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Annotation

The article provides a comprehensive strategic analysis of Armenia’s water security in the face of two
converging threats: accelerating climate change and regional hydropolitical asymmetries. The study
examines how rising temperatures, earlier snowmelt, and increased drought frequency are undermining
historical water management strategies based on large-scale reservoirs. This climatic stress is further
compounded by the lack of control over transboundary flows from Turkey and the loss of access to critical
highland headwaters following the 2020 conflict with Azerbaijan. Moving beyond traditional
infrastructure-heavy solutions, the author proposes a Systemic Resilience Framework. This approach
emphasizes the optimization of the existing hydrosystem through 5 synergistic interventions: the
construction of distributed small-to-medium reservoirs, rehabilitation of aging dams, innovative
snowmelt management, evaporation reduction via reservoir covers, and targeted afforestation. The
article argues that by diversifying storage and reducing technical losses at the micro-basin scale, Armenia
can enhance its national resilience and preserve functional water availability, even in an environment of
high geopolitical uncertainty and constrained sovereignty.

Keywords: Armenia, water security, climate change adaptation, reservoir management,
Transboundary hydropolitics, systemic resilience, evaporation control, snowmelt management,
afforestation, micro-basin strategy.

Armenia is increasingly exposed to climate-induced water stress, characterized by rising
temperatures, increasing frequency of droughts, and increasing seasonal and interannual
variability in surface water availability [1]. Historically, the country’s water resources
management strategy has relied heavily on the construction of reservoirs to accommodate
spring snowmelt and regulate irrigation supply during dry periods. While this approach has
yielded significant benefits, it faces increasing limitations in the face of changing climate
conditions, aging infrastructure, and increasing inefficiencies related to evaporation,
sedimentation, and the temporal mismatch between water availability and demand [2].

Climate change is compounded by regional hydropolitical asymmetries that significantly
shape Armenia’s water security environment. Turkey’s position as an upstream actor in the
Araks River basin allows it to exercise de facto control over the timing and volume of
transboundary flows. Large-scale hydraulic infrastructure projects implemented in Turkey
directly affect access to shared reservoirs such as the Akhuryan and reduce Armenia’s ability
to rely on historical hydrological baselines [3]. Under these circumstances, domestic water
policy cannot assume sustainable external inflows, which reinforces the strategic need to
increase internal storage, buffer capacity, and temporal flexibility in Armenia’s hydrosystem.
Similarly, Armenia’s eastern and southeastern borders impose security-related constraints
that are directly related to water resources management. Following the 2020 conflict and
subsequent border realignments, several highland catchments and headwaters are now
located in territories occupied by Azerbaijan and not controlled by Armenia. Rivers important
for national water and energy security, including the Arpa and Vorotan systems, originate in
zones where access and ecosystem management are restricted [4]. These realities limit
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Armenia’s ability to implement snow cover regulation or afforestation in certain regions,
necessitating compensatory measures in more secure basins.

This article argues that Armenia’s future water security depends not only on expanding
storage capacity, but more on improving the efficiency of existing and new storage systems
through an integrated, systems-level approach. It proposes a combined framework that includes
the selective construction of new small and medium-sized reservoirs, the rehabilitation of existing
reservoirs, targeted snowmelt timing management in mountain catchments, evaporation
reduction through reservoir surface covers, and afforestation in ecologically suitable catchment
areas. Rather than presenting these measures as stand-alone solutions, the article emphasizes
their synergistic potential when applied at the micro-basin scale and embedded in broader water
resources management reforms, including irrigation management, demand management, and
institutional coordination. The proposed framework does not aim to provide a comprehensive
solution to climate change adaptation or water resources management issues, but rather to
analytically contribute to policy discussions by identifying additional measures that can increase
systemic resilience in the face of increasing hydrological uncertainty.

1. Introduction

In addition to climatic pressures, Armenia’s water system operates in a complex regional
environment characterized by shared river basins and asymmetric water governance. In this
context, water security is shaped not only by domestic hydrological variability, but also by the
water policies and infrastructure strategies of neighboring states. Regional experience shows
that upstream control of water resources, particularly through large-scale hydraulic
infrastructure, can significantly affect downstream availability during periods of drought and
increased demand [5]. As climate change increases scarcity and variability, domestic water
storage capacity is increasingly gaining strategic importance as a means of reducing
vulnerability and strengthening national water security.

Water availability has long been a structural constraint to Armenia’s socio-economic
development. The country’s mountainous topography, limited surface water resources, and
heavy reliance on irrigated agriculture have historically made seasonal water regulation a
strategic priority [6]. During the Soviet period and in the decades that followed, Armenia
invested heavily in reservoir construction as a means of capturing spring runoff and
redistributing water during the dry summer months. As a result, the country today has a
relatively large number of reservoirs relative to its territorial size, with a total storage capacity
often quoted as approximately 1.4 billion cubic meters.

However, the hydrological assumptions on which much of this infrastructure was
designed are increasingly out of step with modern climate realities. Rising temperatures,
earlier snowmelt, prolonged dry spells, and greater variability in precipitation are altering
both the volume and timing of flows. These changes challenge the efficiency of existing
reservoirs and complicate the justification for building new large-scale storage infrastructure.

At the same time, Armenia’s financial constraints, military risk, seismic risk, complex
mountainous geology, and environmental sensitivity limit the feasibility of large, centralized
water infrastructure projects. As a result, current policy discussions increasingly emphasize
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small, distributed reservoirs, rehabilitation of existing dams, and non-structural measures
aimed at improving water use efficiency [7].

In this context, the article advances a central analytical proposition: the resilience of
Armenia’s water sector will depend not only on how much water can be stored, but also on
how effectively water is conserved, scheduled, and maintained in the hydrological system. This
reframing shifts the focus from capacity expansion alone to integrated strategies that reduce
losses and improve the functional performance of storage systems.

The article explores one such integrated strategy by examining the combined potential of
five complementary intervention categories:

1. Construction of new small and medium-sized reservoirs.

2. Rehabilitation and modernization of existing reservoirs.

3. Targeted management of snow and ice melt timing in mountain catchments.

4. Reduction of evaporation losses through reservoir surface cover technologies.

5. Afforestation of ecologically suitable zones around reservoirs.

The article does not address traditional water resources management tools, such as
modernization of the irrigation distribution system, water pricing, or demand management.
Instead, it places the proposed measures as additional components within a broader
framework of water resources management that continues to respond to climatic, ecological,
political, and institutional realities.

2. Literature Review

Water security has expanded beyond resource availability to include governance,
dependency, and strategic vulnerability. In regions with transboundary river systems, water
security is closely linked to upstream-downstream relationships and the ability of states to
independently regulate and store water during periods of stress. Regional water governance
analyses show that infrastructure development can create asymmetries between neighboring
states, particularly where binding agreements are limited. Studies of Turkish water policy
emphasize the strategic integration of water management with energy and agriculture, while
analyses of Armenia—Azerbaijan relations emphasize the need to ensure the ongoing security of
water stories in the face of broader geopolitical tensions [8]. This article identifies domestic storage
and loss reduction measures as important tools for strengthening downstream resilience.

Existing literature on water security in conflict-prone and semi-closed regions emphasizes
the interaction between hydrological stress, political asymmetry, and security risks. However,
far less attention is given to how climate adaptation tools can function under conditions where
transboundary governance mechanisms are weak or absent. This study contributes to that gap
by examining technical vulnerability-reduction measures that remain viable even when
broader geopolitical constraints cannot be immediately altered.

2.1 Climate change and mountain hydrology

Mountain regions are widely recognized as highly sensitive to climate change due to their
dependence on snow and ice processes and the role of sources in downstream water systems.
Numerous studies document a consistent trend of earlier snowmelt, reduced snowpack
stability, and increased streamflow variability in mountain regions around the world. These
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processes tend to shift peak flow earlier in the year, reducing water availability during periods
of highest agricultural and domestic demand [9].

In semi-arid and continental climates such as Armenia, this temporal mismatch between
water availability and demand is often more important than the absolute reduction in annual
precipitation. Even small changes in melt timing can significantly affect irrigation reliability,
reservoir recharge cycles, and vulnerability to drought [10].

2.2 Reservoirs under climate stress

Reservoirs are commonly cited as a key adaptation tool for mitigating hydrological
variability. However, the literature increasingly highlights that reservoirs are vulnerable to
climate change. The main stressors are:

« reduced and less predictable inflows,

e increased evaporation losses under higher temperatures,

« accelerated sedimentation due to more intense precipitation,

« structural and operational challenges of aging infrastructure.

Several studies have argued that the marginal benefit of additional storage capacity under
climate change is diminished if it is not accompanied by improved operational efficiency and
reduced losses. This insight has led to increased interest in additional measures that improve the
functional performance of existing reservoirs, rather than focusing solely on new construction.

2.3 Evaporation reduction technologies

Evaporation from open water surfaces represents a significant loss pathway, particularly
in arid and semi-arid regions. A broad body of literature examines evaporation suppression
technologies, including chemical films, floating modular elements, suspended covers, and
shading structures. Reported evaporation reduction rates vary widely depending on
technology, coverage fraction, wind conditions, and reservoir geometry [11].

While some experimental studies report very high evaporation suppression under
controlled conditions, field studies generally emphasize more moderate but still meaningful
reductions, particularly for small reservoirs with high surface-to-volume ratios. Importantly,
the literature also highlights ecological and operational trade-offs, including impacts on water
temperature, gas exchange, and maintenance requirements [12].

2.4 Snow and glacier covering

The use of reflective geotextiles to slow snow and ice melt has been widely documented in
alpine regions, primarily in the context of ski tourism and glacier preservation. Research indicates
that such covers can substantially reduce melt rates on the covered surface by reflecting solar
radiation and providing thermal insulation.

However, the literature also emphasizes the limited scalability of this approach. Covering entire
glaciers or large snowfields is economically and logistically impractical, and the method is best suited
for protecting strategically important zones where delayed melt yields disproportionate benefits.

2.5 Afforestation and hydrological regulation

Afforestation is frequently discussed in the context of climate mitigation and biodiversity
conservation, but its hydrological effects are complex and context-dependent. Forest cover can
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reduce surface runoff velocity, stabilize soils, and reduce sediment delivery to reservoirs. At the same
time, forests consume water through evapotranspiration, and poorly planned afforestation can
reduce downstream water availability in some contexts.

Recent literature emphasizes that afforestation’s contribution to water management
is most positive when applied selectively, with careful consideration of altitude, species
selection, soil conditions, and hydrological objectives. Around reservoirs, afforestation can
play a supporting role by improving long-term storage efficiency and reducing
sedimentation rather than increasing water yield directly [13].

3. Methods
3.1 Analytical approach

This article adopts a qualitative, integrative analytical approach rather than a quantitative
modeling framework. The objective is not to estimate precise hydrological gains from
individual interventions, but to evaluate their strategic relevance, complementarities,
and policy implications within Armenia’s specific geographic and institutional context.

3.2 Sources and data

The analysis draws on:

e publicly available information on Armenia’s reservoir system and planned projects,

e national climate and water policy documents,

e peer-reviewed literature on mountain hydrology, evaporation reduction, snow
management, and afforestation,

e comparative insights from international experience in semi-arid and mountainous regions.

3.3 Conceptual framework

The central methodological tool is a micro-basin water retention framework, which
conceptualizes water storage as a system composed of:

e upstream accumulation and release processes,

e mid-catchment landscape regulation,

e storage infrastructure performance,

e downstream distribution and demand.

Interventions are evaluated based on how they affect water retention, timing, and losses
across this system rather than at isolated points.

4. Results

4.1 Armenia’s reservoir system: strengths and limitations

Armenia has a relatively dense reservoir network, comprising a small nhumber of large
strategic reservoirs and numerous small irrigation reservoirs. This system has historically
played an important role in supporting agricultural production and rural livelihoods [14].

However, a number of structural and strategic limitations are evident:

« Effective storage is often significantly below nominal capacity due to sedimentation and
operational constraints.

» Evaporative losses increase in warmer climates.
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« Many reservoirs are located in steeply sloping catchments with high sediment fluxes.

* Aging infrastructure and safety concerns limit operational flexibility.

» Some of the catchments are not located within the country or are located in occupied
territories.

These factors reduce the reliability of reservoirs as climate buffers and increase the
importance of additional measures.

TABLE 12
Typical
Reservoir | Approximate storage Primary Key
category number volume function vulnerabilities
(million m3)

Large Irrigation regulation, Sedimentation,
strategic 5 20-525 partial hydropower, evaporation, aging
reservoirs inter-basin transfer infrastructure

Variable inflow

Medium Regional irrigation , ’
e ~15-20 220 g . g operational
bRl inefficiency

Small Local irrigation, High evaporation

. ~50-60 <2 . . .
reservoirs drought buffering losses, sedimentation
Balancing / o
urban Limited <5 Water su.pply Limited sttor_age, water
. regulation quality issues
reservoirs

4.2 Feasibility of new reservoir construction

Current policy signals and project pipelines indicate that Armenia’s future reservoir
development will focus primarily on small and medium-scale projects, typically below
10 million cubic meters. Such projects are more feasible in terms of cost, construction time,
and environmental impact, but their individual contribution to national water security is
limited.

This reinforces the need to maximize the effectiveness of each cubic meter stored
rather than relying solely on capacity expansion.

TABLE 23
Storage
Reservoir Region Status capacity Strategic role
(million m3)
Strategic irrigation
Akhuryan Shirak Operational 525 gieirng
storage
. Irrigation
Aparan Aragatsotn Operational ~91 .
regulation
. Irrigation & water
Azat Ararat Operational ~70
supply
. Water transfer to
Kechut Vayots Dzor | Operational ~23
Lake Sevan

2Qverview of Armenia’s Reservoir System by Type and Function
3 Examples of Major and Planned Reservoirs in Armenia
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Storage
Reservoir Region Status capacity Strategic role
(million m3)
Expanded & Reliable
Kaps Shirak Planned ~100 P .
Irrigation
Regional irrigation
Kasakh Armavir Planned 10.0 g . g
resilience
Local drought
Lichk Syunik Planned 4.0 . g
buffering
Small-scale
Astghadzor Gegharkunik Planned 1.55 NS
irrigation
. Community-level
Yelpin Vayots Dzor Planned 0.93
storage

4.3 Potential contribution of evaporation management

Evaporation reduction measures are most relevant for small reservoirs with high
surface-to-volume ratios and significant late-season water demand. While not universally
applicable, such measures can meaningfully improve end-of-season water availability in
targeted locations.

4.4 Role of snowmelt management

Targeted snow and ice covering can delay runoff and reduce early-season losses in
specific micro-catchments. When hydrologically linked to downstream storage, this can
improve reservoir refill timing and drought resilience.

4.5 Afforestation as a supporting measure

Afforestation around reservoirs can reduce sediment inflow, stabilize catchments, and
improve long-term storage efficiency. Its contribution is indirect but cumulative, particularly
when integrated with structural measures [15].

TABLE 34
. Primary Indicative Key
Intervention . . L
function effectiveness limitations
New small/medium Increase storage Site-dependent, Limited suitable
reservoirs capacity incremental sites
Reservoir Restore effective Often high Funding, safety
rehabilitation storage benefit-cost ratio constraints
Snow / glacier Delay runoff Local melt reduction Limited
covering timing on covered areas scalability
Reservoir surface Reduce Material reduction Wind,
covers evaporation in small reservoirs maintenance

Afforestation
(where suitable)

Reduce sediment
& runoff velocity

Long-term cumulative
benefit

Altitude & ecology
limits

4 Effectiveness Ranges of Proposed Interventions (Indicative)
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4.6 Climate change scenarios and implications for Reservoir-based
adaptation in Armenia

An analytical assessment of water storage strategies must consider not only current
hydrological conditions, but also plausible future climate trajectories. Climate projections for
Armenia consistently indicate rising mean annual temperatures, increasing drought frequency and
duration, and growing interannual variability in precipitation. While projections for total annual
precipitation remain uncertain, most scenarios suggest a shift toward more intense but less frequent
rainfall events, combined with reduced snowpack persistence in mountainous regions [16].

These trends have direct implications for reservoir-based adaptation strategies. First, earlier
snowmelt compresses runoff into a shorter spring period, increasing spill losses in reservoirs
designed for historical inflow regimes. Second, higher summer temperatures increase evaporation
losses precisely during the period when stored water is most valuable. Third, extreme precipitation
events elevate sediment transport from mountain catchments, accelerating the loss of effective
reservoir capacity [17].

In this context, the analytical value of integrated measures lies in their ability to hedge
against uncertainty rather than optimize for a single expected future. Measures such as
reservoir rehabilitation, evaporation reduction, and afforestation improve system
performance across a wide range of climate scenarios, including those characterized by higher
variability rather than monotonic change.

Importantly, climate uncertainty undermines the rationale for irreversible, capital-intensive
investments whose performance depends on narrow hydrological assumptions. By contrast,
modular and adaptive measures — such as partial reservoir covering or targeted snowmelt
management — can be scaled, modified, or discontinued as conditions evolve. This flexibility
represents a form of institutional and infrastructural resilience that is particularly valuable for
countries with limited fiscal space and high exposure to climate risk.

TABLE 45
Climate Observed/projected Implication
stressor trend for reservoirs
Rising air . Higher
Increasing .
temperature evaporation losses
Earlier . .
Increasing Reduced summer inflow
snowmelt
Longer . Higher end-of-season
Increasing
dry seasons water stress
Extreme precipitation Increasing Accelerated
events variability sedimentation
Interannual . Reduced reliability
- Increasing
variability of storage

4.7 Socio-economic dimensions of water storage and drought adaptation

While the physical performance of reservoirs and associated measures is central to water
security, socio-economic considerations play an equally important role in determining their

5 Climate-Related Stressors Affecting Reservoir Performance in Armenia
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effectiveness. In Armenia, irrigated agriculture remains a critical livelihood source for rural
communities, and water shortages have immediate economic and social consequences.

Drought conditions disproportionately affect smallholders and peripheral regions,
where alternative income sources and adaptive capacity are limited. In such contexts,
even modest improvements in water reliability — such as extending reservoir availability
by several weeks at the end of the irrigation season — can have outsized socio-economic
impacts. These impacts include stabilizing crop yields, reducing income volatility, and
limiting migration [18].

From this perspective, the proposed integrated approach should be evaluated not
only in terms of hydrological efficiency, but also in terms of distributional effects. Small
and medium reservoirs, coupled with evaporation reduction and local catchment
management, tend to benefit specific communities rather than national aggregates. This
localized benefit structure aligns well with poverty reduction and regional development
objectives, even if aggregate water volumes conserved are relatively modest.

However, socio-economic benefits are contingent on governance arrangements.
Without transparent allocation rules, participatory management, and accountability
mechanisms, infrastructure improvements risk reinforcing existing inequalities.
Therefore, the analytical framework presented in this article implicitly assumes parallel
progress in institutional capacity and stakeholder engagement.

4.8 Unsettled relations with neighbors and partial control of national territory

While reservoirs and hydraulic infrastructure are primarily evaluated here through
their socio-economic and climate-adaptation functions, their exposure to broader security
risks cannot be ignored [19]. Concentrated storage assets inherently carry systemic
vulnerability in volatile environments. This reinforces the rationale for diversification and
decentralization of storage capacity as a resilience measure rather than exclusive reliance
on single large installations.

Similarly, the water—energy nexus introduces an additional layer of sensitivity, particularly in
relation to Lake Sevan, Hrazdan and Vorotan cascades [20]. Climate-driven reductions in inflow
amplify existing structural dependencies. However, the technical measures proposed in this article
are intended to complement, not replace, strategic energy-sector planning, by reducing pressure
on critical systems during periods of hydrological stress.

The analysis presented does not assume full sovereignty over Armenia’s hydrological
system. On the contrary, it proceeds from the recognition that water availability is shaped
by both climatic and exogenous political factors. Under such conditions, technical
adaptation measures represent pragmatic tools for reducing exposure and enhancing
resilience within feasible domains, even when structural constraints remain unresolved.

5. Discussion

In Armenia’s regional context, water storage contributes to strategic resilience by
reducing sensitivity to external hydrological and political shocks. While storage cannot
eliminate transboundary interdependence, it enhances the country’s capacity to manage
scarcity autonomously and stabilize key sectors. Comparative regional assessments suggest
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that Armenia’s constraints favor distributed and adaptive storage approaches, which also
serve broader national security objectives by limiting exposure to sudden supply disruptions.
This perspective does not negate the importance of cooperation but supports a dual strategy
combining diplomacy with domestic resilience-building measures [21].

5.1 From isolated interventions to systemic resilience

The results presented above suggest that Armenia’s water security challenge cannot
be addressed through single-measure solutions. Each intervention — whether reservoir
construction, rehabilitation, snowmelt management, evaporation reduction, or
afforestation — has intrinsic limitations when assessed in isolation. However, when
viewed as components of a coordinated, basin-oriented framework, their combined effect
becomes more significant.

This observation aligns with a growing body of water policy literature emphasizing
system resilience over infrastructure expansion. In climates characterized by increasing
variability rather than uniform decline in water availability, resilience is enhanced by
flexibility, redundancy, and loss reduction. Armenia’s mountainous geography,
fragmented catchments, and dispersed agricultural demand create conditions where
incremental, distributed gains can be more impactful than large, centralized projects.

The proposed integrated framework shifts the analytical focus from “how much
additional water can be stored” to “how much water can be retained, timed, and
effectively delivered”. This reframing is particularly relevant in a context where most
technically and economically favorable sites for large reservoirs have already been
utilized, and where remaining options involve higher geological, seismic, social, military,
or environmental risks.

5.2 Synergy among measures: cumulative rather than additive effects

The proposed solutions are expressions of synergy between structural, technological and
ecosystem measures. Synergy in this context does not imply linear addition of benefits, but
rather the reduction of constraints that limit the effectiveness of individual measures.

For example, new small reservoirs constructed in steep catchments may quickly lose
effective capacity due to sedimentation if upstream land management is neglected.
Afforestation and soil stabilization measures, while unlikely to increase total water yield,
can significantly extend reservoir lifespan by reducing sediment inflow. Similarly,
evaporation reduction technologies yield the greatest benefit when applied to reservoirs
whose inflow timing has already been improved through delayed snowmelt release
upstream.

This layered logic suggests that the order and coordination of interventions matter.
Implementing evaporation covers on reservoirs that are chronically underfilled yields
limited benefit, just as delaying snowmelt without downstream storage capacity risks
shifting water losses rather than reducing them. The analytical value of the integrated
framework lies precisely in identifying these interdependencies.

10
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TABLE 56
. Contribution to
System level Measure Primary effect .
resilience
Upper Snowmelt Delayed Improved
catchment management runoff timing
Catchment . Reduced sediment Longer
Afforestation L
slopes & runoff reservoir life
Storage Reservoir Restored Higher
infrastructure rehabilitation capacity reliability
Storage Evaporation Reduced More usable
surface control losses water
s Improved Efficient Reduced drought
Distribution . .
management delivery impact

5.3 Infrastructure expansion versus system optimization

A persistent dilemma in water policy concerns the balance between expanding physical
infrastructure and optimizing existing systems. In Armenia, this dilemma is particularly acute
due to the country’s topography, seismicity, and limited availability of suitable reservoir sites.

Large-scale infrastructure expansion provides visibility and political appeal, but it is
increasingly constrained by environmental, financial, and social considerations, compounded by the
realities of the 2020 Artsakh War. By contrast, system optimization — through rehabilitation, loss
reduction, and ecosystem-based measures — often delivers less visible but more reliable benefits.
The integrated framework proposed in this article clearly aligns with the latter approach.

This does not imply a rejection of new reservoir construction. Rather, it suggests a
reordering of priorities, in which new construction is pursued selectively and in tandem with
measures that enhance the effectiveness of every cubic meter stored. Such sequencing reduces
the risk that new assets will underperform due to systemic inefficiencies.

5.4 Time horizons and policy alignment

Another advantage of the integrated approach lies in its alignment across multiple time
horizons. Reservoir rehabilitation and evaporation reduction can yield benefits within one to
three years. Afforestation and catchment stabilization require longer timeframes but offer
cumulative benefits over decades. Snowmelt management occupies an intermediate temporal
space, offering seasonal to interannual gains.

TABLE 67

Policy choice

Advantages

Risks

Large new reservoirs

High visibility, large volumes

High cost, long lead time

Small distributed reservoirs

Flexibility, faster delivery

Limited individual impact

Technical loss reduction

Cost-effective

Requires maintenance

Ecosystem-based measures

Long-term sustainability

Delayed benefits

Integrated approach

Risk diversification

Governance complexity

6 Synergistic Effects at the Micro-Basin Scale
7 Policy Trade-offs and Strategic Choices

11
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This multi-temporal structure aligns well with policy realities, where governments
must balance short-term political cycles with long-term climate commitments. By
delivering early gains while laying the foundation for longer-term resilience, the proposed
framework improves political feasibility without sacrificing strategic coherence.

5.5 Spatial differentiation and policy prioritization

Not all regions of Armenia will benefit equally from the proposed approach. A critical
policy implication is the need for spatial differentiation rather than uniform national
application. The feasibility and effectiveness of each measure depend on altitude, catchment
size, land cover, institutional capacity, and the structure of local water demand.

Low- and mid-altitude regions with existing irrigation networks and moderate slopes
are generally more suitable for combined reservoir rehabilitation, evaporation
management, and afforestation. High-mountain zones, by contrast, may be appropriate
for targeted snowmelt management but unsuitable for afforestation or reservoir surface
covers due to climatic and operational constraints.

This spatial differentiation argues for pilot-based implementation. Rather than deploying
measures broadly, policymakers can prioritize a limited number of micro-basins where
hydrological linkages are clear and monitoring is feasible. Successful pilots can then inform
adaptive scaling or replication in other regions.

5.6 Governance and institutional considerations

The integrated framework outlined in this article implicitly challenges existing
institutional arrangements. Water storage infrastructure, forestry management, climate
adaptation planning, and irrigation governance are often managed by separate agencies
with limited coordination. While such fragmentation is common internationally, it poses
a particular challenge for integrated adaptation strategies.

From a governance perspective, the proposed approach increases the importance of:

e inter-agency coordination,

e shared data and monitoring systems,

e long-term maintenance funding,

e clarity of responsibility for non-traditional infrastructure elements (such as
reservoir covers or snow protection materials).

Without addressing these institutional dimensions, technically sound interventions risk
underperforming or being abandoned after pilot phases. This reinforces the argument that the
proposed measures must be embedded within broader water governance reforms rather than
pursued as stand-alone projects.

5.7 Relationship with traditional water management tools

It is important to emphasize that the proposed interventions do not replace traditional
water management instruments. Irrigation efficiency improvements, water pricing, runoff
reduction, leakage control, and demand management remain foundational to water security.
Indeed, numerous studies suggest that demand-side measures often yield higher water savings
per unit cost than supply-side investments.

12
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However, the political and social feasibility of such measures can be limited, particularly
in rural areas where agriculture is closely tied to livelihoods. In this context, complementary
supply-side and loss-reduction measures can provide political and social space for gradual
reform. By improving reliability and reducing crisis conditions, they may indirectly facilitate
acceptance of demand management measures over time.

5.8 Critical counter-arguments revisited

Several critical concerns merit further discussion.
Scale and cost-effectiveness

Innovative measures such as snow and reservoir covering may attract attention
disproportionate to their quantitative contribution. Without careful targeting, they risk
high costs per unit of conserved water. This reinforces the need for transparent evaluation
metrics, including lifecycle costs and comparative analysis against alternative
interventions.

Environmental trade-offs

Covers and synthetic materials raise legitimate environmental questions, including
microplastic generation, waste management, and ecological impacts on reservoirs.
Afforestation, if poorly planned, may alternative ecosystems or increase
evapotranspiration. These risks do not negate the proposed approach, but they require
environmental safeguards and adaptive management.

Hydrological uncertainty

Climate change introduces uncertainty that limits predictive accuracy. Measures
designed under current conditions may underperform under extreme or unexpected future
scenarios. This uncertainty argues against irreversible, large-scale commitments and in
favor of modular, reversible interventions that can be adjusted over time [22].

Risk of policy distraction

Finally, there is a risk that visible technological measures divert attention from
governance reforms that are less visible but potentially more impactful. This article
explicitly cautions against such substitution and frames the proposed interventions as
complementary, not substitutive.

Unregulated relations and uncontrolled territories

It should be noted that ecosystem-based interventions and snowmelt management are
feasible only in areas with stable access and administrative control. In areas affected by
occupation or restricted access, such measures remain aspirational rather than operational.
The analysis, therefore, prioritizes basins and sub-catchments where implementation is
realistically achievable under current conditions [23].

Decentralization of storage further reduces strategic exposure. Large reservoirs
concentrated near border zones or dependent on transboundary inflows represent potential
single points of failure under security stress. In contrast, a network of smaller, locally managed
reservoirs located in interior and administratively secure areas enhances redundancy and

13
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operational resilience. While such measures cannot neutralize upstream dominance or military
threats, they can significantly mitigate downstream impacts by stabilizing seasonal supply [24].

6. Conclusion

While transboundary dynamics and regional power asymmetries increasingly shape water
availability in Armenia, this article does not seek to provide a comprehensive hydropolitical or
security strategy. Instead, it focuses on technically and institutionally feasible adaptation
measures that can be implemented within areas under effective administrative control. These
measures are treated not as substitutes for diplomatic or security solutions, but as necessary
instruments for reducing climate-induced vulnerability under conditions of uncertainty and
constrained sovereignty.

From a regional water-security perspective, Armenia’s climate vulnerability is further
compounded by the hydropolitical behavior of its neighbors. Turkey's water policy in
transboundary basins poses persistent risks to downstream states, as it deliberately avoids
comprehensive legal, political, and diplomatic settlements grounded in international water
norms, instead preferring bilateral, asymmetrical arrangements that reflect its upstream
dominance. This reality simultaneously underscores the importance of pursuing negotiated,
mutually beneficial frameworks with Turkey and reinforces the necessity of strengthening
Armenia’s internal resilience in the absence of reliable external guarantees [25].

In parallel, the lack of regulated relations with Azerbaijan, combined with its expansionist
posture and recurrent military threats, introduces an additional layer of systemic risk.
Azerbaijan’s occupation of territories encompassing parts of the Sevan, Arpa, and Vorotan
watersheds, and its continued signaling toward potential escalation affecting Lake Sevan,
Syunik, and Vayots Dzor — home to critical river basins and the Vorotan cascade — directly
intersects with Armenia’s water and energy security. These conditions highlight a dual
imperative: on the one hand, the restoration of territorial integrity and full sovereign control
over national watersheds through diplomatic efforts and the reestablishment of strategic
balance; on the other, the urgent need to optimize water retention, storage, and flow
management within areas under effective control. Under conditions of persistent geopolitical
uncertainty, effective internal water governance thus becomes not only a climate-adaptation
priority, but a core component of national resilience.

The effectiveness of large and medium reservoirs must be understood within the context
of externally determined inflow variability. Upstream interventions beyond Armenia’s control
can significantly alter hydrological baselines. Consequently, the technical measures discussed
here are not designed to offset structural upstream dominance, but to increase buffering
capacity against climate-driven variability within the limits of available inflows.

In this context, the technical measures proposed in this article acquire additional strategic
relevance. Distributed small and medium-sized reservoirs, rehabilitation of existing storage, and
reduction of evaporation and runoff losses function not only as climate-adaptation tools but also
as indirect risk-mitigation mechanisms against externally induced hydrological shocks. By
diversifying storage and reducing dependence on singular exposed assets, Armenia can lower
systemic vulnerability to both climatic extremes and politically driven flow disruptions.
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Taken together, the analysis presented in this article supports a nuanced conclusion:
Armenia’s water security under climate change will be determined less by the quantity of new
infrastructure built and more by the quality of integration among diverse adaptation measures.

Reservoir construction, rehabilitation, snowmelt management, evaporation reduction,
and afforestation each address distinct dimensions of the water balance. Individually, their
impact may be limited. Collectively, when applied selectively and governed coherently, they
can substantially improve the resilience of water systems to drought and variability.

The article does not claim to offer a comprehensive solution to water management or
climate adaptation. Instead, it contributes to policy discourse by highlighting how
complementary measures can be combined into a flexible, scalable framework that responds
to Armenia’s specific geopolitical, geographic, climatic, and institutional context.

Accordingly, the proposed package of technical interventions should be understood as
part of a broader national resilience posture. These measures do not replace diplomatic, legal,
or security responses but provide practical tools to preserve functional water availability under
adverse external conditions, strengthening Armenia’s water security amid persistent
geopolitical uncertainty.

As climate uncertainty intensifies, such integrative approaches will become increasingly
important — not only in Armenia, but in mountainous regions worldwide that face similar
constraints and vulnerabilities.
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