with capacities of 
220, 90, and 320 MCM, respectively, were completed in 1983, while 
reservoir 4, with a capacity of 810 MCM, has been operational since 
April 2009. In addition to the impact of increased water storage on 
downstream water availability, the significant evaporative losses from 
the main storages of the basin with more than 200 km2 surface area 
exacerbate water stress in the Helmand basin. Under these circum-
stances, lack of robust monitoring data with decades of conflicts and 
political instability in Afghanistan further hindered the dialogue on the 
water rights and fueled the disputes between the two neighbors as re-
flected in their reciprocal threats and rhetoric (Dagres, 2023).

Quantifying evaporation from large reservoirs, such as those in the 
Helmand Basin, is crucial for understanding their storage efficiency 
because these losses directly impact how much water remains available 
(Maleki et al., 2024). High rates of evaporation can undermine the 
intended purpose of water storage, as substantial volumes of water are 
effectively lost to the atmosphere rather than retained for local use. 
Additionally, another important aspect is the fate of this evaporated 
water, specifically where it ultimately precipitates (Rockstr!om et al., 
2023) as shown schematically in Fig. 2. Examining the pathways of at-
mospheric moisture from evaporation to precipitation is essential for 
understanding climate dynamics at both global and regional levels 
(Theeuwen et al., 2023). This process, termed atmospheric moisture 
recycling, tracks the journey of evaporated water through the atmo-
sphere until it falls as precipitation (Tuinenburg et al., 2020). Therefore, 
a key process connected to the creation of new reservoirs for water 
storage, which requires careful considerations, is the circulation of 
additional evaporated moisture through the atmosphere and the sub-
sequent generation of precipitation locally or in distant regions (Lian 
et al., 2020). This distinction is crucial for regional water sustainability: 
if evaporated moisture eventually precipitates within the same basin, it 
contributes back to the local water cycle, potentially mitigating some 
loss. However, if atmospheric circulation carries this moisture beyond 
the basin boundaries, leading to precipitation in distant regions, the 
water is effectively lost from the local hydrological cycle. Understanding 
the trajectory of evaporated moisture, therefore, becomes essential for 
accurate water resource management and necessitates careful assess-
ments using atmospheric models or moisture trajectory analyses.

The present analysis aims to leverage Industry 4.0 technologies, 

including big data analytics, remote sensing, and advanced modeling 
techniques, to assess the efficiency of major water storage infrastructure 
(in terms of water evaporation) and enhance water accounting in the 
ungauged Helmand Basin. Remote sensing data were integrated with 
physics-based modeling to estimate evaporative losses from the main 
storage infrastructures in the Helmand Basin. Additionally, spatial pre-
cipitation patterns resulting from the evaporative water losses from the 
major water storage infrastructures in the basin were investigated. By 
identifying where the evaporated water eventually precipitates, stake-
holders can better quantify the true costs of reservoir evaporation and 
make informed decisions to support sustainable transboundary water 
governance.

2. Materials and methods

2.1. Evaporation dynamics in water reservoirs

Evaporation dynamics can be quantified by solving the 1D energy 
equation in depth of a water body considering the radiative energy ab-
sorption to obtain the vertical temperature profile (Aminzadeh et al., 
2018, 2024) expressed as: 

∂Tw

∂t
→ ∂

∂z

)[
αTωw ↑Dw

] ∂Tw

∂z

⌊
↑ Q↓zω t↔

ρwcw
(1) 

where Tw is water temperature (K), z is water depth (m), αT,w and Dw are 
molecular and eddy thermal diffusivity (m2/s), respectively, ρw is water 

Fig. 1. The transboundary Helmand Basin shared by Afghanistan and Iran, showing the locations of major dams and reservoirs, including the Kajaki, Arghandab, 
Kamal-Khan dams, and the Chah Nimeh reservoirs.

Fig. 2. Schematic of water evaporation from Helmand basin, redistribution of 
atmospheric water vapor and the subsequent precipitation of the evaporated 
water locally or in distant regions.

H. Nevermann et al.                                                                                                                                                                                                                            



Appendix B Reprinted publications 

 91 
Struggling over water, losing it through evaporation: The case of Afghanistan and Iran 

Journal of Environmental Management 375 (2025) 124319

3

density (kg/m3) and cw is specific heat of water (J/kg*K). Radiation 
adsorption in depth of the reservoir is represented by Q (W/m3) which is 
a function of shortwave radiation adsorption at water surface, surface 
albedo, and light attenuation characteristics (Vercauteren et al., 2011). 
The water body exchanges heat with overlying air via latent, sensible, 
and radiative fluxes, while heat exchange with the underlying soil and 
intercepted radiative flux at the bottom of the reservoir govern bottom 
energy fluxes. Quantification of surface temperature (Tws) through Eq. 
(1) enables calculation of evaporative flux from the reservoir (Brutsaert, 
2023): 

E→86ω4 ↑ 106 0ω622 κ2 U

ρw Rd Ta

)
ln
[

zm
z0

]⌊2 ↓es↓Tws↔↗ ea↔ (2) 

where E is evaporation rate (mm/day), κ is von Karman’s constant (↗), U 
is the wind speed (m/s), Rd is the gas constant for dry air (J/kg*K), Ta is 
the air temperature (K), z0 is the roughness length (m), zm is the mea-
surement height for wind speed and air temperature (m), es and ea are 
saturated vapor pressure at the water surface and vapor pressure within 
the air mass above the surface (Pa), respectively.

2.2. Atmospheric circulation reanalysis: from evaporation to precipitation

The fate of evaporated water can be estimated using either atmo-
spheric numerical models or datasets of atmospheric moisture trajec-
tories (van der Ent et al., 2013). Numerical models offer the advantage 
of accounting for potential feedbacks from land-use changes on atmo-
spheric circulation, but they come with significant uncertainties due to 
spatial and temporal discretization of the equations of motion, as well as 
inaccuracies in representing key physical processes, particularly those 
influencing precipitation. Additionally, they are computationally 
intensive. In contrast, using moisture trajectory datasets is more closely 
tied to observations and is computationally less demanding, especially 
when focusing on a single point source, though it still requires managing 
large datasets. This method neglects the effects of land-use changes on 
atmospheric winds and it allows for faster generation of multiple re-
alizations and scenarios. In other words, this method can be used to 
quickly generate multiple land-use changes scenarios such as affores-
tation, cropland and irrigation expansion and the development of new 
reservoirs by estimating the consequent change of evapotranspiration 
and using the trajectories dataset to assess the local and distant impli-
cations for precipitation. Being derived from the ERA5 reanalysis, the 
trajectories are accurately representing the current features of atmo-
spheric circulation accounting for the local topography. However, this 
method assumes that the land-use changes do not affect the atmospheric 
structure and its circulation. Therefore, it is justified for moderate 
land-use change scenarios or for real case studies, such as the present 
one. More drastic land-use change scenarios could result in non-linear 
feedbacks on the atmospheric flow that should be tested with numeri-
cal models such as atmospheric and climate models (Zampieri et al., 
2024).

It is worthwhile to note that the considered region in the present 
analysis is influenced by strong large-scale atmospheric forcing (i.e. 
pressure gradients), which result in the intense winds observed over the 
reservoirs. The transition from marches to water surface has a relatively 
minor impact on surface energy fluxes compared to more significant 
land-use changes, like afforestation in dry areas, which involve larger 
modifications to albedo. As such, the addition of the Chah Nimeh res-
ervoirs is not expected to have significantly altered atmospheric winds. 
This assumption supports the use of atmospheric moisture trajectory 
climatology in the present analysis to estimate where the evaporated 
water from the major storage reservoirs eventually falls as precipitation. 
The trajectories dataset computed by Tuinenburg et al. (2020, hereafter 
T2020) was used. This dataset was created by applying a Lagrangian 
moisture-tracking model driven by hourly wind speeds and directions on 

25 vertical layers in the atmosphere from the ERA5 reanalysis (Hersbach 
et al., 2020) over the period 2008–2017, which is well matching the 
period under consideration in the present study. If the addition of the 
Chah Nimeh reservoir had altered the atmospheric circulation signifi-
cantly, this should be mostly accounted for by the reanalysis in that 
period. This consideration further supports our methodological choice.

The T2020 dataset was used in many studies to quantify the local 
precipitation recycling (Theeuwen et al., 2023) and the non-local impact 
of vegetation changes on the water cycle (Baudena et al., 2021; Cui 
et al., 2022; Hoek van Dijke et al., 2022), the potential of forest man-
agement for drought mitigation (Tuinenburg et al., 2022), to define the 
transboundary atmospheric watersheds for better governance 
(Rockstr!om et al., 2023), and to assess the local and transboundary 
impacts of present irrigation and its potential expansion in the Middle 
East (Zampieri et al., 2024), amongst others. Therefore, T2020 is a 
well-established and tested source of data for estimating the impact of 
the evaporation from the reservoirs on large scale precipitation changes.

2.3. Characteristics of the reservoirs and meteorological data

To quantify the evaporation from the major reservoirs in Helmand 
Basin, reservoir bathymetry (Fig. 3) was obtained from GLOBathy 
(Khazaei et al., 2022).

This dataset was created using a GIS-based framework, aligning with 
the widely recognized HydroLAKES global dataset (Messager et al., 
2016). Monthly variation of the reservoirs’ area was extracted from the 
Global Surface Water (GSW) dataset (Pekel et al., 2016). The dataset 
makes use of satellite images from Landsat 5, 7, and 8 to identify the 
extent and spatio-temporal variation of surface water bodies at resolu-
tions of 30 m since 1984 (Vercauteren et al., 2011; Pekel et al., 2016). 
The evaporation model thus takes into account the influence of ba-
thymetry and variations in the reservoir’s depth to estimate radiative 
energy absorption within the water body (Vercauteren et al., 2011).

Meteorological variables governing heat and vapor exchanges be-
tween the reservoirs and overlying air were extracted from the Modern- 
Era Retrospective analysis for Research and Applications, Version 2 
(MERRA-2) reanalysis datasets (Gelaro et al., 2017; Pawson, 2023). 
Hourly radiation flux, wind speed, air temperature, and specific hu-
midity were obtained from MERRA-2 (with a spatial resolution of 
0.625↘ ↑ 0.5↘) to determine associated boundary conditions. Note that 
above surface meteorological conditions may spatially change consid-
ering the extent of the reservoirs. Nevertheless, the model prediction 
could be improved where detailed meteorological data collected over 
individual water bodies are available (Hohenegger et al., 2023). Details 
of annual variations of meteorological parameters are provided in Fig. 4.

The uncertainty associated with climate variables is an important 
factor to consider for the estimation of the evaporative fluxes. The 
reanalysis data used in our analysis (ERA5) represents the best available 
representation of past climate variability in regions characterized by 
data scarcity. However, we acknowledge its limitations, including the 
spatial resolution, the assumptions in the model equations, and the 
availability of assimilated observations in this region. Regarding spatial 
resolution, it is common practice to apply some form of downscaling 
when using global datasets, particularly in areas with complex orog-
raphy or significant land-sea contrasts. This is because surface variables, 
such as temperature, can vary greatly depending on the resolution and 
local topography, as reanalysis models often use a horizontally averaged 
or smoothed orography that differs from reality. Despite these general 
challenges, ERA5 offers a relatively high resolution compared to its 
predecessors. In the specific case of our study, while the broader Hel-
mand Basin is geographically complex, the Chah Nimeh reservoir itself is 
located in a relatively flat area, with the nearest significant mountain 
ranges more than 50 km away. This reduces the impact of orographic 
variability on the computed evaporation rates.
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3. Results

Fig. 5 presents the predicted evaporation from the major water 
storage reservoirs in the Helmand basin. The results suggest that up to 
35.5 and 89.2 MCM/year of water might have been lost via evaporation 

in the Arghandab and Kajaki reservoirs, respectively, during the study 
period from 2001 to 2023. On the Iranian side of the basin, the Chah 
Nimeh reservoirs lose much higher amounts of water through evapo-
ration, peaking in 2020 with approximately 385.7 MCM/year (Fig. 5). 
The total storage of the Chah Nimeh reservoirs increased from 630 to 

Fig. 3. 3D bathymetric representations of (a) Chah Nimeh, (b) Kajaki, and (c) Arghandab reservoirs. Depth values (in meters) are derived from GLOBathy data, 
showing the underwater topography and structure of each reservoir.

Fig. 4. Mean annual meteorological parameters. Mean annual air temperature, wind speed, shortwave radiation, and specific humidity in the location of storage 
reservoirs (2000–2023) extracted from MERRA-2 reanalysis datasets (Gelaro et al., 2017).
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1440 MCM in 2009 with the addition of Chah Nimeh reservoir 4. This 
expansion significantly increased their cumulative surface area from 47 
to 125 km2, thereby amplifying their evaporative water losses due to the 
larger exposed surface area.

Yearly analyses from 2001 to 2023 show increasing evaporative loss 
ratios relative to reservoir capacity, with the Chah Nimeh reservoirs 
exceeding 27% loss in 2020 (Fig. 6a). This primarily arises from 
extremely high wind flows (the so-called 120-day winds) that could 
easily surpass 100 km/h during summer months in the Sistan region. 
Additionally, the extent of the Chah Nimeh reservoirs with more than 
125 km2 cumulative surface area facilitates vapor transfer into the 
overlying airflow. Hot, dry conditions increase atmospheric evaporative 
demand, reducing water reservoir storage efficiency (Fig. 6b). Modeling 
results indicate evaporation rates in the Chah Nimeh, Kajaki, and 
Arghandab reservoirs reached to the maximum rate of 3210, 2032, and 
2205 mm/year, respectively over the past two decades, indicating rising 
vapor demand due to prolonged Helmand basin droughts.

The significant increase in evaporation loss observed in 2020 for the 
Chah Nimeh reservoirs appears to result from a combination of factors. 
While annual average wind speeds (Fig. 4) did not show a notable in-
crease, localized strong wind events, lasting up to 120 days, may have 
disproportionately impacted this reservoir due to its more exposed 

location. These localized events are not captured effectively by annual 
averages, underscoring the importance of high-resolution climate data 
for such analyses. Additionally, evaporation is influenced by multiple 
factors, including surface water temperature, air temperature, specific 
humidity, and solar radiation, as described in the methods. Combined 
variations in these parameters in 2020 may have contributed to the 
increased evaporation rate.

To analyze where the evaporated water falls as precipitation, the 
dataset provided by Tuinenburg et al. (2020) was used to study the 
transport of evaporated water from the large storage water reservoirs 
located in the Helmand basin through the atmosphere until it pre-
cipitates. This dataset enables the identification and quantification of 
moisture flows to and from any area on Earth, across both local and 
global scales. Fig. 7 presents the obtained results showing where the 
water evaporated from the reservoirs (Fig. 1) averaged over the period 
from 2009 to 2023 ultimately precipitated. Our finding suggests while 
8% of the evaporated water is returned to the Helmand basin through 
precipitation, 92% of the evaporated water from the large water reser-
voirs in the basin falls in precipitation outside the basin. India, Pakistan, 
Afghanistan, China, and Nepal receive 25%, 19%, 16%, 6%, and 3% of 
the evaporated water from the Chah Nimeh reservoirs and the Kajaki 
and Arghandab dams. To further detail the distribution of evaporation 

Fig. 5. Evaporative water losses from reservoirs. Water evaporation from storage reservoirs quantified based on the monthly variation of evaporation rate and 
reservoir area. Note that the total storage of Chah Nimeh reservoirs increased from 630 to 1440 MCM in 2009 with addition of Chah Nimeh reservoir 4. This further 
increased their cumulative surface area from 47 to 125 km2.

Fig. 6. Evaporative water losses and evaporation rate from reservoirs. (a) The ratio of annual evaporative loss from the reservoirs to their total storage capacity. (b) 
Annual evaporation rate from water reservoirs.
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recycling, Table 1 summarizes the main beneficiary countries of evap-
orated water from the Kajaki and Arghandab dams and the Chah Nimeh 
reservoirs. Although the majority of the evaporated water comes from 
the water stored in the Chah Nimeh reservoirs of Iran (Fig. 7), only 0.6% 
of this evaporated water precipitated in Iran.

3.1. Economic and socio-environmental implications of the evaporative 
losses

Annual water consumption in the Helmand basin has reached to 
about 6000 MCM in the past two decades. With ~80% of the basin 
located in Afghanistan, its agricultural water allocation accounts for 
more than 90% of the total demands in the basin (Akbari and Torabi 

Haghighi, 2022). In the Sistan Region, Iran, agricultural and domestic 
water demands are about 550 MCM/year (Akbari and Torabi Haghighi, 
2022), primarily supplied by the Chah Nimeh reservoirs. The estimated 
cumulative evaporative loss of 284 MCM from the Chah Nimeh, Kajaki, 
and Arghandab reservoirs in 2023 accounts for 4.73% of the total water 
demands in the basin. This amount of water is more than a third of Iran’s 
share of the Hirmand river in normal water years, 820 MCM, according 
to the Water Treaty in 1973. Iran contends that less than 4% of this 
allocation has been received in 2022 (Iran Daily, 2024), placing water 
rights currently at the core of disputes between the two neighbors.

The economic value of evaporative losses may be gauged by the 
planned ~700-km desalinated water transfer from the Sea of Oman to 
the Sistan Plain with capacity of 200 MCM/year (Financial Tribune, 

Fig. 7. Fate of evaporated water from the Kajaki and Arghandab dams and Chah Nimeh reservoirs averaged from 2009 to 2023 for a) winter, b) spring, c) summer 
and d) autumn. The averaged seasonal evaporation amounts are indicated in the panel titles. The precipitation resulting from the atmospheric moisture recycling 
originated by the evaporation from the dams and reservoirs is given in mm per season. The location of the dams and reservoirs is indicated by the red dots. The red 
shaded area represents the Helmand basin.

Table 1 
Main beneficiary countries in terms of receiving the evaporated water from the Kajaki and Arghandab dams and Chah Nimeh reservoirs as precipitation, computed for 
the different seasons over the period 2009–2023, in %. The global evaporation recycling to land areas is reported in the last row.

Ranked beneficiaries Annual average Seasonal averages

DJF MAM JJA SON

1st India Afghanistan Afghanistan India India
25% 21% 23% 35% 26%

2nd Pakistan India India Pakistan Pakistan
19% 10% 18% 31% 19%

3rd Afghanistan Pakistan Pakistan Afghanistan Afghanistan
16% 9.4% 13% 10% 11%

4th China China China China China
6.0% 7.4% 9.6% 3.0% 5.7%

5th Nepal Kazakhstan Nepal Nepal Nepal
2.7% 3.7% 3.2% 2.9% 2.2%

… … … … … …
Total to land 87% 77% 92% 91% 78%
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2022). Considering the cost of desalinated water (often estimated 0.5–2 
USD/m3 (Karagiannis and Soldatos, 2008)), the direct economic value of 
385.7 MCM evaporative loss (in 2020) from the Chah Nimeh reservoirs 
is estimated up to 770 million USD/year (excluding additional transfer 
costs which could be significant). Evaporative losses can further be 
gauged by how much profit could have been made with this water 
following the methodology proposed by D’Odorico et al. (2020). 
Considering the global value of irrigation water estimated from 0.13 
USD/m3 with the current crop distribution to 0.54 USD/m3 based on the 
crops that maximize economic productivity (D’Odorico et al., 2020). In 
2020, a year with the highest evaporation rate, the amount of water lost 
from the Chah-Nimeh could have led to 208 million USD/year in profit 
for the agriculture sector, in addition to its contributions to food security 
and unemployment reduction.

It is important to note that these estimates are based on preliminary 
calculations using specific methodologies and assumptions. Different 
approaches to valuing evaporative losses could yield different results. A 
more in-depth economic analysis would be required to accurately esti-
mate the true economic value of the lost water, considering additional 
factors and uncertainties. Moreover, the true value of evaporated water 
may extend beyond these economical estimates, encompassing envi-
ronmental impacts like damaged ecosystems and essential support for 
regions with poor infrastructures and severe water scarcity (Aminzadeh 
et al., 2018). Evaporation exacerbates water insecurity in a 
water-deprived region, impacting families, particularly women and 
children lacking proper water and sanitation. Additionally, the econ-
omy, reliant on agriculture and the health of Hamoun wetlands, faces 
challenges. Socio-economic instability due to water bankruptcy in the 
region can fuel extremism and violence, with broader repercussions.

Mitigation of evaporative losses from reservoirs remains a critical 
challenge, particularly in arid regions like the Helmand Basin. Molecu-
larly thin monolayers, composed of compounds like hexadecanol and 
octadecanol, have been shown to reduce evaporation rates by up to 40% 
under controlled conditions (Barnes, 2008; Karimzadeh et al., 2023). 
However, their limited durability and challenges with uniform appli-
cation across large water bodies restrict their broader adoption, partic-
ularly for reservoirs of significant scale. Floating covers, including 
modular and self-assembling types, present another promising solution. 
Laboratory studies by Lehmann et al. (2019) demonstrated that floating 
covers can reduce evaporation by up to 70–80%, with suppression levels 
influenced by environmental factors such as wind speed and solar ra-
diation. Similarly, Aminzadeh et al. (2018) explored the impact of 
floating covers on the energy balance of reservoirs, emphasizing their 
ability to reduce solar radiation absorption at the surface and enhance 
water retention. Field studies by Bakhtiar et al. (2022) confirmed the 
dual benefits of floating covers in mitigating evaporation and main-
taining water quality, making them a practical option for arid regions. In 
addition to these technological interventions, engineering strategies 
such as increasing the depth-to-surface area ratio during reservoir 
design can reduce evaporation by minimizing exposed surface areas. 
Afforestation projects around reservoirs, acting as windbreaks, could 
potentially provide a complementary approach by mitigating 
wind-driven evaporation. However, this will have its own challenges. 
Collectively, these solutions highlight the need for a tailored approach 
that considers the specific climatic, hydrological, and socioeconomic 
conditions of regions like the Helmand Basin to ensure both technical 
feasibility and sustainability.

4. Summary and conclusions

A physics-based approach was utilized to estimate evaporative losses 
from major water storage reservoirs in the Helmand Basin, shared be-
tween Iran and Afghanistan, for the period from 2001 to 2023. Our 
findings indicate that cumulative evaporative water losses from these 
reservoirs could reach as high as 491 MCM/year (estimated for the year 
2020). Notably, the Chah Nimeh reservoirs show significantly higher 

evaporative losses compared to the other two dams investigated in this 
analysis. In particular, annual evaporative losses from Chah Nimeh 
exceeded 385.7 MCM in the year 2020. The reliability of our approach to 
estimate water evaporation is further supported by Nevermann et al. 
(2024), who employed a similar methodology and validated their model 
using observed data from Lake Mead. This consistency across studies 
enhances confidence in the robustness of our findings.

Beyond estimating evaporation, the study examined where the 
evaporated water from these reservoirs eventually falls as precipitation, 
providing insights into water vapor transport in this water-stressed 
basin. Our modelling results suggest that 92% of the evaporated water 
from the reservoirs considered in our investigation falls as precipitation 
outside the Helmand Basin, with India, Pakistan, Afghanistan, China, 
and Nepal receiving 25%, 19%, 16%, 6%, and 3%, respectively, of this 
precipitation (Table 1). In this study, we computed the atmospheric 
recycling pattern associated to the Kajaki and Arghandab dams and 
Chah Nimeh reservoirs in the present climate. We acknowledge, how-
ever, the possibility that changes in future climate can alter the atmo-
spheric circulation affecting the moisture trajectory and, ultimately, the 
precipitation patterns associated with the evaporation from the reser-
voirs. Estimating future atmospheric recycling requires trajectory 
datasets computed from climate model simulations under different 
scenarios that are not currently available.

Our findings underscore the often-overlooked impact of inefficient 
water storage infrastructures and offer a new perspective and set of in-
formation to the impacted parties, presenting an overlooked opportunity 
to the neighboring nations to reduce evaporative losses and improve 
water-use efficiency through cooperation. Similar to other trans-
boundary water systems experiencing conflicts (e.g., the Nile river), the 
efficiency of water-use in the Helmand basin is low in the neighboring 
states, which diminishes water security and quality of life in the region. 
This inefficiency creates opportunities for cooperation to improve both 
water efficiency and availability (a win-win outcome). However, such 
opportunities often remain overlooked in the absence of adequate and 
transparent monitoring data, as exemplified by the Iran-Afghanistan 
case.

In terms of future research, investigation of the evaporation from 
water storage reservoirs is indeed an emerging topic, which is particu-
larly a serious issue for water-stressed regions of the World. Future 
research could be focused on generalizing the impact of reservoirs in 
other regions of the world, e.g. the entire Middle East and North Africa 
region. The non-local impact of irrigation, a closely related topic, is 
much more studied. Large-scale irrigation is known to alter atmospheric 
moisture transport and contributing to cloud formation and rainfall (De 
Hertog et al., 2023; Puma and Cook, 2010). This process can modify 
local climates and affect regions far from the irrigated areas (J!odar et al., 
2010; Sacks et al., 2009). For example, irrigation in the Middle East and 
South Asia impacts precipitation patterns in the Sahel and Eastern Africa 
(de Vrese et al., 2016; Zeng et al., 2022; Zampieri et al., 2024). Pre-
cipitation in the Sahel also demonstrates significant feedback effects 
linked to local irrigation activities (Alter et al., 2015b). Similar mech-
anisms are observed globally (Alter et al., 2015a; Hu and Dominguez, 
2015; Lo and Famiglietti, 2013; Shi et al., 2022). We expect that the 
creation of large reservoirs could cause similar impacts to that of irri-
gations in the mentioned regions that could be subject of future research.

Furthermore, our analysis demonstrates practical examples of how 
satellite-based monitoring, big data analytics, and modeling practices 
can enhance water diplomacy and transboundary cooperation by 
improving water intelligence, transparency, and data availability. The 
findings of this study provide practical insights that could help address 
the ongoing water conflict in the Helmand Basin. By highlighting the 
scale of evaporative losses and showing where the evaporated water 
eventually falls as precipitation, we offer valuable information that 
could support constructive discussions between Iran and Afghanistan. 
These insights can guide negotiations and cooperation, particularly by 
showing the mutual benefits of working together to reduce water losses. 
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Joint efforts, such as investing in better water storage technologies or 
improving reservoir designs, could potentially ease tensions and foster 
long-term cooperation. Establishing shared systems to monitor water 
resources would also help build trust and ensure both sides have access 
to accurate information. Technological advancements stemming from 
the Fourth Industrial Revolution (Shokri et al., 2023), particularly in 
data collection, satellite remote sensing, and processing, provide the 
scientific community with significant opportunities to support policy-
making and conflict resolution by enhancing water and environmental 
intelligence in transboundary systems. These innovations are especially 
beneficial in ungauged regions, where the lack of transparent data and 
effective communications can exacerbate domestic and cross-border 
tensions. Beyond aiding neighboring parties directly, insights from sci-
entists and impartial organizations using remote sensing and satellite 
monitoring are invaluable to the United Nations and other international 
organizations committed to mediating conflicts effectively.
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