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Part A: Overview  

1 Executive summary and targeted summaries for main stakeholders 

This report, that was made possible by the support of the European Climate Foundation (G-2309-

66845) addresses the pressing challenges of droughts and water scarcity, with a particular focus on 

the Southeast Europe (SEE) region. As climate change intensifies, these challenges are becoming 

increasingly severe, impacting not only the availability of water resources but also the socio-

economic stability and environmental health of the region. The document provides a comprehensive 

analysis of the factors contributing to droughts and water scarcity, outlines strategies for mitigation 

and adaptation, and offers practical measures for policymakers, municipalities, industries, and land 

managers. The subchapters of this executive summary provide targeted summaries for these groups 

highlighting the issues that are relevant for them from the wider perspective. 

Droughts and water scarcity are distinct but interrelated phenomena. Droughts are characterized by 

periods of abnormally low precipitation, leading to temporary, but sometimes very severe water 

shortages, while water scarcity refers to a persistent imbalance between water supply and demand. 

The SEE region, traditionally less affected by severe water scarcity, is now facing increasing 

challenges due to climate change, demographic trends, and unsustainable water use practices. The 

region has experienced significant drought events in recent years, notably in 2012, 2017, and 2022, 

which have severely impacted agriculture, hydropower generation, and public water supply, and 

indirectly the rest of the economy as well. Climate change is expected to put further pressure on the 

water resources of the SEE, with significant spatial disparities.  

Managing the water resource related challenges requires a dual approach: improving crisis 

management to mitigate the immediate impacts of droughts and enhancing landscape-level water 

management to address the root causes of water scarcity. Measures that focus on improving soil 

moisture retention, enhancing the resilience of both grey and green infrastructure, and adapting 

water use practices to changing climatic conditions are all necessary. It is beneficial to complement 

water saving measures with strategies that enhance water availability through improved intra-annual 

management, such as water retention. This not only boosts resource availability but also strengthens 

the legitimacy of adaptation measures. 

A common-sense approach often fails to distinguish between terms like water scarcity, water 

shortage, droughts, and aridity. However, to develop effective countermeasures, it is crucial to 

differentiate these concepts based on their economic implications. The figure below illustrates this, 

with the blue line representing available water volumes, the black line indicating water demand, 

which is expected to rise in the long term, but also in the short run during droughts and the green 

range indicating the flow of evapotranspiration through vegetation or the surface. The most complex 

scenario is shown in the third image, where climate change and unsustainable land use contribute to 

shrinking water resources and more frequent droughts. This third one is the process we face without 

applying effective countermeasures. 
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The report provides a comprehensive review of various strategies that municipalities, industrial 

facilities, landowners, farmers and policymakers can use to reduce water consumption or enhance 

local and regional water budgets through increased water retention. It emphasizes that the 

effectiveness of these measures is highly dependent on location-specific factors, such as hydrology, 

geography, weather patterns, socio-economic conditions, and legal and institutional frameworks, 

together with the human capacities of conflict resolution. The report also features a chapter with 

case studies demonstrating the successful implementation of these strategies in diverse contexts. 
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The remainder of the executive summary offers targeted insights for different audiences, while also 

providing valuable information for anyone interested in addressing the issue of diminishing water 

resources. The targeted audiences include: 

¶ Municipalities and providers of drinking water and sanitation services 

¶ Economic sectors and businesses with high water consumption 

¶ Individuals interested in understanding evaporation sheds and their role in mitigating climate 

change impacts, how the atmosphere and land interact in forming the climatic-water-energy 

budget, and the related goals and tools of communities 

¶ Those keen on learning about the role of land in balancing between flood and drought 

conditions to satisfy goals of water management 

¶ Policy makers involved, whether directly or indirectly, in water management   

{ǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ Ƴŀƴǳŀƭ

9őċƓƣĲƖШΥЯШ~ƨŰŔĦŔƓċũŔƣŔĲƚЯ
9őċƓƣĲƖШΦЯШfŰĬƨƚƣƖŔċũШƚĲĦƣŸƖ

9őċƓƣĲƖШΝΝЯШEůĲƖŊĲŰĦǃ
ůĲċƚƨƖĲƚ

9őċƓƣĲƖШΝΜЯШxċŰĬШÖƚĲ

ÂċƖƣШ7аШ9ũŔůċƣĲШĦőċŰŊĲШŉƖŸůШċ
ƽċƣĲƖШƖĲƚŸƨƖĦĲШƓĲƖƚƓĲĦƣŔƻĲ

ÂċƖƣШ?аШ9ċƚĲШƚƣƨĬŔĲƚШŉŸƖШċũũ
ƣőĲШƣŸƓŔĦƚ
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1.1 The basic public interest: Urban drinking water and sanitation services 

¶ Block-tariff structures are well placed to provide the platform for resilient adaptation during 

water shortage emergencies and to ensure continued service for low income households. 

¶ Balanced books, cost covering tariffs and access to capital for financing efficiency 

improvements and service resilience are key for water utilities to tackle future challenges in a 

sustainable way. 

¶ Look out to the watershed to secure balanced water resource renewal and reduce exposure 

to climate change induced hydro risks.  

Many water utilities in the SEE region face growing challenges, with decreasing water resources 

being just one factor. Tariff revenues often fail to cover costs, including asset maintenance and 

renewal, leading to deteriorating infrastructure, higher operational costs, and increased network 

losses. In some utilities, over 50% of the water entering the network never reaches customers. 

Meanwhile, urban centers experience rising water demand due to population growth and industrial 

activity, but shrinking and polluted water sources, along with aging infrastructure, hinder supply. 

Depopulating regions face declining revenues, making operations difficult. Climate change worsens 

these issues, weakening water resources and driving higher summer water consumption in cities 

battling heat waves. 

As illustrated by the infographics below, a variety of measures are available. The most critical steps 

are outlined below: 

¶ Reducing non-revenue water (NRW) not only improves water supply but also lowers costs 

and reduces greenhouse gas emissions. The economic level of leakage typically ranges 

between 10% and 30%, and targeting this range is a reasonable goal for the SEE region.  

¶ The widespread installation of water meters is crucial for implementing tariff schemes that 

incentivize water conservation. Smart meters further expand opportunities by enabling 

drought tariffs, seasonal price adjustments, rapid detection of leaks, and potentially lower 

costs. 

¶ Utilizing treated wastewater for irrigating urban parks, forests, and other landscapes can 

increase water utility revenues, reduce the demand for drinking water, and during summer 

heatwaves, the evaporation of this water can help cool cities. Similarly, stormwater retention 

and utilisation reduces the need for drinking water, lowers the costs of wastewater collection 

and treatment, and may promote the development of green and blue spaces within urban 

areas. 

¶ Collaboration with water users, landowners, and pollution sources in the watershed is a key 

milestone in ensuring a stable and clean water supply, while also avoiding costly 

technological investments. A well documented example of this approach is the Watershed 

Protection Program of New York City. 

¶ An independent regulatory authority for water utilities can play a pivotal role in ensuring 

services that are both economically and environmentally sustainable. Such authorities exist 

in many SEE countries. Strengthening their independence from political influence and 

enhancing their professionalism can help achieve cost-covering tariffs while promoting more 

efficient operations. 

Finally, it is important to recognize that no single measure is sufficient on its own. A combination of 

well-designed measures is necessary to ensure that water utilities can enhance their services and 

meet the water needs of communities, even under adverse climatic conditions. 



 

 

 

 



1.2 Direct water uses of the economy; efficiency and avoiding disruption  

¶ Acknowledge Limits: Establish clear quantitative limits for water resources, balancing 

allocations between community needs, commercial uses, and water for nature under both 

normal and extreme conditions. 

¶ Reflect True Costs: Ensure that economic actors across all sectors bear the true cost of water 

services, including the price of scarcity. This approach aligns with their long-term interests, even 

if painful in the short run. 

¶ Foster Collaboration: Support and incentivize stakeholders to reach agreements and develop 

coordinated solutions. The goal is to achieve higher value-added production at an aggregate 

level while reducing the economic impact of drought events. 

Water as a flowing substance does not necessarily respect legal categorization, but for socio-economic 

purposes it is still important to delineate different water uses. As illustrated in the figure below one way 

to categorize water use is based on the purpose it serves. Community water is for public use, whether 

consumed directly by individuals or through public institutions such as schools or municipal services. 

Water is often regarded as a basic human right, and as long as it meets the essential needs, this volume 

of water should not be subject to market driven resource allocation. The same principle applies to water 

used by nature, often referred to as the ecological water requirement, which is the amount of water 

needed to maintain a healthy ecosystem. The final category is commodity water, which is used for 

production purposes across various economic sectors, including industry, agriculture, and services. 
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Water, like other inputs such as labour, materials, energy, and IT, plays a critical role in production. But 

there is a key difference: much like water used by households, water consumed by economic entities is 

often underpriced, failing to reflect the true cost of infrastructure or resource scarcity. While this may 

seem appealing initially, it deteriorates the business environment.  

Firstly, the cost of water servicesτsuch as irrigation canals, pumps, or drinking water systemsτmust be 

covered by someone. If water users do not bear these costs, the burden often falls on the state. 

Frequently, the state fails to provide adequate funding, resulting in deteriorating service quality, 

including capacity problems, intermittent supply, and water quality issues, all of which impose 

additional costs on businesses. 

Another issue with low water prices is that they encourage overconsumption. When something is 

cheaper, we tend to use more of it, and this holds true not only for individuals but also for corporations 

and farms. In situations where resources and water supply capacities are limited, this can eventually 

lead to shortages. Conversely, higher prices promote water efficiency and conservation, reducing the 

likelihood and severity of supply disruptions. As the report highlights, water resources are increasingly at 

risk in the SEE region, making proper pricing even more critical. When a business is faced with the choice 

between high-quality, dependable service at a higher price and mediocre, intermittent service at a lower 

price, the preferable option is typically the former.  

Paying cost-covering prices not only ensures the financing necessary for reliable water services but also 

empowers water users to demand correspondingly high service quality. At the same time, it is the 

responsibility of regulatory authorities to ensure that service providers do not exploit their natural 

monopoly by charging more than what is justified by efficient cost levels. 

Water-using companies also have a legitimate expectation that authorities will monitor illegal water use 

and reduce its occurrence through strict penalties. Illegal water extraction threatens the sustainability of 

water services, thereby increasing operating costs for companies that use water legally. Rule of law is 

the foundation of fair competition. 

Cost-covering water prices may create challenges for those whose operations are not efficient enough 

to absorb higher water costs. This is particularly true in the agricultural sector, where water is a critical 

input for production. From an economic perspective, a shift in water use toward more efficient 

producers is desirable. However, the resulting social consequences require government attention, 

including support for farmers in transitioning to new business models or alternative land uses. 

During a drought, allocating limited water resources among uses gains new urgency. As supply dwindles, 

households may face inconveniences and moderate costs, while businesses risk costly production 

disruptions and revenue losses. Reducing water availability for households is challenging for 

policymakers but avoiding it can harm economic sectors. Introducing flexibility, such as water markets 

for industries to secure critical needs, can help minimize overall economic losses. 

Furthermore, when a drought coincides with high temperatures, many businesses face costs from 

reduced efficiency and additional accidents due to heat stress on workers, which can far exceed the 

direct costs of limited water supply. It is therefore recommended that companies engage in local, 

community-level initiatives to prepare for and mitigate the adverse effects of heat waves, particularly by 

investing in green and blue infrastructure in urban areas.  



11 
 

1.3 A bottom-up, green water perspective on climate - Soil moisture reserves and 

evapotranspiration shape the accumulation of heat waves and droughts 

¶ Amplified Impact of Warming: On land, the global effects of warming air are intensified by its 

influence on local water circulation. This process contributes to an additional increase in the 

solar radiation reaching the land surface, which generates excess heat if it cannot be dissipated 

through water vapor transport. 

¶ Mitigating Drought Extremes: Effective drought mitigation requires enhanced soil moisture 

reserves to support increased evapotranspiration. This process helps counteract the rising levels 

of incoming solar radiation, preventing excessive localized heat buildup and mitigating drought 

conditions. 

¶ Strategic Viability: The success of an evapotranspiration-enhanced mitigation strategy begins 

with a thorough understanding of the factors driving local evapotranspiration deficits. 

Droughts and heatwaves tend to occur when there is a gap between the amount of solar radiation 

reaching the surface and the amount of evapotranspiration dissipating that energy as latent heat 

(through water vapor release and lift from the surface). When soil moisture, the ultimate water reserve, 

is depleted, this leads to excessive heat buildup from the ground. It is therefore useful to conceptualize 

this gapτthe lack of sufficient soil moisture to maintain the dissipation of solar radiation, resulting in 

heat accumulationτas a deficit, relative to a balanced climatic water-energy budget for a given 

landscape. In a balanced scenario, soil moisture is available to fuel evaporation driven by solar radiation. 

The deficit represents the amount of missing water required for the evaporation of energy that currently 

turns into heat. 

Climate change exacerbates drought frequency by increasing the amount of solar radiation hitting the 

land, thereby intensifying the water-energy deficit from the radiation (forcing) side. Drought conditions 

worsen due to multiple factors affecting the reserve-supply side of the deficit: precipitation patterns are 

shifting, with less rainfall occurring during the growing season when solar radiation is at its peak; historic 

land-ǳǎŜ ŎƘŀƴƎŜǎ ƘŀǾŜ ƭŜŘ ǘƻ ǎƻƛƭ ŘŜƎǊŀŘŀǘƛƻƴ ŀƴŘ ǎŜŀƭƛƴƎΣ ǊŜŘǳŎƛƴƎ ǘƘŜ ƭŀƴŘΩǎ ŀōƛƭƛǘȅ to store moisture 

between wet and dry periods; and degraded vegetation is less effective at tapping into deeper soil 

moisture reserves. 

Recent scientific findings for the Danube River Basin indicate that the period during which moisture 

reserves need to offset the solar radiation surplus over precipitation in the growing season has 

expanded from an average of one month (1961-1990) to three months (1991-2020). This unfavorable 

shift is the result of losing on all fronts of managing the climatic-water-energy budget deficit. 

Drought and water scarcity management must be tailored to each locality, addressing both adaptation 

to worsening conditions and the mitigation of the climatic water-energy deficit. The other targeted 

summaries focus on various aspects of adaptation. Enhancing infiltration and soil moisture recharge at 

ǘƘŜ ǊƛǾŜǊ ōŀǎƛƴ ǎŎŀƭŜ ƛǎ ŎǊǳŎƛŀƭΣ ǿƛǘƘ ōƻǘƘ ƴŀǘǳǊŀƭ ŀƴŘ ŜƴƎƛƴŜŜǊŜŘ ǎƻƭǳǘƛƻƴǎ ŜȄǇƭƻǊŜŘ ƛƴ ǘƘŜ ά5ǊƻǳƎƘǘǎΣ 

CƭƻƻŘǎΣ ϧ [ŀƴŘέ targeted summary.  
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Addressing the deficit requires rethinking a landscape's true potential for managing soil moisture 

reserves. However, geography and overall annual water availability (from precipitation and surface 

sources) significantly constrain a region's realistic goals in reducing this deficit or minimizing its harmful 

effects. To achieve meaningful mitigation, additional evapotranspiration must exceed the increase in 

solar radiation. 

Localities' ability to influence micro-scale temperature and humidity pathways is vital, as these 

interactions shape the perceived temperature. High-evapotranspiration land types like wetlands and 

forests efficiently dissipate solar radiation, but forests also provide shading, reducing ground 

temperatures. This combination of dissipation and shading creates a more comfortable perceived 

ǘŜƳǇŜǊŀǘǳǊŜΦ CƻǊŜǎǘǎΩ ϦŀŎǘƛǾŜ ǎƘŀŘƛƴƎΣϦ ǳƴƭƛƪŜ ǘƘŜ ϦǇŀǎǎƛǾŜ ǎƘŀŘƛƴƎϦ ƻŦ ǘŜƴǘǎ ƻǊ ǇŀǊŀǎƻƭǎΣ ŜȄŜƳǇƭƛŦƛŜǎ ǘƘŜ 

comprehensive ecosystem services green infrastructure offers for climate mitigation. 

Sub-regions within the wider Southeastern Europe (SEE) region vary significantly in their precipitation 

and geographic potential for shaping this deficit. However, in addition to upstream-downstream 

relationships, evapotranspiration creates new connections along upwind-downwind pathways of major 

wind corridors. This interconnectedness, whether managed or neglected will impact our collective well-

being in the future.  
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1.4 Droughts, Floods & Land: Landscape-wide water resource and evapotranspiration 

management 

¶ Integrated Landscape Management: Multi-purpose landscape management is the only 

sustainable approach to addressing both droughts and extreme rainfall events. Every square 

meter of land contributes to the solution and should be managed and regulated accordingly 

with effective policies. 

¶ Accountability for Land Use Impacts: Land use activities within a watershed must account for 

the cumulative costs of their impacts. These include the risks associated with insufficient 

infiltration during droughts and inadequate mitigation of flood wave aggregation. 

¶ Resilient Watersheds: Watersheds that support robust evapotranspiration play a critical role in 

mitigating drought conditions in downwind areas. 

Managing water resources to prevent the devastating effects of droughts is a landscape-wide challenge, 

requiring both the regulation of water use during shortages and the enhancement of water infiltration 

into the soil to mitigate future droughts. This latter approach aligns with land management strategies 

used to address flood risks through spatial flood risk management solutions. Floods provide a natural 

source of additional moisture, offering an opportunity to replenish soil water reserves when 

precipitation becomes a less reliable source for seasonal recharge. Effective land, soil, and vegetation 

management is essential for mitigating both extremesτwater shortages and floodsτin the context of 

land use. 

The resilience of a river basin to the dual threats of droughts and floods depends on how its various 

components function together. This resilience is shaped by cultivation practices, land use patterns, and 

streamflow hydromorphology, all of which -across the landscape - form a "green infrastructure" that 

works in conjunction with gray infrastructure to maximize soil water reserves from unpredictable 

precipitation events.  

Addressing hydro-risks requires tailored measures across a river basin, including hinterlands, middle-

flow sections, and settlements, to optimize green infrastructure management. Local solutions must work 

in coordination, considering their collective impact on water flows within a physical and natural 

network. This network relies on social pillars, with shared institutions and rule-based agreements among 

landowners and stakeholders to ensure operation and maintenance. Every hectare, even every square 

meter, contributes to the landscape's overall resilience. 

Certain sectors have a particularly significant influence due to their large share of land use in a given 

area or their critical role in shaping stream and river flow hydromorphology (that is, how waterflows run 

and how they are connected with their former or active floodplains).  

Agriculture tops the list, playing a crucial role in water resource management. It is a misconception to 

frame the solution as agriculture abandoning land to make space for nature, with compensation for 

landowners who refrain from cultivation. Instead, landscapes need active stewards - people who know 

the land, understand its processes, can monitor changes, and are capable of taking action when 

necessary. From a water resource management perspective, immediate improvements can be achieved 

through soil conservation agriculture, the use of cover crops, and maintaining permanent soil cover with 

crop residues. These practices not only enhance the resilience of cultivation but also reduce post-
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harvest heat accumulation during the summer. Furthermore, creating more diverse agro-landscapes 

through agroforestry systems can help sustain evapotranspiration in a balanced way while providing 

diversified revenue streams for farmers.  

Unfortunately, water protection policies aimed at enhancing both the quality and quantity of water 

resources are weakly enforced across the region. Measures such as planting hedgerows, establishing 

buffer zones along streams, and blocking emerging erosion pathways are strategies outlined in the 

Water Framework Directive (see Chapter 1.5), but they have not been properly implemented due to a 

lack of regulatory oversight and distorted agricultural incentives. The necessary incentives and 

regulations are available, but they have yet to be applied effectively. 

In forest management, addressing the challenge of evaporation is vital for a watershed's adaptation. It 

requires identifying the constraints imposed by the climatic water-energy budget deficit to establish 

sustainable forestry practices. This might involve decisions on whether reforestation, afforestation, 

constant cover management or a more nuanced thinning approach is required. (The latter implies the 

prioritization of soil recharge from precipitation over immediate evaporation from too dense canopies, 

helping to optimize water reserves and extend evapotranspiration periods.) Additionally, measures to 

retain water within forests, such as closing gullies, disrupting drainage pathways on forestry roads, 

practicing continuous cover forestry, adapting species composition and preventing soil compaction and 

erosion from machinery, are essential interventions in all strategies. 

Alongside upscaling water storage and retention policies to address water deficits, enhancing 

forecasting, early warning systems, public awareness, and flood emergency agreements is critical. 

Storage infrastructure with fixed capacity can reduce drought risks in years without major floods but 

poses additional risks during extreme floods, requiring preventive measures. Balancing resilience to both 

droughts and floods demands careful management. Downstream land use agreements can create buffer 

zones to prevent damage and support effective hydro-risk management. 

In terms of river and stream hydromorphology, managing riverbed incision alongside riparian areas is 

crucial. The straightening of natural waterways and the construction of artificial channels drain the soil 

in riparian areas, reducing the ability of these regions to store water between seasons, which are some 

of the most accessible and easily replenished reserves. Reversing this process requires the 

implementation of various water retention solutions. In the hinterland, rehabilitating streamflows with a 

large number of small-scale, nature-based water retention structures is an indispensable, no-regret 

strategy. However, experience with policy implementation highlights that the key to success in up-

scaling these solutions is securing the cooperation of landowners, especially when watercourses and 

their floodplains are not publicly owned. 

Similar to the way spatial flood risk management is optimized, managing surface water resources 

effectively requires shared rules and institutions across a watershed. Since evaporation, beyond its local 

benefits, contributes to precipitation further inland, moisture recycling becomes a powerful force in 

mitigating extreme climate events - if land use is designed to enhance it. The effectiveness of moisture 

recycling ties together landscape management activities in downwind regions, creating a mutual process 

that enhances both local ecosystems and their collective impact in reducing climatic extremes. The 

accompanying figure illustrates the recent trend of land use degrading moisture recycling and the full 

spectrum of ecosystem services it provides. However, this trend can be reversed through the 

implementation of appropriate land use and nature rehabilitation policies. 



 

Figure 1 The connection between the weakening intensity of the terrestrial water cycle and the notion of human well-being as a 

declining asset. 

Source: ό9ƭƭƛǎƻƴ Ŝǘ ŀƭΦΣ нлмтΤ YǊŀǾőƛƪ Ŝǘ ŀƭΦΣ нллтΤ aƛƭƭŜƴƴƛǳƳ 9ŎƻǎȅǎǘŜƳ !ǎǎŜǎǎƳŜƴǘ tǊƻƎǊŀƳΣ нллрΤ ¦ƴƎǾłǊƛ ϧ YƛǎΣ нлмфύ 



1.5 Policy makers and policy implementers 

¶ The role of policies is crucialτexperience shows that most water crises are not the result of 

natural phenomena but rather policy failures. 

¶ Effective management of water scarcity and droughts requires cross-sectoral collaboration. 

Policymakers must align water resource management with land use, agriculture, and 

environmental policies. 

¶ Incentive mechanisms such as cost-reflective pricing or market creation are essential tools. 

They should be used to promote sustainable practices, with sufficient support for those 

adversely impacted. Transparent decision-making and information sharing are equally important 

elements of efficient policy implementation.  

Droughts and water scarcity are increasingly critical challenges that require comprehensive, 

coordinated, and proactive responses from policymakers. Effectively addressing these issues demands a 

holistic approach: neither water scarcity, which refers to the long-term imbalance between supply and 

demand, nor droughts, characterized by short-term critical water shortages, can be managed within a 

single policy domain. Success hinges on the alignment and integration of sectoral policies, both in 

legislation and implementation. While the knowledge, solutions and technologies needed to address 

water-related issues are available, effective policies are often lacking, misguided, or fail to consider the 

specific needs, limitations, and human capacities involved in managing water challenges. Here we 

present key messages to guide policymakers in crafting more effective and cohesive government 

responses. 

¶ Cross-sectoral approach: Water resource management should not be viewed as a sectoral policy 

but as an interconnected effort requiring coherence across all relevant sectors. Policies must 

integrate water resources, land use, agriculture, and environmental management to be 

effective.  

¶ Droughts vs. scarcity: It is vital for policy documents to clearly distinguish between water 

scarcity and droughts to be in a position to devise appropriate policy responses. Scarcity refers 

to a long-term imbalance usually driven by consumption increase, not the decrease of 

rewewable water resources, while shortages are temporary deficits usually due to droughts. 

While most policies that address water scarcity are also handy when a drought occurs, the latter 

requires additional short term responses as well. Even if drought measures focus on immediate 

and near-future needs, it is crucial to establish emergency protocols in advance, including water 

allocation rules, water-saving plans, or drought pricing mechanisms.  

¶ Governance framework: Effective water governance is crucial for managing water resources 

sustainably. In addition to enforcing existing rules, newly identified connections among 

localities, natural processes, and the societal and economic uses of ecosystem services 

frequently require new legislation or the empowerment of institutions to act. This often 

necessitates political decisions to clarify rights and responsibilities related to water resources. 

However, governance often falters due to these complexities, making robust institutional 

frameworks essential.  

¶ Engaging local stakeholders: Effective landscape management, which directly impacts water 

resources, requires active collaboration with and reliance on local stakeholders, particularly 

farmers and landowners. Engaging these citizens is not just a standard project requirement; it is 
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also an essential policy component, as landowners play a critical role in water resource 

management, often without fully realizing it. "No-regret" measures for land use, water 

retention, and water allocation are available, but their successful implementation depends on 

the trust and cooperation of landowners. 

¶ Incentive schemes: Governments should implement economic policy incentives - such as grants, 

subsidies, and particularly cost-reflective pricing - to promote the adoption of sustainable water 

management practices. Creating water markets is another highly effective, though complex 

option that requires strong legal and institutional foundations. In the European Union the Water 

Framework Directive supports the use of water pricing as a tool to manage demand and 

enhance efficiency. Policymakers are often shy to apply pricing mechanisms, despite the many 

advantages. Our advice for them is to take proactive steps in introducing cost covering prices, 

while also providing support to those adversely affected, allowing them time to adapt. 

¶ Enforcing regulations: Even the most well-crafted legislation is ineffective without proper 

monitoring and enforcement. Illegal water use not only jeopardizes legal water abstraction but 

also poses a threat to future generations by depleting resources. Additionally, it creates an 

unfair market advantage for those engaging in such practices. If there are no significant 

consequences for illegal water abstraction, it is imperative to strengthen the legislation and 

ensure that a robust, well-funded legal and institutional framework is in place for effective 

monitoring and enforcement. Prevention of water pollution, which degrades clean water 

resources reducing their usability, should enjoy similar policy priorities. The prevention of water 

pollution, which degrades clean water resources and reduces their usability, should be given 

equal priority in policy development. 

¶ Decision support: The authority responsible for regulating water use should provide transparent 

and comprehensive information on the availability of the resource to both the public and 

economic actors. This ensures that the rules are clear and that all water users can prepare 

accordingly. Government water agencies typically have forecasting capabilities for floods, 

droughts, and water balances; these forecasts should also be made available to enhance the 

planning processes of water users. 

¶ Subsidiarity: In many policy areas, including water management, the principle of subsidiarity is 

crucial for enhancing the quality of localized decisions. Subsidiarity is the concept that decisions 

should be made at the most local level possible, allowing those closest to the issue to have the 

most influence. This principle emphasizes that local knowledge - such as understanding the local 

geography, land use, social network etc. - combined with the delegation of responsibilities to 

communities, leads to more effective management that the spatial scale of supervision and 

management would require anyway. By applying subsidiarity, policies are better tailored to local 

needs and conditions, improving overall outcomes. 

¶ Clear assignment of roles: Different actors in the policy arena should have roles that align with 

their specific skills and responsibilities. Short-term crisis management demands distinct skills, 

institutions, and capacities compared to medium-term planning, which focuses on preventing 

crises or mitigating damage. Long-term strategies, on the other hand, prioritize different 

aspects, reflecting the lifespan of assets and the time required for large-scale land-based 

reforms aimed at addressing climatic water and energy budget deficits. 
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¶ Conflict resolution: As more stakeholders become aware of their increased water needs or 

dependencies, conflicts and divergent interests among settlements, sectors and other players 

will inevitably arise. Regulators and public bodies must be equipped with the capacity for local 

and regional conflict resolution. Although this is not a traditional role, there is a growing need 

for such capabilities to address emerging challenges effectively. 

Many of these and other physical/natural measures are well-known together with their beneficial 

effects. However, the lack of large-scale implementation is largely due to issues related to land property 

rights. These are the strings attached to private ownership, or more importantly the conditions that are 

ƴƻǘ ŘŜŦƛƴŜŘ ǿƘŜƴ ƛƴŘƛǾƛŘǳŀƭ ƭŀƴŘ ǳǎŜ ŀƴŘ ŎǳƭǘƛǾŀǘƛƻƴ ŀŎǘƛƻƴǎΩ ƘŀǾŜ ŘŜǘǊƛƳŜƴǘŀƭ ƛƳǇŀŎǘ ƻƴ ǿƛŘŜǊ Ǉǳōƭƛc 

interests. The recognition of land management's critical role in transforming the water resourceςclimate 

changeςwellbeing nexus is a relatively new and evolving concept. Its institutionalization - establishing 

legitimate, rule-based frameworks to sustain public benefits -remains an ongoing organizational effort. 

It involves reconciling existing legislation with customary land use practices and addressing the gaps in 

unmanaged relationships that are now the focus of stakeholder concerns. The success of this 

institutionalization at the landscape scale hinges on local and sub-regional capacity to resolve conflicts 

of interest and implement policies effectively.  
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2 Introduction 

2.1 The water scarcity landscape 

Drought and water scarcity are distinct yet closely linked phenomena. Drought refers to a period of 

below-average or abnormally low precipitation that results in temporary water shortages. On the other 

hand, water scarcity denotes an imbalance between water availability and demand. While drought can 

contribute to water scarcity, the latter often arises from diminishing water resources due to overuse, 

population growth, water-intensive activities, and pollution. Importantly, water scarcity persists beyond 

precipitation events, with rainfall providing only temporary relief. 

In many parts of the world, water scarcity is a constant challenge. Regions such as the Middle East, 

North Africa, parts of Australia, and the Southwestern United States experience permanent water 

scarcity. As global water demands rise and aquifers are depleted, an increasing number of regions and 

cities grapple with long-term water scarcity. Concurrently, the frequency and intensity of droughts are 

escalating due to climate change's impact on precipitation patterns and rising temperatures, which also 

increase the level of evapotranspiration where water and suitable vegetation cover is available. These 

trends are projected to persist and intensify according to climate model forecasts. 

While the Southeast Europe (SEE) region has traditionally been relatively shielded from severe water 

scarcity and drought-related issues, there is a growing trend of concern. As the report highlights there is 

growing discrepancy between precipitation and potential evapotranspiration in the SEE region As 

temperatures rise, increased solar radiation intensifies evaporation, particularly during the warmer 

months, while precipitation patterns become more erratic and less frequent. This imbalance 

exacerbates the climatic water-energy budget deficit, leading to drier conditions, especially during the 

critical growing season. The widening gap between available water and potential evapotranspiration 

threatens to heighten drought frequency and severity, challenging the region's water management 

systems and demanding adaptation measures to help both water availability and ecosystem stability. 

Consequently, permanent water shortages are emerging in some areas, and droughts are becoming 

more frequent. Notably, most recently the 2022 drought had a severe impact on Hungary, Romania, and 

Serbia, while the Western Balkan countries faced significant challenges during the droughts of 2012 and 

2017. The agricultural sector and hydropower generation have been particularly badly affected by water 

scarcity, with additional ramifications across diverse sectors, such as power plant cooling water 

shortages, heightened forest fire risk, and intermittent drinking water supply. 

2.2 The social-economic burden of droughts and water scarcity 

While agriculture is directly impacted by droughts and water scarcity, the broader socio-economic 

effects in other sectors, appearing as reduced productivity and increased costs, are just as significant 

and require a response. Recent studies on the four major droughts in Europe between 2000-2018 show 

that the damage in the Southern belt ranged from 0.5% to 1% of the GDP, while in the most exposed 

ǊŜƎƛƻƴǎΣ ǘƘƛǎ ŦƛƎǳǊŜ ǊŜŀŎƘŜŘ н҈ ƻŦ ǘƘŜ ǊŜƎƛƻƴΩǎ ŀƴƴǳŀƭ D5t (García-León et al., 2021). This underlines the 

https://www.nature.com/articles/s41467-021-26050-z/figures/2
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big spatial variability of the impacts. These cost estimates should be considered as conservative as they 

do not include health related costs or occupational injuries. Meanwhile, future projections from the 

analysis predict a 5-fold increase by the mid 21st century (2055-2064) in scenarios where adaptation 

measures are not implemented.  

Droughts, heatwaves and water scarcity impact the economy and the wider society through various 

pathways. While usually the direct agricultural damages are the most visible, in more developed 

economies where the economic share of agriculture is low, damages are higher due to production 

efficiency losses, decline in service activities (such as tourism and recreation) and health related costs. 

Efficiency losses are attributed to cognitive and physiological effects that influence decision making, 

information processing, the length of working hours and accident probabilities. 

These impacts are not confined but are instead widespread across a broad spectrum of outdoor 

economic activities, spanning from service sectors to construction and transportation. Observations 

from drought stricken European regions illustrate these damage variabilities and the share of the service 

and construction sectors in them (García-León et al., 2021).  

Damage estimates for the Middle East North Africa (MENA) region forecast even greater burdens 

resulting from water scarcity. This is partly attributed to the higher share of agriculture in these 

ŜŎƻƴƻƳƛŜǎ ŀƴŘ ǇŀǊǘƭȅ ǘƻ ǘƘŜƛǊ ƭƻǿŜǊ ŀŘŀǇǘƛǾŜ ŎŀǇŀŎƛǘƛŜǎΥ ά/ƻƴtinuing along the current path of water 

management and allocation could cost the [MENA] region between 6 and 14 percent of gross domestic 

product (GDP) by 2050τcompared to a global average reduction of GDP of less than 1 percent by 

нлрлΦέ (De Waal et al., 2023) 

 

2.3 Getting a grip on water scarcity 

While inadequate water resources can entail substantial economic costs, strategies to manage water-

scarce conditions and mitigate negative impacts are available. Valuable insights have been gained from 

regions grappling with prolonged water scarcity, offering lessons on adapting to limited water supply. 

Similarly, measures to address droughts include forecasting, preparation, and emergency measures. 

Importantly, these two categories of measuresτaddressing permanent water scarcity and drought 

managementτpartly intersect and can mutually reinforce each other.  

This manual systematically reviews potential measures to avert the detrimental consequences of 

insufficient volumes of water in nature, agricultural land and cities. A range of options are covered, 

suiting the SEE regionς while also being useful to practitioners in other regions -, focusing mainly on 

άǎƻŦǘέ ǎƻƭǳǘƛƻƴǎ ƻǊ ƎƻǾŜǊƴŀƴŎŜ ƳŜŀǎǳǊŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ƭƻǿ-cost interventions as opposed to gray, 

engineering type measures of large infrastructure development such as dams and inter-regional water 

transfer. By soft or non-structural solutions, we refer to organizational, institutional and policy measures 

that consider the interests of the involved parties and often work with a combination of regulatory 

requirements and economic incentives to trigger action and impose change.  

https://www.nature.com/articles/s41467-021-26050-z/figures/4
https://www.nature.com/articles/s41467-021-26050-z/figures/3
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Our preference for non-structural solutions is driven by several factors. Water management issues, 

including those related to water scarcity, are complex, multi-faceted problems involving various 

stakeholders with diverse interests, risks, and operational characteristics. These complexities stem from 

elaborate interactions between different water bodies, water flows, and ecosystems. While there is 

advanced technical and engineering knowledge available for increasing water supply through the 

construction of dams, reservoirs, and water canals, these come with significant economic and 

environmental costs. This raises concerns about the sustainability of such approaches, often overlooking 

the complex technical, ecological, and social interconnections that underlie water scarcity challenges 

and their proposed engineering solution, meanwhile there is a clear potential to use the existing 

infrastructure in place by improved rules that reflect the new considerations. 

Water conservation efforts by individual users, while beneficial, often provide broader community 

benefits rather than immediate personal gains, which can reduce motivation to adopt such measures 

due to the associated costs or inconveniences. Therefore, effectively addressing water scarcity and 

shortage typically requires external incentives or mandates. These might include economic incentives, 

such as higher water usage fees or subsidies for water-efficient technologies, which naturally encourage 

conservation. Additionally, establishing standards, launching educational initiatives, and enforcing 

regulations are also effective strategies. As demonstrated by the figure presented for policy makers at 

the end of the executive summary, when water users are incentivized or mandated to act and are 

equipped with the necessary information, they are more likely to implement measures that yield 

tangible benefits for water resources. 

Furthermore, it is crucial to acknowledge that most water-related challenges do not primarily result 

from a lack of technical expertise but rather stem from shortcomings in public policy and the limited 

spatial extent of the solutions applied. Issues linked to water scarcity often trace back to problems like 

insufficient consideration of users' financial capacity to maintain infrastructure during its planning and 

operation, political decisions that overlook growing demand, suboptimal choices in utility management 

and water access, and the failure to implement incentive-based pricing structures, including cost 

recovering tariffs. Suboptimal incentives in areas beyond water policy, such as land use or development 

of water intensive industries, frequently exert adverse effects on water resource management. In 

essence, water shortage related challenges do not primarily require technological solutions to enhance 

supply, but rather governance interventions and measures to reduce human demand and integrate the 

conditions of water-cycle management into the economy.  

2.4 The structure of the manual 

This manual aims to provide guidance for those interested in how we can better manage our shrinking 

water resources. While we believe that citizens, municipalities, farmers, and civil organizations will all 

find useful information in the following chapters, some sections are specifically addressed to 

policymakers and decision-makers. In addition to presenting a range of measures to better manage 

scarce water resources, we also highlight the policy instruments available to influence water users to 

adopt these measures. 

The manual is structured as follows: 
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Part A includes the Executive Summary with the conclusions of the project, and the Introduction 

(Chapters 1 and 2). 

Part B, which encompasses Chapters 3 to 5, explores the role of water in mitigating heatwave 

accumulation from incoming solar radiation. It also analyzes drought and water scarcity trends in the 

context of climate change, examining water availability and extremes in the SEE region, as well as sub-

regional differences. Finally, considering these forecasts, it discusses the types of water resource 

management measures that appear most suitable for addressing these challenges. 

Part C on measures and considerations about their implementation extends from Chapter 6 to 11.  

A frequently observed phenomenon is that consumers adjust their water consumption when it 

translates to financial benefits, such as increased income or reduced expenditures. Chapter 6 provides 

an overview of the range of policy tools that can stimulate such behavioral shifts. While price incentives, 

such as elevated charges for water services, stand out as the most direct method to prompt change, 

subsidies can also exert influence. Additionally, regulatory mandates and efforts to raise awareness are 

sometimes necessary measures to bring about change. 

Much of the report is dedicated to describing and illustrating diverse physical interventions aimed at 

reducing water consumption or enhancing water availability. These measures are evaluated using a 

standardized set of criteria known as the assessment framework. The components of this framework are 

introduced in Chapter 7. 

Chapter 8 addresses measures within the urban context, particularly focusing on water utility services. 

In South Eastern European, there exists significant potential for mitigating network losses, conserving 

water in households and municipal buildings, utilizing treated wastewater, and harvesting rainwater, 

particularly from rooftops. Furthermore, the significance of metering programs and the protection of 

drinking water aquifers are highlighted. 

Industrial sectors are essential to look at, not only for their water consumption but also because they 

pose a significant risk of contaminating water sources. Chapter 9 addresses these concerns, covering 

opportunities for enhancing industrial water use efficiency, issues related to water pollution, the 

vulnerability of the hydropower sector to droughts, and conflicts arising between mining activities and 

water users. 

Stepping back from the urban and industrial domains, a diverse array of landscape-level strategies exists 

for more effective water management on a regional scale. In numerous countries, agriculture accounts 

for a larger share of water usage than all other sectors combined, presenting significant opportunities 

for water conservation and enhanced utilization. Moreover, substantial amounts of water from 

precipitation simply runoff from the land. Retaining this water in the soil is a critically important yet 

vastly underutilized approach. Achieving water retention may necessitate changes in agricultural 

practices, modifications to land use, and the implementation of man-made structures to reduce water 

runoff. Additionally, managed infiltration of water into groundwater aquifers holds considerable 

promise. These strategies are explored further in Chapter 10. 

Chapter 11 highlights additional measures specifically tailored to droughts, whether in terms of 

proactive preparation or as emergency responses. 
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Part D, Chapter 12 presents case studies to exemplify the practical implementation of specific measures 

and combinations thereof. Some of these cases serve as best practices, while others address water crisis 

induced responses to suboptimal water management. We consider all of them educational, providing 

valuable insights into how to better equip ourselves for a future characterized by growing water scarcity. 

 

The authors conducted analyses, researches and consultancy in the last two decades on all the distinct 

fields that are pulled together in this report. We intended to share through this work the most telling 

scientific results, most informative cases and sector specific manuals, figures ǘƘŀǘ ǿŜΩǾŜ ŦƻǳƴŘ ŀƴŘ 

valued most during this extensive period. All resources are open source as is this report, please if you 

find interesting material here, refer to the original documents as well.  

This work is licensed under CC BY-NC-SA 4.0   

 

  

https://rekk.hu/about-us/water-economics-unit
https://creativecommons.org/licenses/by-nc-sa/4.0/?ref=chooser-v1
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Part B: Dealing with climate change from a 
water resource perspective  

3 Droughts and water scarcity in relation to climate change 

3.1 The general representation of climate change related droughts in Europe 

The latest IPCC report shows that the warming on continents exceeds the global average of warming 

(Intergovernmental Panel On Climate Change, 2022) that elevates the questions of water-climate 

interactions to understand processes on land.  

A general conclusion from projections made by global climate models is that wet regions are likely to 

become wetter, while dry regions are expected to become drier in the future. Europe's varied 

geography and its exposure to divergent influences, such as Atlantic and Mediterranean cyclones and 

northern winds, introduce significant uncertainty to precipitation-related forecasts. This uncertainty is 

particularly pronounced in regions situated along the boundary where these climatic drivers interact 

over the continent. A recent continent-wide research (European Commission. Joint Research Centre., 

2020) underscores the complexity that adaptation and mitigation efforts encounter in these transitional 

zones, such as South-Eastern Europe, but it is especially true for the Mediterranean and its neighbouring 

regions (Millán M Millán, 2019). 

The continent-wide precipitation changes reported in the PESETA IV results (European Commission. 

Joint Research Centre, 2020) align with the overarching conclusion: "wet regions will get wetter, and dry 

regions will get drier" 1. As shown in Figure 2, summer precipitation increases with both latitude in the 

north and altitude, for example in the highest regions of the Alps. Additionally, precipitation during the 

cold season (Figure 3) also rises. These changes become more pronounced regionally as scenarios 

progress from a +1.5°C to a +3°C average temperature increase.  

 
1 The results shown and our interpretations are based on the CIMP5 phase of the climate simulation model results. 
The more recent CIMP6 results show further changes that will need additional interpretation. 
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Figure 2 Changes in average summer precipitation under the three global warming scenarios 

used in PESETA IV, compared to the reference period (1981-2010).  

Source: (European Commission: Joint Research Centre. et al., 2020) 

 

Figure 3 Changes in average winter precipitation under the three global warming scenarios 

used in PESETA IV, compared to the reference period (1981-2010).  

Source: (European Commission: Joint Research Centre. et al., 2020) 

This general regional conclusion reflects the process by which the increased water vapor content in 

warmer air (driven by climate change) condenses into precipitation in regions where cooling occurs due 

to proximity to the Earth's poles, elevation by mountains, or winter weather. These factors push the air's 

intertwined heat and water vapor content below the dew point. In areas lacking such clear drivers to 

reach the dew point, precipitation patterns become much more variable, with sub-regional conditions 
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playing a nuanced role. In these regions, balancing water resource management between adaptation 

and mitigation presents a highly complex challenge. (Adaptation for resilience involves learning to use 

less water and increasing the inter-seasonal storage capacities of both grey and green infrastructure to 

ensure additional supply. In contrast, mitigation for resilience focuses on enhancing evapotranspiration 

potential to counterbalance the climate change-induced risk of drought outbreaks.) 

The Water Exploitation Index (WEI), developed and computed as part of the Peseta IV research program, 

highlights the challenge of aligning future water needs with available resources. This indicator compares 

socio-economic water usage with the total water availability in each grid cell of the analyzed regions. 

WEI values ranging from 0.2 to 0.4 already indicate problematic conditions. In the maps below, a scarcity 

situation is defined when the WEI indicator exceeds the value of 0.2.  

 

Figure 4 Number of water scarce days (WEI+ > 0.2) in the reference period and projected 

changes with global warming.  

Source: (European Commission. Joint Research Centre., 2020) 

The WEI baseline highlights the presence of water scarcity in the SEE region and the spatial variability of 

its emergence. The severity of this scarcity results from the complex interaction between climate and 
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social factors, both of which drive this phenomenon. As climate change advances, the intensification of 

scarcity in already affected areas, as well as the expansion of these areas, becomes increasingly evident 

in the maps provided. These maps are crucial for identifying sub-regions that are currently impacted and 

those at risk of future threats.  

The WEI methodology pinpoints the most vulnerable sub-regions; however, WEI estimates account only 

for direct water uses, excluding the broader spectrum of green water flows, except for irrigation and 

other direct agricultural water uses. Green water flows (evapotranspiration), influence local water 

resources on a landscape-wide scale. Variations in exposure to increasing evapotranspiration create 

differing prospects for maintaining or enhancing local resilience. 

Adaptation for resilience involves learning to use less water and increasing the inter-seasonal storage 

capacities of both grey and green infrastructure to ensure additional supply. In contrast, mitigation for 

resilience focuses on enhancing evapotranspiration potential to counterbalance the climate change-

induced risk of drought outbreaks. 

 

3.2  The water perspective of the water-climate nexus to support the localization of 

water resource management measures  

When addressing the water resource management challenges presented by climate change, a more 

nuanced understanding of the interaction among key factors becomes vital, stepping beyond the 

conventional interpretation of warming and the tendency for extreme weather events that we 

described in the previous sub-chapter (Schumacher et al., 2022; Te Wierik et al., 2021). In the next 

chapters we introduce the concept of assessing droughts as a deficit in the climatic water-energy budget 

of an area and measures as the transformers of this deficit. 

Regional diversity in landscapesΩ ǿŀǘŜǊ-energy budget2 influences how the general warming trend 

(stemming from the Earth's overall energy imbalance, or EEI) manifests locally, affecting the occurrence 

of heatwaves and droughts. Consequently, the state of the water-energy budget impacts the 

effectiveness of implementing specific measures in a given location. This localized approach requires 

careful consideration of the region's capacity and limitations regarding green water flows in dissipating 

the solar energy that reaches the ground. 

The increasing concentration of CO2 in the atmosphere is one of the key drivers behind the changing 

dynamics of weather formation. This long-term process not only intensifies atmospheric warming by 

trapping more long-wave infrared radiationτa critical aspect of the greenhouse effectτbut also 

reduces the effectiveness of another key driver, the water-driven latent heat exchange between the 

Earth's surface and the atmosphere. Latent heat transfer allows solar radiation to escape from the 

 
2 Water-energy budget or water-solar radiation budget compares the amount of water available in a region for 
evapotranspiration (cc green water use) to the net energy content of the solar radiation that hits the surface. 
Energy is expressed as water quantity it is able to evaporate. (A summary of the concept is introduced in the 
chapter.) 



 
 

28 
 

surface without causing a temperature rise (through sensible heat formation) and contributes to cloud 

formation, which mitigates surface warming by providing a shielding effect (Ellison et al., 2024). 

During drought periods, the reduced availability of water vapor sources leads to clearer skies, 

exacerbating the warming effectτa self-reinforcing cycle (Ghausi et al., 2023; Jung et al., 2010). The 

following pair of figures from Ellison et al. (2024) and Wild (2020) illustrate the intricate differences in 

energy flow, highlighting the need for a deeper, more complex approach, as local processes often fall 

outside the scope of current climate simulation models. Both figures trace the pathways of solar 

radiation as it enters the atmosphere, with arrow sizes proportional to the volume of energy flows. A 

detailed explanation of the figures can be found in the referenced open-source article (Ellison et al., 

2024). Our discussion focuses on the main differences and the implications for water resource 

management. The difference between the two figures highlights the shift in scale when not considering 

global average conditions3, but rather the impact of altered energy flows due to reduced cloud 

formation.  

 
3 The average contains both the oceans and the continents. If data would cover only the continents more extreme 
differences would be seen. 
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Figure 5 Earth's energy budget expressed as total, global average amounts of incoming and 

outgoing shortwave radiation (yellow) and longwave emissions (orange), with and without 

clouds. (Ellison et al., 2024; Wild, 2020) 

Legend: The upper part of the figure contains data estimations from four simulation sources, the lower 

one only of Wild et al. (2015). Comparisons are based on this source, indicated with black numbers on 

both parts and in the next table.   
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Table 1 Changes along the incoming solar radiation between the two figures 
 

All sky Clear sky Difference Change  
W/m2 W/m2 W/m2 % 

Incoming solar radiation at the top of the Atmosphere 
(TOA) 

340 340 0 0 

Outgoing solar radiation TOA reflected from clouds 75 20 -55 -73 
Absorbed by the atmosphere 80 73 -7 -9 
Solar radiation that reaches the surface 185 247 62 34 
Outgoing solar reflection TOA from the surface 25 33 8 32 
Solar radiation absorbed by the surface 160 214 54 34 
Evapotranspiration and sensible heat towards the 
atmosphere 

103 110-130 7-27 7-26 

Evapotranspiration 82 ?? 
  

Sensible heat 21 ?? 
  

 

In the ά!ll skyέ version (left side figure) the global warming trend manifests as a 1 W/m² imbalance, a 

difference between incoming and outgoing energy at the top of the atmosphere (340 W/m² and 

100+239 w/m² respectively, that is a cc. 0.3% difference). The figure highlights the dual effect of clouds 

reflecting a significant ratio of the incoming solar radiation back to space (as short wave radiation) but 

trap in the atmosphere part of the outbound infrared long wave radiation from the surface. άClear skȅέ 

conditions represent significant alterations in the conditions at the ground, as the left- and right-hand 

side figuresΩ ŘƛŦŦŜǊŜƴŎŜ indicate it. ά/lear skyέ conditions accompany heatwave and drought periods.  

Although the figures mentioned above are based on global average data rather than local data, the main 

message remains the same: the scale of change in radiation reaching the surface when clouds are 

absent is significant. The net shortwave solar energy in exchange with the surface όǘƘŀǘ ŀƭǊŜŀŘȅ ŘƻŜǎƴΩǘ 

include the part of solar energy that reflects from the surface back to the atmosphere (185-160 W/m²) 

increases from 160 W/m² to 214 W/m², which represents 16% of the incoming energy (340 W/m² at the 

top of the atmosphere, TOA). However, this increase is more striking when compared to the net solar 

ŜƴŜǊƎȅ ǊŜŀŎƘƛƴƎ ǘƘŜ ǎǳǊŦŀŎŜ ǳƴŘŜǊ άŀƭƭ ǎƪȅέ ŎƻƴŘƛǘƛƻƴǎΣ ǿƘŜǊŜ ƛǘ ŜǉǳŀǘŜǎ ǘƻ ŀ оп҈ ǊƛǎŜ, (214-160)/160 

W/m². This latter comparison reflects the change in conditions experienced by living organisms at the 

surface. 

Under such changes, the subsequent fate of this solar radiation energy at the ground level becomes 

critically important. When solar energy strikes a vegetation-covered or humid surface, it is largely 

converted into water vapor, with a substantial portion of this energy leaving the surface as latent heat 

and returning to the higher atmosphere. In contrast, when water is absent, a significant portion of the 

solar energy is converted into sensible heat, leading to a temperature increase as the surface warms the 

air above it. The corresponding values in the left-hand side of Figure 5 show latent heat at 82 W/m² and 

sensible heat at 21 W/m², together 103 W/m².  

¦ƴŘŜǊ άŎƭŜŀǊ ǎƪȅέ ŎƻƴŘƛǘƛƻƴǎΣ ǘƘŜǊŜ ƛǎ ŀƴ ŀŘŘƛǘƛƻƴŀƭ 7-27 W/m² of solar energy flux, which is distributed 

among latent heat, sensible heat, and infrared radiation (110-130 W/m²), driven by the presence or 
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absence of water and vegetation on the surface. This represents a 7-26% increase in this energy flow. 

The original distribution (82 to 21 W/m²) reflects a global average where ocean cover (70% of the Earth's 

surface) is the dominant factor. On continents, which naturally lack permanent water cover, the 

distribution of solar energy via evapotranspiration is constrained. This means that a greater share of 

energy contributes to surface warming (Eiseltova et al., 2012). 

Heavily altered landscapes tend to direct this additional 7-27 W/m² solar radiation flow towards 

warming, while wet conditions, such as forests or wetlands, result in higher rates of evapotranspiration. 

This difference is well illustrated in the work of Pokorný et al. (2016), who provided detailed 

measurements of the energy budget split between wetland and dry land sites during summer conditions 

in the Czech Republic. Their results are summarized in Table 2, below.  

Table 2 The distribution of incoming solar radiation at the surface in two types of ecosystems. 

Source of data: (Pokorný et al., 2016) 

 

 

The comparison highlights two key findings. First, it shows that the latent heat-to-sensible heat ratio at 

the wetland site is approximately 70% to 30%, whereas at the dryland site, it is about 15% to 85%. The 

ratio at the wetland site is close to the global average split depicted in Figure 5, while the ratio at the 

dryland site is nearly the opposite of the global average. Second, the overall energy distribution of 

incoming solar radiation at the surface demonstrates the limitations of relying solely on the albedo 

approach. While drylands are lighter in color than vegetation-covered, wet areas, leading to a higher 

reflection rate (10% difference, with drylands reflecting 28% compared to 18% for wetlands), this 

advantage is outweighed by the significant difference in latent heat transfer efficiency (a 45% difference, 

with wetlands at 53% compared to 8% for drylands). 

When considering both reflection and evapotranspiration as factors that prevent sensible heat 

formation on the ground, the wetland site's prevention efficiency amounts to 71% of the incoming 

energy (18%+53% resp.), while the dryland site's prevention efficiency reaches only 36% (28%+8% resp.) 

τhalf that of the wetlands. Consequently, sensible heat formation at the dryland site has a 27% larger 

share of the energy budget, increasing from 20% to 47%. This means that, from the same amount of 

WetlandsDry landsWetlandsDry lands
% % % %

Radiation at the surface 100 100
Reflectance 18 28
Sum of latent and sensible heat 74 55 100 100
Evapotranspiration / latent heat 53 8 72 14
Sensible heat flux 20 47 28 86
Ground heat (energy) flux 6 18
Biomass production 2 0

Only sensible/ 
latent ratio from 
their sums

Full distribution of 
radiation at the  
surface
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solar energy inflow, the quantity of energy converted to heat is nearly two and a half times higher on 

the dryland site than on the wetland site. 

This example illustrates how land transformationτa long-standing process leading to drier conditions 

on landτand the atmospheric impacts of global climate change mutually reinforce each other. 

Unfortunately, changes in solar energy flows can initiate a self-reinforcing feedback loop if no further 

preventive measures are taken. Under these altered conditions, a greater proportion of incoming solar 

radiation forces surface evaporation to increase and accelerates the depletion of soil moisture. As 

water/moisture reserves diminish, ground temperatures rise, producing more direct heat rather than 

latent heat, which in turn further warms the atmosphere (Ellison et al., 2024). This process of extra 

temperature rise can be seen as a widening gap, effectively a deficit in the water-energy balance of an 

area, leading to a higher likelihood of heat waves. 

Cloud formation is a complex process, but it's important to consider its connection to 

evapotranspiration (green water flows) from the ground. The atmospheric water vapor over Europe 

primarily originates from the Atlantic and the equatorial regions, as well as from the Mediterranean 

area, with these sources constantly fluctuating. According to Horváth & Breuer (2023), the drought of 

Hungary in 2022 was linked to a minimum in vapor supply from both of these major sources. That year, 

a shortage of atmospheric vapor and insufficient local soil moisture reserves, resulted in a severe 

drought. This experience shows that against the accumulation of drought, the last line of defense for 

heat mitigation is the local soil moisture reserve. The duration of this reserve's ability to sustain 

evapotranspiration plays a crucial role in determining the severity of the drought (Schumacher et al., 

2022). Responses to global climatic forces vary from one location to another, largely depending on the 

availability of moisture within the reach of vegetation. 

This forced response of the landscape involves activating evapotranspiration (green water flows) that 

prevents excessive surface warming and promotes cloud formation, which acts as a shield (see Figure 4). 

Success of the response depends on the availability of sufficient moisture and the presence of 

appropriate vegetationτprimarily forestsτthat can transpire it effectively on a large scale. From this 

perspective, increased evapotranspiration is not a loss but rather an essential ecosystem service, crucial 

for maintaining the local water-energy balance and preventing the excessive formation of sensible heat. 

However, for these functions to be effective, the increase in evapotranspiration must follow the pace of 

the increase in solar radiation. This is a critical condition that cannot be met in all locations. 

Water resource management decisions targeting both blue and green water uses must consider this 

local reality, the constraints that the water-energy budget poses. These differences emphasize that local 

variations in the water-energy budget significantly impact the severity of drought and heat wave 

periods. The sustained availability of reserves is vital for maintaining a balanced water-energy budget 

throughout the year by regulating sensible heat formation and enhancing cloud cover. Properly 

managing this capacity is as importantτ or even more important in a local context in the short and 

medium termτas addressing the long-term global drivers of climate change (Ungvári & Kis, 2019). 

The sub-regions within the broader SEE region have markedly different water-energy budgets, which 

influence their ability to counteract heat formation through evapotranspiration. These differences 

highlight important connections between the regions along the main wind corridors, similar to the 
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upstream-downstream relationships observed along rivers. While upwind-downwind interactions are 

less straightforward, their significance is expected to increase (Van Der Ent et al., 2010). 

Precipitation- and evapotranspiration-rich areas, such as the Dinaric Alpsτthe most prominent in the 

SEE regionτserve as key suppliers of additional moisture further inland. Former floodplains of the 

region's major rivers also hold this crucial, yet currently underutilized, potential. As the distance from 

the sea increases, the proportion of recycled precipitation (evapotranspiration from land) contributing 

to local precipitation rises (Van Der Ent et al., 2010). Land management practices direct these flows 

between downstream and downwind locations, and inaction or poor management in well-endowed 

areas can have detrimental consequences for less fortunate regions. 

Determining the minimum surface area required to trigger sensible positive moisture feedback 

processesτeither locally or further along the evapotranspiration-shedτis currently a topic of scientific 

debate (Ellison et al., 2024; Keys, 2016; Keys et al., 2016, 2019). While robust, location-specific estimates 

of the benefits of improved moisture recycling on other areas are not yet available, enhancing moisture 

recycling efficiency should be considered a long-term goal or general guiding principle (for example, in 

the rehabilitation of overgrazed mountain landscapes). Addressing both local and regional aspects of 

improving evapotranspiration efficiency and timing is essential for developing the most effective 

solutions. 

4 Manifestation of the climate-water nexus in the SEE region 

4.1 Main drivers in the SEE region 

The key elements of the interrelations and processes described in Chapter 3 have been analyzed for the 

SEE region and the Danube River Basin4, which largely overlaps and for Hungary (Báder, Szilágyi, 

Négyesi, et al., 2023; Báder & Szilágyi, 2023). The sub-boxes in the figure below highlight changes in the 

components that drive or accompany the warming trend: net radiation5, evaporation, relative humidity, 

and air temperature. 

 
4 The mapped area for the Danube River Basin covers 8.0º E to 29.9º E and 42.0º N to 50.3º N, respectively 
5 Net radiation (that arrives to the surface of the Earth) is expressed in millimeters, representing the water quantity 
that the given amount of energy is able to evaporate, based on ECMWF data 
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Figure 6 The forcing parameters of evaporation in the Danube Basin (left panel from top 

down): air temperature (ᴈ), net radiation (mm) and relative humidity from 1961 to2020. 

Annual average evaporation (top right) and 30-year monthly averages of evaporation (bottom 

right panel).  

Source: (Báder et al., 2023) 

Data from the 1961-2020 period shows increasing trends in net radiation, and temperature, along with a 

decreasing trend in relative humidity. These key forcing parameters of evapotranspiration consequently 

drive a significantly increasing trend in evapotranspiration too (note, the term evapotranspiration here 

includes all forms of phase change of water to vapor). Moreover, the data indicates that a steeper trend 

started in the 1980s. Beyond these annual averages, the figure in the bottom-right box highlights 

changes in the monthly distribution of evapotranspiration throughout the year. The difference between 

the two curves reveals that as radiation increases according to its annual cycle, it drives a corresponding 

rise in evapotranspiration. This effect is particularly pronounced during the growing season from March 

to July, leading to higher evapotranspiration rates. The annual average radiation increased by 67 mm 

between the two periods, causing average evapotranspiration to rise by 48 mm. This change represents 

a widening gap that persists despite an 11 mm increase in annual precipitation. The overall effect of the 

changes is, that despite increasing evaporation the amount of water that could be evaporated among 

such circumstances (the potential evaporation) is also increasing. 
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Droughts and heatwaves tend to occur when there is a gap between the amount of solar radiation 

hitting the surface and the amount of evapotranspiration that dissipates  its energy (lifts off from the 

surface) as latent heat. Frequent precipitation plays a crucial role in replenishing moisture reserves, 

which are essential for dissipating heat and preventing the onset of drought conditions. The figures 

below reveal a concerning pattern in the monthly distribution of these key variables between the 

periods of 1961-1990 and 1991-2020 (Báder et al., 2023). Figure 7 shows that (1) the increase in net 

radiation is concentrated in the April-August period, (2) evapotranspiration also rises from April to 

August, with its annual peak occurring in summer, though the increase is only a fraction of the rise in 

radiation, and (3) less precipitation occurs from April to June, during the growing season, with more 

falling in September-Octobre. 

 

Figure 7 Main components of the climatic energy distribution process in the Danube Basin 

during 1961-2020. Left: Annual values of precipitation (P), net radiation (Rn) and evaporation 

(ET) in mm/year. Right: 30-year averages of the values by month for the periods 1961-1990 

and 1991-2020 

Source: (Báder, Szilágyi, Négyesi, et al., 2023). Expl: Evaporation includes transpiration as well, referred 

as evapotranspiration throughout the text. 

Figure 8 shows the cumulative effect. The period during which summer evapotranspiration exceeds 

precipitation (its primary moisture source) has extended from one month to three months. In some sub-

regions, this disparity may be even more pronounced. This growing gap between radiation as the driving 

force, evapotranspiration as the response, and summer precipitation as the supply highlights an 

increasing deficit in the regional water-energy balance, serving as a precursor to drought accumulation. 
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Figure 8 Shifts in the monthly distribution of precipitation and evaporation in the Danube Basin 

from the period of 1961-1990 to 1991-2020. In the first period evaporation exceeds 

precipitation only in July, in the second period it exceeds precipitation in all three summer 

months. 

Source: (Báder, Szilágyi, Négyesi, et al., 2023) 

As a consequence of the above processes, the evaporation potential is also growing among these 

circumstances, resulting in a paradox: saving water does not necessarily help in mitigation of droughts, 

as the lack of water further impairs the process of energy dissipation. From this point of view increasing 

evapotranspiration is not a loss, but the way to maintain the balance of the local water-energy budget, 

preventing excessive sensible heat formation. However, to achieve this balance, the increase in 

evapotranspiration must correspond to the rate of growth in incoming radiation. (Báder, Szilágyi, & 

Négyesi, 2023; Báder & Szilágyi, 2023) 

 

Figure 9 Visual summary of Figures 6 to 8 
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The variation in evapotranspiration across the region (Figure 10) provides sub-regional insights into the 

potential formation of this deficit. It shows the change in the average amount of evapotranspiration 

during the examined period. On the map below, areas where evapotranspiration has stagnated or 

declined experience an increasing deficit. In contrast, areas where evapotranspiration has risen the 

balance depends on the local disparity between the increases in radiation and evaporation. This aspect 

requires further, localized research beyond the scope of this report.  

 

Figure 10 Spatial distribution of evaporation trends in the Danube River Basin. Accrued changes 

in evaporation during 1991-2020 (mm). 

Source: (Báder, Szilágyi, Négyesi, et al., 2023). Expl: Evaporation includes transpiration as well, referred 

as evapotranspiration throughout the text. (ά!ŎŎǊǳŜŘέ - the change in average volume of 

evapotranspiration between the starting and the ending phase of the period.) 

 

The information presented above suggests that exposure to droughts has increased across the Danube 

River Basin, during the 1991-2020 period.  

To cope with this increased exposure, the above-described deficit in the climatic water-energy budget 

sets the framework to assess the water resource management actions. Addressing these challenges 

requires distinct approaches in adaptation and mitigation locality by locality, depending on at what 

extent and how fast this deficit can be covered or at least altered. 
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4.2 Interpreting sub-regional exposures 

4.2.1 The baseline period and delineating the sub-regions 

Sub-regions of South-East Europe exhibit diverse geographical and meteorological characteristics, 

leading to varying exposures to the impacts of climate change and necessitating targeted measures. 

Following the introduction of key interrelationships in the first part of the previous chapter, this 

assessment specifically examines scenarios of precipitation changes. The premise is that interannual 

variations in precipitation generate the greatest variability, and therefore impact local water resources 

more significantly than the long-term, gradual changes in other climatic variables. 

The climate scenarios for this analysis were provided by the Climate Attribution in Hungary (C.A.in Hu, 

2024) project (supported by the European Climate Fund, under grant number G-2309-66801), for the 

SEE region to support the development of local policy measures addressing water scarcity. 

Upon reviewing the maps, one can observe significant spatial diversity across the region, which does not 

align with national or regional boundaries. We opted to interpret the dynamics of several broad 

geographic entities rather than aggregating data into official categories that may not be as informative 

for specific sub-regions. The map in Figure 11 shows these broad entities (the data that highlights them 

is the average spring precipitation of the 2001-2020 period). 

The proposed elements of this spatial typology are the main geographical units: (1) Dinaric-Alps 

Mountain, (2) Pannonian Plain, (3) Eastern-and Southern Carpathian and the Transylvanian Highland, (4) 

Lower Danube Plain, (5) North-Macedonia, Rila-Rhodope, Balkan Mountains, and (6) Mediterranean Belt 

in the South. 
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Figure 11 Overview and large-scale delineation of the sub-regions  

Source: C.A.in Hu, 2024 

The baseline period spans from 2001 to 2020 and is characterized by its seasonal precipitation patterns. 

In Figure 12, the maps are arranged according to the seasons of year as an accumulation process for the 

summer. The sequence starts with autumn (September-November), shown in the upper left corner, and 

progresses through winter, spring, and ends with summer (June-August), depicted in the lower right 

corner. 



 

Autumn (September, October, November) Winter (December, January, February) 

  
Spring (March, April, May) Summer (June, July, August) 

  
Figure 12 Observed average seasonal precipitation (mm) of the 2001-2020 period (baseline). Source: C.A.in Hu, 2024 



Water resources are heavily dependent on precipitation patterns, but especially the frequency and 

duration of no-rain periods. Therefore, the simulations targeted the impacts of climate change on 

precipitation, the number of dry days, and the maximum length of consecutive dry days. The baseline 

period was 2001-2020, and they were observations obtained from the E-OBS version 28 available on 10 

km horizontal resolution covering Europe (Cornes et al., 2018). The projected with projected changes 

from 6 simulations were calculated as averages over four consecutive 20-year periods: 2021-2040, 2041-

2060, 2061-2080, and 2081-2100. 

The simulation results were derived from various Regional Climate Models (RCMs) using different 

General Circulation Models (GCMs), downscaling global processes to the Southeastern Europe (SEE) 

region. The selected ensemble of simulations is from the Euro-CORDEX initiative covering Europe on 10 

km resolution (Kotlarski et al., 2014). To describe the range of potential future scenarios, two 

Representative Concentration Pathways (RCPs) were utilized (Van Vuuren et al., 2011): RCP 4.5 and RCP 

8.5. In the literature, RCP 4.5 is considered the most likely future scenario (or a realistic target with the 

current policies successfully implemented), while RCP 8.5 represents a business-as-usual approach with 

no real mitigation efforts. RCP 8.5 is analyzed as a worst-case scenario that should be avoided, though 

climate signals, particularly when it's directly warming-related, tend to be clearer in RCP 8.5 compared 

to RCP 4.5 scenarios. We show results and the further conclusions based on the RCP8.5 scenario.  

Table 3 The set of scenarios simulated 

  
Source: C.A.in Hu, 2024 

Precipitation is one of the most challenging aspects of climate simulation. Therefore, our focus was not 

on the precise prediction of changes, but rather on understanding the regional dynamics and identifying 

meaningful, interpretable trends. To achieve this, we emphasized scenario results that consistently 

emerged across different model runs. The maps in the report consolidate data from six different 

simulation models based on the RCP8.5 scenario. Colors on the maps indicate areas where at least four 

out of the six models predict a similar direction of change (either an increase or a decrease). The color 

intensity represents the average of these, at least four simulations. White areas denote regions where 

the predictions do not show a clear directional trend. 

Although climate change is generally viewed as a warming trend, the precipitation maps reveal that no 

single, consistent trend emerges. The periods exhibit oscillating variations in both scale and direction 

compared to the baseline period.  

Indicator Change Season GCM_RCM Scenario Time slice

PreSum relative change (%) DJF EC-EARTH_CCLM4-8-17 RCP45 2021-2040

DD unit change MAM EC-EARTH_HIRHAM5 RCP85 2041-2060

CDD JJA NorESM1-M_REMO2015 2061-2080

SON NorESM1-M_RCA4 2081-2100

ANNUAL CNRM-CM5_ALADIN63

CNRM-CM5_RACMO22E

PreSum [mm]: total precipitation sum

DD [day]: number of dry days (daily precipitation < 1 mm)

CDD [day]: maximum number of consecutive dry days (when daily precipitation < 1 mm)



2021-2040 2041-2060 

  
2061-2080 2081-2100 

  
Figure 13 Winter precipitation change [%] for the future, following the RCP 8.5 scenario, reference: 2001-2020. Source: C.A.in Hu, 2024  
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2021-2040 2041-2060 

  
2061-2080 2081-2100 

  
Figure 14 Spring precipitation change [%] for the future, following the RCP 8.5 scenario, reference: 2001-2020. Source: C.A.in Hu, 2024  
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2021-2040 2041-2060 

  
2061-2080 2081-2100 

  
Figure 15 Summer precipitation change [%] for the future, following the RCP 8.5 scenario, reference: 2001-2020. Source: C.A.in Hu, 2024 



 

4.2.2 Pattern description for the subregions 

In the Southeast Europe (SEE) region, geographic entities can be categorized into two distinct groups 

based on these challenges. The Dinaric Alps region receives average annual precipitation of 1000-1500 

mm, while other regions experience annual precipitation levels of 500-700 mm.  

The seasonal distribution of average precipitation volumes reveals that differences are not only evident 

between high mountains, lower mountains, plains, and the Mediterranean south, but also within these 

groups, depending on how precipitation accumulates before summer. These variations reflect each sub-

region's location relative to the main moisture sources. The Dinaric Alps and the Eastern and Southern 

Carpathians have different capacities for supplying surface water to their respective territories and 

downstream regions. The deteriorating water budget in the low-precipitation group is particularly 

concerning, as the evaporation equivalent of the increased radiation already constitutes 12%-16% of the 

annual precipitation. These disparities, discussed in detail later, inform the development of appropriate 

measures to address both green and blue water flows and their impacts on socio-economic activities. 

4.2.2.1 Dinaric-Alps 

The precipitation patterns reveal that the Dinaric-Alps mountain area consistently receives the highest 

precipitation in the SEE region throughout the year. From fall to spring, a pattern emerges with seasonal 

maximum sums exceeding 250 mm, gradually decreasing from the ridge above the Adriatic Sea towards 

inland (to the northeast) to 150-200 mm. During the summer months in the baseline period, the 

northwestern edge experiences similar precipitation levels, but there is a decrease to an average of 150-

200 mm in the central part. Additionally, there is a discernible pattern of diminishing precipitation along 

the coast, with levels declining to 40-50 mm in Central Albania. 

Forecasted average precipitation sums of the summers reveal general trends indicating a 0 to 10% 

decrease. However, there are several sub-regional variations discernible across different 20-year 

periods. Between 2021-2040, notable areas exhibit decreases ranging from 10% to 20% in the central 

part of the territory and at the southeastern end, particularly in Central Albania. During the 2041-2060 

period northwestern Bosnia and the Dinaric Alpine part of Croatia show areas with a 0 to 10% increase 

in precipitation, while the central and southeastern parts face a 10 to 20% decrease. The in-between 

and inner territories exhibit high uncertainty in the scenario results (depicted as white areas). In the 

period 2061-2080, there is no robust trend observed over most of the area, except for the northeastern 

edge where previously wetter regions of northwestern Bosnia and Croatia now show a 10% decrease in 

precipitation. Finally, during the 2081-2100 period, the most apparent change is the reduction in the size 

of the uncertain-result areas, with up to a 30% decrease observed at the southeastern edge of the area 

in North-Central Albania. 

Winter precipitation changes exhibit even greater subregional variability. In the 2021-2040 period, there 

are no clear trends, but rather a mix of 10% decreases and increases in neighboring areas, with a larger 

drier spot observed in Northern-Central Albania. Between 2041-2060, a trend emerges where areas with 

the highest precipitation levels show no clear trend or a slight decrease (around 10%), while inner areas 

with lower precipitation experience a 10-30% increase compared to the baseline period. During the 

2061-2080 period, similar to the summer, the most notable pattern is the extensive size of uncertain 

areas. In the winter period of 2081-2100, to some extent resembling the 2041-2060 period, there is a 
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significant decrease in areas with the highest precipitation levels, while the central-inner area shows a 

strong 20% increase. However, the northwestern Bosnian region and the Croatian region exhibit higher 

levels of uncertainty. Nevertheless, changes in precipitation volume from a water resource perspective 

may be overshadowed by the transition from snow to rain, which implies a completely different 

infiltration pattern and consequently soil storage recharge. 

The spring periods exhibit a more consistent pattern, with coastal parallel territories experiencing a 10% 

decrease in precipitation, accompanied by stronger uncertainty, particularly at its southeastern end. 

There also areas with up to 20% increase of spring rains in the 2081-2100 period. In contrast, inner areas 

show a 10-20% increase, with notable uncertainty in some sub-regions. 

The Dinaric-Alps region appears to be the least affected area in the region in terms of precipitation 

quantities and their climate-driven changes. However, special attention is warranted for the 

southeastern end of the area, particularly Northern and Central Albania, where summer precipitation 

levels are the lowest (10-100 mm). Climate projections for this area indicate significant decreases of 10 

to 30%, highlighting the urgency of preparations. 

The projected changes in precipitation enable the consideration of measures suitable for this subregion. 

Enhancing the resilience of water supply networks is generally advantageous, even when water scarcity 

is not anticipated to worsen. Projections indicate average trends that with occasional extreme events, 

underscoring the necessity of rules and procedures for shortage situations. Given the predominantly 

favorable baseline precipitation conditions, enhancing the inter-seasonal availability of water resources 

emerges as a viable strategy. However, there must also be a focus on improving resilience against both 

water scarcity and water excess in the form of floods. In this subregion, where ecological water use can 

be increased without constraints on water resources, harnessing ecosystem service benefits through 

measures such as afforestation, restoration, and enhanced infiltration is crucial. Special attention is 

needed for the southeastern edge of the subregion, where managing summer scarcity periods requires a 

stronger focus, and ensuring inter-seasonal resource shifts are managed effectively to capitalize on 

periods of abundance and increase ecological utilization with the availability of resources. The region is 

an important moisture source for the inland territories. 

 

4.2.2.2 Pannonian Plain  

The Pannonian Plains received an average precipitation of 450-600 mm during the base period of 2001-

2020. In terms of intra-year distribution, there is a relatively balanced seasonal pattern with a slight 

surplus in the summer and lower volumes in the winter. However, some sub-regions deviate from this 

pattern. Higher precipitation levels are observed in the southwestern edge, along the lower hills of the 

Dinaric-Alps (southwestern Transdanubia, Slavonian Plain), while the driest area is located in the 

northeastern part of the region. 

Predicted changes indicate a potential up to 10% decrease on average in three out of the four 

forecasted twenty-year periods. The exception is the 2021-2040 period, during which a 10% increase is 

projected in the northwestern, western, and mid-central areas, while uncertainty predominates in other 

parts of the region. In terms of the winter, when water accumulation happens, the twenty-year periods 

exhibit varying patterns. The 2021-2040 period suggests an up to 10% increase in precipitation volumes 
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across the region, with the exception of the northeastern corner (in northeastern Hungary), where a 

decrease of up to 10% is indicated. The 2041-2060 period shows a 10 to 20% increase across the region, 

while the western edge indicates both a 20-30% increase and a contiguous area of uncertainty. During 

the last two periods toward the end of the century, uncertainty becomes the most indicative pattern, 

accompanied by patches of 10 to 20% and 20 to 30% increase areas, the former in the northeastern and 

the latter in the midwestern part of the plain. In spring periods, there is an up to 10% decrease in the 

2021-2040 period, while in the other three periods, up to a 10% increase prevails, with substantial 

uncertain areas shifting in location. 

As mentioned, over the long term, increases in winter and spring precipitation can be anticipated, while 

summers are projected to become drier. However, these trends are accompanied by substantial 

uncertainty. Enhancing inter-seasonal storage is an evident response to these changes, while emergency 

measures for the summer need to be increasingly utilized.  

Low precipitation levels and the increase of radiation pose a particular threat of significantly worsening 

summer conditions. This threat highlights the importance of inter seasonal soil moisture storage not just 

ŦƻǊƳ ǘƘŜ ǊŜƎƛƻƴΩǎ ƻǿƴ ǿƛƴǘŜǊ ŀƴŘ ǎǇǊƛƴƎ ǇǊŜŎƛǇƛǘŀǘƛƻƴΣ ōǳǘ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜ ƛƴŦƭƻǿ ŀǎ ǿŜƭƭ όǘƘƛǎ ƛǎ ŀ ƭŜŀǎǘ 

tapped source). 

 

4.2.2.3 Eastern- and Southern-Carpathian and the Transylvanian Highland 

During the baseline period, the Eastern-Carpathian Mountain and the Transylvanian Highland exhibit 

precipitation differences based on elevation during the spring and summer seasons. The majority of 

rainfall occurs during the summer months. Spring precipitation, while also dependent on elevation, is 

100-150 mm lower than in the summer. Autumn precipitation shows similar volumes (100-150 mm) 

regardless of elevation differences. The most notable aspect of winter precipitation is the low volumes 

observed in the mountains, which contrasts with the pattern in the Dinaric-Alps. 

Summer changes indicate up to a 10% decrease in precipitation across the region in all four twenty-year 

periods, with uncertain areas predominantly observed in the northwestern and western parts. Winter 

precipitation forecasts suggest a slight (up to 10%) increase, with substantial uncertain territories in the 

2021-2040 period, which show further increases in the Southern-Carpathian Mountain in the 2041-2060 

period. The subsequent two periods exhibit similar patterns but with a much larger proportion of 

uncertain areas. 

Spring precipitation is forecasted to bring up to 10% more precipitation than the baseline period, with 

varying but noticeable uncertain areas. The 2081-2100 period presents a different pattern, with a 10 to 

20% increase in precipitation, except for the most inner or closed areas. 

The interpretation of modeling results for a response strategy mirrors that of the Pannonian Plains. 

Expectations include increases in winter and spring precipitation, while summers are forecasted to 

become drier, accompanied by considerable uncertainty in the modeling outcomes. Enhancing inter-

seasonal storage appears to be a prudent measure, and there may be a growing need to utilize 

emergency measures during the summer months. 
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4.2.2.4 Lower-Danubian Plain 

Currently, the region receives relatively consistent precipitation levels (100-150 mm) across different 

seasons, with slightly higher values observed in the central part during summer and moderately lower 

values at the eastern end of the plain. 

Climate predictions regarding the total summer precipitation over the four twenty-year periods mostly 

indicate a decrease of up to 10%, with varying locations of uncertain areas. Additionally, there is an 

oscillation observed in certain areas, with some experiencing up to a 10% increase while others see a 

decrease of 20 to 30% across different periods. 

Winter periods exhibit a tendency towards increased precipitation, albeit with significant variability in 

terms of scale, location, and level of uncertainty. Areas north of the Danube and the delta region show 

higher increases, ranging from 10 to 20%, with occasional 20-30% increases observed in areas adjacent 

to the easternmost section of the Southern Carpathian Mountains. South of the Danube, predictions 

range from a 10% decrease to a 20% increase, although uncertain areas dominate across the periods. 

In spring, the location of areas dominated by uncertainty shifts from period to period. In periods where 

uncertainty is not prevailing, areas north of the Danube and the delta region exhibit patterns with 

increases reaching up to 20% increase. The sub-region south of the Danube displays much uncertainty, 

with a mixture of locations showing opposite directions in precipitation changes. There is only one 

period where predominantly up to a 10% increase is observed. 

While summers exhibit a clear drying trend, uncertainty remains regarding the extent to which this 

trend will be offset by increasing winter and spring precipitation, primarily due to the ambiguous 

direction of change. Once again, inter-seasonal water retention emerges as an appealing option, while 

measures aimed at reducing summer water demand are likely to be sensible. 

4.2.2.5 North-Macedonia, Rila-Rhodope, Balkan Mountains 

From North Macedonia and South Bulgaria to the Black Sea in the east, seasonal precipitation volumes 

range from 100-150 mm, with a slight decrease observed towards the east. Higher elevations in the 

western and central parts also experience increases in precipitation volumes. Neither winter nor spring 

result in excessive supply, while summers exhibit volumes approximately 50 mm lower. 

In climate model scenarios, summer periods predominantly indicate decreasing precipitation volumes. 

In the 2021-2040 and 2041-2060 periods, changes hover around a 10% decrease, while some spots 

experiencing up to a 10% increase in the central section. Some areas in the corresponding maps are 

displayed with white, representing ambiguous modelling results. The subsequent periods display larger 

decreases (in the 10-20% range), accompanied by increased uncertainty. 

Winter precipitation shows increasing volumes with varied spatial patterns and levels of uncertainty. 

Higher precipitation is likely in the west, with larger uncertain areas and smaller increases towards the 

eastern part. 

Spring periods exhibit no clear patterns. In North Macedonia, there is mostly a decrease with numerous 

uncertain spots, while the western and central regions of Bulgaria experience the opposite, with up to a 

10% increase in precipitation and uncertain areas at different locations. 
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As depicted, forecasts do not account for extreme shifts in precipitation patterns. However, with 

reduced winter snow accumulation and increased overall radiation, this could lead to a decreased 

replenishment of available water resources. 

Similar to the Lower Danubian Plain, inter-seasonal water retention emerges as an appealing solution, 

alongside measures designed to mitigate summer water demand. 

 

4.2.2.6 South Albania and Greece (Pindus mountain and the Mediterranean coastal range) 

The southernmost territories of the region display very low summer precipitation volumes, while 

experiencing moderate, average volumes during the winter and spring seasons when compared to the 

rest of the SEE region. Precipitation volumes must be considered in conjunction with the impact of 

radiative forcing, which increases southward in the region. This phenomenon reduces the benefits 

derived from the same amount of precipitation and exacerbates issues stemming from low precipitation 

volumes. 

The climate modelling results for this sub-region show that extensive uncertain areas are intertwined 

with significant decreases of over 20% in summer precipitation. Winters along the entire western coast 

become drier or there is substantial uncertainty regarding the changes. The Pindus mountain range and 

areas to the east generally experience precipitation increases, with the extent (up to 10% or 10 to 20%) 

varying at each location. 

In this region, inter-seasonal water storage τ already implemented through dams τ is becoming 

increasingly crucial as already low levels of summer precipitation are expected to further decline, with 

parts of the region also anticipating decreases in spring and winter precipitation. The likelihood of forest 

fires is expected to rise significantly, underscoring the importance of soil water retention wherever 

feasible. If a water-saving or water efficiency measure is deemed rational in other parts of the SEE, then 

it also holds relevance in this region. 

 

5 Key insights for Part B 

5.1 Takeaways for the water resource management policies/measures 

During extreme drought events, agriculture is directly impacted, but other sectors also experience 

increased costs due to reduced efficiency and deteriorating conditions for outdoor work and recreation. 

In a developed economy, these indirect costs often exceed the direct damages. This situation 

underscores the need to maintain the overall functionality of socio-economic networks, rather than 

focusing solely on specific industries or locations. It also reveals the conflicting interests in crisis 

management, particularly regarding access to and constraints on available resources. This emphasizes 

the importance of having well-defined crisis management rules in place in advance (see Chapter 11). 

In addition to improving crisis management, understanding the natural drivers behind such events can 

help mitigate their severity and influence the underlying processes. Climate change, for instance, affects 



 
 

50 
 

water resource availability by increasing evapotranspiration across all land surfaces due to higher solar 

radiation. This added demand on green water must be met; otherwise, it leads to increased sensible 

heat formation. Consequently, both blue and green water use should be considered in relation to 

ǊŀŘƛŀǘƛƻƴ ŦƻǊŎƛƴƎΣ ŀǎ ǘƘŜȅ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ ŀǊŜŀΩǎ ǿŀǘŜǊ-energy budget. Droughts and heatwaves during 

the growing season are linked to a growing deficit in this budget. 

To address droughts and heatwaves effectively, measures must focus on mitigating the formation of this 

deficit, not just its consequences. The future emergence of droughts and water shortages will be 

influenced by changes in precipitation patterns and the effectiveness of landscape management in 

enhancing inter-seasonal moisture storage for both blue and green water uses. 

When designing a set of measures for a given area, it is crucial to first determine whether: (1) the annual 

overall water availability is sufficient to offset the increase in the water-energy deficit, and (2) the 

proposed measures can be implemented on a scale that allows for adequate inter-seasonal 

water/moisture storage. If these conditions cannot be met, the focus should shift to managing existing 

reserves to minimize damage. For instance, in terms of green water use, this involves deciding whether 

water retention efforts should prioritize afforestation to enhance green water use, or whether forestry 

measures should be concentrated on managing transpiration within existing forests to sustain minimum 

moisture levels over a longer period. 

When designing a set of measures for a given area, it is crucial to first determine whether: (1) the annual 

overall water availability is sufficient to offset the increase in the water-energy deficit, and (2) the 

proposed measures can be implemented on a scale that allows for adequate inter-seasonal 

water/moisture storage. If these conditions cannot be met, the focus should shift to managing existing 

reserves to minimize damage. For instance, in terms of green water use, this involves deciding whether 

water retention efforts should prioritize afforestation to enhance green water use, or whether forestry 

measures should be concentrated on managing transpiration within existing forests to sustain minimum 

moisture levels over a longer period.  

Extended peak consumption periods, coupled with increasing green water flows, necessitate greater 

reliance on water storage for socio-economic purposes. In addition to these needs, urban areas (water 

utility infrastructures) will face growing demands to provide green water for maintaining green 

infrastructure such as parks, green walls, and ponds. Although such installations may not yet be in place, 

their development is anticipated in the future. Addressing these future water needs will require a 

combination of adaptation strategies and capacity-building measures. 

Despite seasonal variations in precipitation across the region, there is a universal need to rely more on 

the winter and spring precipitation. This calls for enhanced and expanded water retention and storage 

measures, utilizing both grey and green infrastructure, with an emphasis on integrated solutions. 

However, efforts to optimize water management must be accompanied by improved forecasting of 

extreme precipitation and flood events, along with adaptation measures to ensure infrastructure can 

handle both hydroclimatic threats. It is crucial to prevent infrastructure damage and the resulting 

downstream impacts. 

All measures outlined in the manual should be implemented at the local levelτconsidering settlements, 

streams, and watersheds. Effective mitigation of hydro-meteorological risks requires going beyond the 
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watershed scale to include evaporation-shed considerations, as moisture recycling impacts downwind 

areas. The regional wind patterns underscore the importance of this phenomenon. The challenges faced 

by the SEE region necessitate careful consideration of all factors that could positively influence 

outcomes. 

 

In summary, managing growing drought threat presents multiple challenges. One key issue is adapting 

settlements to effectively handle future crises with minimal damage under worsening conditions. At the 

same time, there is a need for enhanced mitigation by reducing exposure through improved 

management of soil moisture recharge and evapotranspiration. 

Without additional measures, even higher winter precipitation will not be enough to alleviate the 

worsening water-energy budget conditions during summer heatwaves. Climate models also predict less 

frequent but more intense precipitation events, increasing the risk of flooding. Meanwhile, existing gray-

green infrastructure must be enhanced to improve interseasonal water resource management. Urban 

areas need to boost the resilience and efficiency of drinking water services and be organizationally 

prepared to manage water shortages while maintaining the stability of socio-economic processes. This 

includes managing green water use at the settlement scale for local cooling. 

 

5.2 Deteriorating drought pathways in the SEE region under different climate scenarios  

The figures below present simulation results of summer precipitation change under various future 

pathways (RCP 4.5 and RCP 8.5). The climate scenarios are displayed as percentage changes relative to 

the 2001-2020 baseline. The data is organized into four twenty-year periods, as previously. 

The comparison of the two sets of figures demonstrates that climate policy measures aimed at reducing 

GHG concentrations will impact summer precipitation patterns. These projections suggest that divergent 

precipitation trends are expected in many sub-regions of the SEE region over the coming decades, 

depending on the scenario chosen. This highlights the critical importance of meaningful climate action. 

Nonetheless, as a general trend, most of the region will experience a deterioration in its water-energy 

balance, regardless of the future scenario. This process is reflected in the changes of both the increase 

of dry days (DD) and the maximum length of consecutive dry days (CDD) of the simulations. Therefore, 

water resource management measures focusing on both blue and green water flows are essential, with 

less reliance on the hope that the global mitigation efforts will succeed in time. 

 



2021-2040 2041-2060 

  
2061-2080 2081-2100 

  
Figure 16 Summer precipitation change [%] for the future following the RCP 8.5 scenario, reference: 2001-2020 Source: C.A.in Hu, 2024 
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2021-2040 2041-2060 

2061-2080 2081-2100 

  

  
Figure 17 Summer precipitation change [%] for the future following the RCP 4.5 scenario, reference: 2001-2020. Source: C.A.in Hu, 2024  
















































































































































































































































