THE CRYOSPHERE IN CRISIS

Glaciers, Ice, Floods, and Water Security in Asia
Comprehensive Teaching Notes for Postgraduate Social Science Students
IS470N — Environmental Security and Climate Change in Asia

These notes draw on four peer-reviewed sources studied in class. The aim is to help you
understand the scientific findings and connect them to the social, political, and ethical questions
that matter for your own research. Every scientific term is explained in plain language in the
glossary.




SECTION 1: KEY CONCEPTS EXTRACTED

This section introduces the core ideas from across all four sources, organised around the three-
part structure of the cryosphere: glaciers, permafrost, and snow. You do not need to memorise
numbers — focus instead on the direction and meaning of change.

1.1 What Is the Cryosphere?

The cryosphere is the collective name for all the frozen water on Earth — glaciers, ice sheets,
sea ice, permafrost (frozen ground), and seasonal snow cover. In the context of Asia, we are
dealing primarily with mountain glaciers, permafrost in high-altitude terrain, and snow across the
Himalayan and Central Asian ranges.

Scientists monitor three main components as Essential Climate Variables (ECVs) — meaning
they are treated as reliable indicators of how the climate is changing:

* Glaciers — large, slow-moving masses of ice that form over centuries from compacted
snow
« Permafrost — ground that stays frozen for at least two consecutive years

e Snow cover — seasonal snow that melts and recharges rivers and groundwater each
year

1.2 Glaciers: Retreating, Shrinking, Vanishing

The most important thing to understand is this: glaciers are shrinking almost everywhere, and
they are doing so faster than at any point in recorded history. In Central Asia — which includes
the Tien Shan and Pamir mountain ranges — there are over 25,000 glaciers covering roughly
24,300 square kilometres. They hold enormous quantities of frozen water. But this water is
being lost.

Source: Barandun et al., 2020 — The State and Future of the Cryosphere in Central Asia

Key facts about glacier retreat:

* Glaciers worldwide are experiencing unprecedented mass loss, accelerating in the 21st
century

* In Central Asia, glaciers in the Eastern Tien Shan and Dzhungarsky Alatau are shrinking
rapidly

« The Pamir mountains show mixed signals — some glaciers are stable or even gaining
mass slightly, while others are losing mass rapidly. This is called the Karakoram-Pamir
anomaly

< Tien Shan glaciers show more consistent loss, with acceleration in recent decades

What causes this variation? The main drivers include:

« Climate gradients: temperature and rainfall vary enormously across west-to-east and
altitude profiles



« Debris cover: glaciers covered by rock debris melt more slowly
e Surge-type glaciers: some glaciers move in sudden bursts, complicating trend analysis

« Black carbon: soot from industrial cities like Almaty and Bishkek falls on glaciers,
darkening the surface and accelerating melt

1.3 Permafrost: The Frozen Ground Beneath Our Feet

Permafrost is far less visible than glaciers, but it plays a crucial and often overlooked role in
water storage and slope stability. Central Asia contains the largest area of mountain permafrost
in the world — approximately 3.5 million square kilometres — yet it remains critically under-
studied.

What is happening to permafrost?

* Permafrost temperatures have been rising since the 1950s at approximately 0.01
degrees Celsius per year

e The active layer — the top layer that thaws each summer — has increased in thickness
by 23% since the 1970s

« As permafrost degrades, slopes become unstable: rockfalls, debris flows, and landslides
increase

¢ Rock glaciers — masses of ice-rich frozen debris — are creeping downhill faster than
before

The challenge for researchers is that very little baseline data exists on permafrost. Most
monitoring collapsed after the Soviet Union dissolved in 1991, and re-establishment has been
slow.

1.4 Snow: The Most Immediate Water Source

Snow is the most immediate and seasonally responsive part of the cryosphere. For rivers like
the Amu Darya and Syr Darya — which are the two main rivers sustaining life in Central Asian
lowlands — snowmelt contributes 65 to 72 percent of total annual river flow. Rainfall contributes
only 23 percent, and glacier ice contributes just 2 to 8 percent in normal years.

This matters enormously. It means:

« Agricultural societies downstream are most dependent on snow, not glaciers, in normal
years

e But during dry years and summer droughts, glacier melt becomes 1.5 to 3 times more
important as a buffer

« Climate change is shifting the timing of snowmelt — it is happening earlier in spring,
reducing the water available in summer when irrigation demand peaks

* Snow water equivalent — how much water is locked inside the snowpack — is poorly
measured, especially at high elevations



1.5 Peak Water: The Temporary Surplus Before the Decline

One of the most important concepts in cryosphere science for policy is peak water. As glaciers
melt, they initially release more water into rivers — a temporary increase. But once the glacier
shrinks enough, this release declines. The moment when meltwater output is at its highest is
called peak water.

Key Concept: Peak Water

Think of a glacier like a melting ice cube in a glass. At first, the water flowing from it increases. But
once the ice cube is nearly gone, the flow drops sharply. After peak water, river runoff in Central Asia
is projected to decrease by more than 25% over the coming century.

Most mountain ranges have already passed peak water, or will do so by the middle of this
century. After that, there is no going back on human timescales. The water simply will not be

there.

Source: Hoelzle et al., 2019, Huss and Hock, 2018 — cited in Barandun et al. and the High-Mountain Ice
overview




SECTION 2: ATMA ANALYTICAL MAPPING

The ATMA framework maps scientific content across five analytical axes that connect physical
processes to social, political, and ethical questions. Use this section to build your analytical
arguments.

2.1 Ontological Axis — What Is Real and What Is at Stake?

The cryosphere crisis forces us to reconsider what is real about the geography of Asia. Many
societies in Central Asia, South Asia, and the Himalayan belt have developed over centuries
around the assumption that glaciers, rivers, and seasonal snow are permanent features. This
assumption is now incorrect.

» Glaciers are not static: they are dynamic systems that are fundamentally being
restructured by human-induced warming

* New lakes are forming in the beds that retreating glaciers leave behind — these
overdeepenings (basins carved by ice) become water bodies that did not previously exist

* The landscape itself is becoming unstable: permafrost degradation is loosening the
ground, and slopes that were once solid are now prone to collapse

« Riskis not a fixed property of a place — it is produced through the interaction of physical
change and social choices (where people live, what infrastructure is built, who gets early
warnings)

For social scientists, the ontological question is: whose knowledge counts in defining what is
happening? Local communities have observed glacial change for generations. Scientists
produce models. Policymakers work from reports. These different ways of knowing the
cryosphere are often in tension.

2.2 Epistemological Axis — What Do We Know, and How Reliably?

A recurring theme across all four sources is deep uncertainty. The science of the cryosphere is
sophisticated, but it is also grappling with massive data gaps. This has direct implications for
how we make policy.

e Soviet-era monitoring networks across Central Asia collapsed after 1991. Re-
establishment of measurements only began around 2010. This means there is a data
gap of nearly 20 years in some places

« High-elevation weather stations are extremely sparse — most measurements come from
valley stations that do not represent conditions at altitude

« Permafrost is virtually unmonitored. Only a handful of boreholes exist across the entire
region

« Different scientific methods — satellite imagery, field measurements, ice thickness
modelling — produce different answers, sometimes contradicting each other

« Even the amount of ice stored in glaciers is uncertain: estimates for the total volume in
Central Asia carry an error margin of over 25 percent



Epistemological Caution for Students

When a scientific paper gives precise numbers (e.g., 'peak discharge of 12,487 cubic metres per
second'), this does not mean we know this with certainty. Papers also report uncertainty ranges.
Social scientists should always ask: what is the uncertainty, and how does it change what
policymakers can realistically do?

The knowledge gap is particularly severe in the social sciences. A systematic review found that
out of over 10,000 academic conference presentations on Central Asia between 1991 and 2020,
only two — 0.02 percent — were on climate change. Topics like climate justice, gender, health,
and transportation have barely been studied at all.

Source: Vakulchuk et al., 2022 — cited in Sabyrbekov et al., 2023

2.3 Social Axis — Who Is Affected and How?

The human consequences of cryosphere change are not evenly distributed. They follow existing
lines of inequality — across regions, between countries, between classes, and between
genders.

Downstream vulnerability

The most immediate human impact is on communities that live downstream of glaciers and
glacial lakes. These populations depend on glacial meltwater for:

» Irrigation — farming communities in Uzbekistan, Turkmenistan, and parts of Kazakhstan
depend on summer river flows sustained by glacier melt

» Drinking water — in dry seasons, glacial rivers are often the only reliable source

« Hydropower — upstream countries like Kyrgyzstan and Tajikistan generate electricity
from glacier-fed rivers in winter

Flood risk and infrastructure exposure

The case of South Lhonak Lake in Sikkim illustrates how physical processes translate into
social vulnerability. The study found that depending on the severity of a glacial lake outburst
flood:

« Between 5 and 13 bridges could be destroyed
* Between 176 and 248 houses could be inundated
* Between 2 and 5 industrial facilities could be damaged

e The downstream town of Chungthang — which grew rapidly after a hydropower dam
was built in 2015 — is the most exposed settlement

This is a critical social science insight: socio-economic development does not simply reduce
vulnerability. It can increase it, by placing more infrastructure and more people in the path of
natural hazards that were always there.



Source: Article 1 — Future GLOF Hazard of South Lhonak Lake

Agriculture and food security

Agriculture is the most climate-sensitive sector in Central Asia and is critical for livelihoods
especially in Tajikistan and Kyrgyzstan. Seasonal shifts in water availability — earlier snowmelt,
reduced summer flow — directly threaten food security for the most vulnerable populations.

Air pollution and urban health

Coal heating in the winters of cities like Bishkek, Kyrgyzstan, is already a public health crisis. In
2021, Bishkek was identified as the world's most polluted city during winter. This is connected to
the energy transition dilemma: fossil fuels are cheap and available, but they contribute to both
air pollution and glacier melt through black carbon deposition.

2.4 Political Axis — Power, Governance, and Regional Conflict

Cryosphere change is not politically neutral. The shrinking of glaciers and changing river flows
maps almost perfectly onto existing political tensions in Central Asia.

Upstream vs. Downstream conflict

The two great rivers of Central Asia — the Amu Darya and the Syr Darya — flow from the
mountains of Kyrgyzstan and Tajikistan downstream into Uzbekistan, Kazakhstan, and
Turkmenistan. This creates a structural conflict:

e Upstream countries (Kyrgyzstan, Tajikistan) want to use rivers for hydropower — which
means storing water in reservoirs in winter and releasing it then, not during the summer
irrigation season

» Downstream countries (Uzbekistan, Turkmenistan, Kazakhstan) want water released in
summer for agriculture

« Climate change will intensify this competition as total water availability decreases after
peak water is passed

State capacity and climate commitments

All five Central Asian states have signed the Paris Agreement and announced decarbonisation
targets. But:

« Implementation is extremely weak

« Renewable energy shares remain negligible — only 2.5% in Kazakhstan as of the latest
data

« National climate pledges are conditional on external financial support
* Coal consumption is actually rising in Kyrgyzstan and Tajikistan
* No Central Asian country has a plan to phase out fossil fuels



Fossil fuel exporters — especially Kazakhstan (oil) and Turkmenistan (gas) — face an
additional political vulnerability: the global energy transition could strand their main export
assets and undermine national revenue.

Source: Sabyrbekov et al., 2023 — Introduction to Climate Change in Central Asia

Governance of early warning systems

Both the Sikkim GLOF study and the Central Asian overview emphasise that early warning
systems are essential — but they are not simply technical solutions. Who receives warnings? In
what language? Who is trusted to issue them? How does a warning translate into an evacuation
when roads may be already damaged? These are political and social questions, not scientific
ones.

2.5 Geopolitical and Ethical Axis — Justice, Responsibility, and the Future

The cryosphere crisis raises profound questions of climate justice that deserve sustained
attention in a postgraduate social science setting.

Who caused this?

Central Asia and the Himalayan region contribute very little to global greenhouse gas emissions.
The glaciers melting above Sikkim, or above the cities of Almaty and Dushanbe, are melting
primarily because of emissions from industrialised economies. This is a classic problem of
climate injustice: those who suffer most are not those most responsible.

Committed mass loss — the irreversibility problem

Even if all greenhouse gas emissions stopped today, glaciers would continue to shrink for
decades due to the warming already locked into the climate system. Scientists call this
committed mass loss. The ethical implication is that some harm is now unavoidable, and the
question becomes: who is responsible for adaptation costs, and who decides how resources are
allocated?

Discussion Provocation

If committed mass loss means certain communities will lose their water supply within decades, what
obligations do high-emitting nations have? Is financial compensation sufficient? Or does justice
require something more — access to technology, resettlement support, political voice in global
forums?

International donors and dependency

Much of the scientific monitoring infrastructure in Central Asia is funded through international
projects — CAWa, CATCOS, CICADA. This raises questions about knowledge sovereignty.
Who controls the data? Who defines the research priorities? What happens if funding cycles
end?



Gender and underrepresented voices

As of the most recent systematic review, only one study exists on gender and climate change in
Central Asia. This is a staggering gap. Women in rural agricultural communities are often the
most exposed to water scarcity and the least represented in water governance structures. Any
socially just adaptation strategy must address this.




SECTION 3: TEACHING FOCUS POINTS

These are the core ideas you should be able to explain and argue about after working through
this material.

3.1 GLOFs — The Most Dramatic Immediate Threat

A Glacial Lake Outburst Flood (GLOF) is exactly what it sounds like: a glacial lake — formed in
the basin left by a retreating glacier — suddenly releases its water, often catastrophically. This
can happen in several ways:

« An avalanche or rockfall crashes into the lake, creating a giant wave that overtops the
natural dam (moraine)

e The moraine dam itself weakens and collapses due to permafrost degradation, seepage,
or overtopping

» The process can escalate into a chain of events: avalanche - wave - breach - flood
— debris flow downstream

The Sikkim case is instructive. South Lhonak Lake is already the largest and fastest-growing
glacial lake in the Sikkim Himalaya. As the glacier retreats further:

e The lake is projected to grow by 74.4 percent in volume
« It will expand 1.2 kilometres upstream, closer to unstable avalanche-prone slopes

* In the most severe modelled scenario, a breach could send floodwaters reaching 25 to
30 metres deep to the town of Chungthang, 62 kilometres downstream

What social science students should take from this: the hazard is increasing not because nature
has changed in isolation, but because human settlements and infrastructure have expanded into
areas that were already at risk. Risk is a co-production of the natural and the social.

3.2 The Data Gap as a Political and Ethical Problem
Across all four readings, a consistent theme is the collapse of monitoring infrastructure after the
Soviet Union dissolved. For Central Asia specifically:

« Most glacier mass balance monitoring stopped in the early 1990s

* Only one continuous glacier monitoring record exists (Tuyuksu glacier, since 1957)

* Permafrost monitoring is virtually absent

« High-elevation precipitation data is extremely sparse

This is not merely a technical problem. It means that governments making decisions about
water allocation, dam construction, and urban expansion are doing so with poor information. It
means communities in danger may not receive adequate early warnings. And it means that
international scientific bodies like the IPCC cannot reliably model the region.

Re-establishment of monitoring began around 2010 through international collaboration. But this
collaboration itself raises questions of ownership, sustainability, and political dependence.



3.3 Adaptation Is Not a Technical Problem — It Is a Social One
The readings consistently emphasise that scientific knowledge alone cannot produce effective
adaptation. Several frameworks are proposed:

« Systems knowledge: understanding how the physical system works

» Target knowledge: agreeing on what we want to achieve (defined by stakeholders, not
just scientists)

« Transformation knowledge: identifying the pathways, institutions, and decisions needed
to get there

This is an explicitly transdisciplinary framing. It says: scientists can tell you what is happening.
Social scientists, policymakers, and communities must together determine what to do about it.

Practical adaptation options discussed include:

« Multipurpose infrastructure: designing retention basins that also generate hydropower
and support tourism, making investment more attractive

« Early warning systems: monitoring networks that give downstream communities enough
lead time to evacuate

e Land use planning: restricting development in flood-prone areas
« Demand-side management: using water more efficiently in agriculture

» Traditional knowledge: drawing on local practices of water management that predate
modern infrastructure

3.4 Regional Cooperation — The Missing Piece

Perhaps the most consistent political failure identified across the readings is the lack of regional
cooperation in Central Asia on climate and water. Despite shared rivers, shared threats, and
shared vulnerability, the five states — Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and
Uzbekistan — have not developed effective joint framewaorks for climate adaptation.

The reasons are complex:

» Historical tensions from the Soviet era, including disputes over water allocations set by
Moscow

* The upstream-downstream conflict of interest over water timing
* Weak state capacity, especially in Kyrgyzstan and Tajikistan

» Divergent economic interests: fossil fuel exporters face different pressures than agrarian
economies

* Absence of strong regional institutions for environmental governance

International statements of cooperation — such as joint COP declarations — have not
translated into meaningful domestic action.







SECTION 4: SCIENTIFIC GLOSSARY FOR SOCIAL SCIENCE
STUDENTS

This table explains every important scientific term used in the four readings. The third column
tells you why the concept matters for social science research and analysis. You are not
expected to master the mathematics behind these concepts — you are expected to be able to
use the concepts confidently in argument.

Scientific Term What It Means in Plain Why It Matters for Social Science
Language

Cryosphere All the frozen water on Earth: Understanding cryosphere change is
glaciers, permafrost, sea ice, essential for analysing water security,
and snow migration, and geopolitical tensions in High

Asia

Glacier A large, slow-moving mass of Glaciers are water towers for hundreds of
ice formed from compacted millions of people. Their retreat triggers
snow over centuries both water scarcity and flood risks

Permafrost Ground that remains frozen for  Permafrost degradation destabilises

at least two consecutive years slopes and infrastructure, and its thaw
releases stored water — but also
increases hazard risk

GLOF Glacial Lake Outburst Flood —  GLOFs can destroy downstream
sudden release of water froma  communities, infrastructure, and
glacial lake livelihoods within hours. Risk management

requires social and political action, not just
technical solutions

Proglacial lake A lake that forms at the front These lakes are new features on the
edge of a retreating glacier landscape. Their growth creates both
opportunities (water storage, tourism) and
catastrophic flood risks

Moraine A ridge of rock and debris Moraine dams are often the point of failure
deposited by a glacier, which in GLOFs. Their stability is affected by
can act as a natural dam permafrost thaw — a cascading risk

Peak water The point when glacier After peak water, communities that depend
meltwater output reaches its on glacier-fed rivers face irreversible water
maximum before declining shortages. It marks the moment when the
permanently glacier is no longer a buffer

Committed mass Glacier shrinkage that will This concept means some future harm is

loss happen even if warming stops locked in regardless of what we do now. It
today, due to existing climate changes the ethics of adaptation — harm
inertia is not avoidable, only its distribution is

negotiable

Essential Climate A physical measurement ECVs are the foundation of international

Variable (ECV) officially used to track the state  climate reporting. Snow, glaciers, and
of Earth's climate system permafrost are ECV's — their under-

measurement in Central Asia is both a
scientific and a governance failure



Overdeepenings

Ice-thickness

modelling

Mass balance

Geodetic mass

balance

Black carbon

Polythermal glacier

Active layer

Rock glacier

Impulse wave

Hydrodynamic
modelling

Snow water
equivalent (SWE)

Basins carved into bedrock by
glaciers that become lakes
when ice retreats

Scientific method for estimating
how thick a glacier is, and what
lies beneath it

The difference between snow
gained in winter and ice lost
through melt — a glacier's net
gain or loss in a year

Measuring glacier mass change
by comparing satellite elevation
models over time

Soot from burning fossil fuels
and biomass that settles on
snow and ice, darkening it

A glacier with both cold ice
(below freezing) and warm ice
(at melting point) in different
layers

The top layer of permafrost that
thaws each summer and
refreezes in winter

A lobate mass of ice-rich
permafrost debris that moves
slowly downhill

A large wave created when a
mass (avalanche, rockfall)
crashes into a lake

Computer simulation of how
floodwater moves through
valleys and channels

The amount of liquid water
contained within the snowpack

Scientists can predict where new lakes will
form by modelling these basins. This
matters for urban planning, infrastructure,
and early warning design

These models predict future lake volumes
and flood potential. Understanding their
uncertainty is important for interpreting
hazard assessments

Negative mass balance means a glacier is
shrinking. Sustained negative balance
across decades signals irreversible retreat

This is a remote sensing approach —
useful where fieldwork is impossible. Its
limitation is coarse time resolution
(typically 5-10 year gaps)

Black carbon from cities like Bishkek and
Almaty is accelerating glacier melt. It
connects urban pollution to mountain
hydrology — an important link for
integrated environmental analysis

Polythermal glaciers respond to warming
in complex ways. This complicates
predictions — another form of scientific
uncertainty relevant to policy

A thickening active layer signals
permafrost degradation. This has
cascading effects on slope stability,
infrastructure, and water storage

Rock glaciers are understudied water
stores. Their accelerating movement is a
sign of permafrost warming and an
increasing hazard

Impulse waves can overtop natural dams
even without a full breach. They are a key
GLOF trigger — and their likelihood
increases as lakes expand closer to
unstable slopes

These models produce the flood maps
used in disaster risk planning. Their
accuracy depends on good terrain data
and an understanding of uncertainty
ranges

SWE determines how much water will
enter rivers in spring. It is poorly measured
at high altitudes — a major gap in Central
Asian water management



Transboundary river
basin

NDC (Nationally
Determined
Contribution)

Karakoram-Pamir
anomaly

Process chain /
cascade

Remote sensing

A river that flows through more
than one country

A country's self-declared
climate target submitted under
the Paris Agreement

The unexpected stability or
slight growth of glaciers in the
Karakoram and Pamir ranges,
while most other glaciers retreat

A sequence of events where
one natural process triggers the
next (e.g., avalanche — wave
— dam breach - flood)

Gathering data about the Earth
from satellites or aircraft rather
than from the ground

The Amu Darya and Syr Darya are shared
by five countries with competing interests.
Cryosphere change will intensify disputes
over water allocation

Central Asian NDCs are widely described
as unambitious and conditional on external
funding. Analysing the gap between
pledges and action is a key task for
political scientists

This anomaly shows that climate change
does not affect all regions uniformly. It
complicates generalisation and demands
region-specific policy responses

Cascading hazards are a key concept in
disaster risk reduction. They show why
single-event planning is insufficient — risk
must be understood as dynamic and
interconnected

Remote sensing has patrtially filled the data
gap left by collapsed monitoring networks.
But it has limitations — it cannot replace
ground-level validation




SECTION 5: KEY CITATIONS AND SOURCE SUMMARY

The following four sources form the basis of these notes. Each is summarised below with its
primary contribution and the questions it opens for social science analysis.

Source 1: Future GLOF Hazard of South Lhonak Lake, Sikkim Himalaya

Primary contribution: The first comprehensive multi-scenario GLOF hazard assessment for
South Lhonak Lake, integrating glacier volume modelling, avalanche simulation, and flood
routing.

What it tells social scientists: GLOF risk is not static — it grows as glaciers retreat and lakes
expand. Development decisions (like the Chungthang hydropower dam) create new exposure.
Uncertainty in breach parameters means single-outcome planning is inadequate.

Source 2: Vanishing High-Mountain Ice and Hydrological Challenges —
Overview with Notes on Central Asia

Primary contribution: A synthesis of global-to-local hydrological consequences of ice loss, with
Central Asia as a case study region.

What it tells social scientists: The three-scale framework (global sea level / regional river
discharge / local lake hazards) is a useful organising tool. New lakes are both opportunities and
threats. Adaptation requires transdisciplinary co-design with stakeholders, not top-down science
communication.

Source 3: Introduction to Climate Change in Central Asia (Sabyrbekov et
al., 2023)

Primary contribution: A social science framing of climate change in Central Asia, documenting
the knowledge gap and the failure of regional cooperation.

What it tells social scientists: The near-total absence of social science research on climate
change in Central Asia is itself a political fact. Topics like gender, health, climate justice, and
transportation remain almost entirely unstudied. This chapter provides the strongest rationale for
your own research contributions.

Source 4: The State and Future of the Cryosphere in Central Asia
(Barandun et al., 2020)

Primary contribution: The most comprehensive technical review of snow, glacier, and
permafrost change in Central Asia, including data gaps and future directions.



What it tells social scientists: The collapse of Soviet-era monitoring is both a scientific and a
governance failure with ongoing consequences. Peak water is imminent for most of the region.

Sustained international collaboration is essential — but who controls it, and on whose terms, are
open political questions.

A Note for Students

You do not need to become a glaciologist. You need to understand what these processes mean for
people, for governance, and for justice. The science tells you what is happening. Social science
must tell us what to do about it — and on whose terms.

IS470N — Environmental Security and Climate Change in Asia
Teaching Notes compiled March 2026. For classroom use only.
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