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Abstract Vulnerability to climate change impacts is

defined by three dimensions of human–environmental

systems, such as exposure, sensitivity, and adaptive

capacity. Climate change affects various aspects of human–

environmental interactions, such as water stress, food

security, human health, and well-being at multiple spatial

and temporal scales. However, the existing protocols of

vulnerability assessment fail to incorporate the multitude of

scales associated with climate change processes. Changing

trends in the Aral Sea basin are driven by multiple inter-

connected factors, such as changes in the global atmo-

spheric circulation associated with the GHG-enhanced

warming, regional hydrological and hydrometeorological

changes caused by mountain-glacial melting and massive

irrigation, land-use and land-cover changes, as well as

hydrological, biogeochemical, and meso- and microcli-

matic changes in the remains of the Aral Sea and its

exposed dry bottom. This review examines the role of scale

in the assessment human vulnerability to climate change

and offers a multi-scale approach to vulnerability assess-

ment. In addition to the global climate change impacts, it

takes into account regional and local land-use and land-

cover changes, social, cultural, political, and institutional

factors.

Keywords Temporal scale � Spatial scale �
Vulnerability assessment � Climate change scenarios �
Central Asia � Kazakhstan � Uzbekistan

Introduction

Human vulnerability to climate and environmental changes

in the Aral Sea basin are directly linked to the global,

regional, and local factors of climatic and hydrological

variability and changes. Vulnerability of human–environ-

mental systems to climate change involves at least three

different components, such as exposure, sensitivity and

adaptive capacity (Polsky et al. 2007), determined by

multiple biophysical and social, political and economic

factors, including terrain, water resources, population pat-

tern, ecosystems, governance structure, access to technol-

ogy, food systems, wealth distribution, and many others.

Exposure, sensitivity, and adaptive capacity are scale

dependent because various processes caused by climate

change and environmental changes occur at multiple tem-

poral and spatial scales.

Climate, land use, and hydrology of the Aral Sea basin

are tightly interconnected. Any change in one of these

systems induces a change in the other. For example, basin-

wide hydrological and land-cover changes have caused

changes in temperature patterns and a decrease of precip-

itation, when local boundary conditions dominate over the

large-scale circulation. On the other hand, global and

regional climate change affects hydrological processes in

the basin with respect to mean states and variability as well

as land-use options (Lioubimtseva 2014). Regional devel-

opment factors contribute to the global climate change both

through greenhouse emissions and the interactions between

land cover and the boundary layer of the atmosphere.
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Many existing publications that address climate change

in the Aral Sea basin focus primarily on the regional and

local processes caused by the land-use changes and asso-

ciated hydrological and meso-climatic changes caused by

Aral Sea degradation (Aladin et al. 2005; Micklin 2007,

2010). However, environmental changes in this region

represent a complex combination of global, regional, and

local processes driven by multiple interconnected factors,

such as changes in atmospheric circulation associated with

growing GHG emissions, regional hydrological changes

caused by mountain-glacial melting and massive irrigation,

land-use changes, as well as hydrological, biogeochemical,

and meso- and microclimatic changes over the exposed dry

bottom of the Aral Sea. Therefore, a nested multi-scale

conceptual model is needed to address human vulnerability

to multiple environmental changes of various scales, their

inter-connections, and feedbacks.

Geography and climate of the Aral Sea basin

The level of the Aral Sea entirely depends on the run-off of

the Syr Darya and Amu Darya, starting in the Pamir and

Tian Shan mountains, and ultimately depends on the

rhythm of mountain glaciation. Temporal variability of

precipitation is very high and precipitation has a distinctive

spring maximum in most of the region. Very high daily

temperature variance is recorded with frequent sand storms

and intense sunshine. Most of the Aral Sea basin has

continental climate (Köppen classification BWh and

BWk—subtropical or mid-latitude desert). The annual

amount of precipitation is 344 mm in Kazakhstan, 533 mm

in Kyrgyzstan, 691 mm in Tajikistan, 191 in Turkmenistan,

and 264 mm in Uzbekistan (FAO AQUASTAT 2013).

Summers are typically hot and dry, with the daytime highs

exceeding 40 �C in the plains of Uzbekistan and Tajikistan.

The winters are cold in Kazakhstan, Kyrgyzstan, and

Uzbekistan and milder in Turkmenistan and Tajikistan. The

patterns of temperature and precipitation demonstrate high

spatial variation: e.g., despite the average winter air

temperature in Tajikistan of about 7 �C, the absolute

minimum temperature recorded for the country is -49 �C

(Kirilenko and Dronin 2011). This spatial heterogeneity is

chiefly determined by the region’s topography.

The major controls on precipitation change in Central

Asia include latitudinal shifts of the westerly cyclonic

circulation and position of the Siberian high (Lioubimtseva

2002). The North Atlantic Oscillation (NAO) exerts an

important control over the pattern of wintertime atmo-

spheric circulation variability over the arid and semi-arid

zones of Central Asia. Over the past four decades, the

pattern captured in the NAO index has altered gradually

from the most extreme and persistent negative phase in the

1960s to the most extreme positive phase during the late

1980s and early 1990s. The patterns of precipitation in

Central Asia have been also linked to El Niño-Southern

Oscillation (ENSO) phases (Barlow et al. 2002). Cold

ENSO phases generally result in drought conditions in the

region, while warm ENSO phases result in an increased

precipitation (Barlow et al. 2002; Syed et al. 2006).

Two groups of regional factors have been increasingly

contributing to climate change of the region: (a) basin-wide

land-use and land-cover changes (Lioubimtseva and

Henebry 2009; Kariyeva and van Leewuven 2011) and

(b) degradation of the Aral Sea itself (Micklin 2010).

Therefore, current and future climatic trends in this region

can be best addressed as a combination of interconnected

processes and feedbacks operating at several spatial and

temporal scales. They include natural climatic variability,

anthropogenic global climate change (decades to millen-

nia), regional land-use changes in the Aral Sea basin

(decades to centuries), and meso-climatic changes caused

by the Aral Sea degradation and exposure of its dry bottom

(years to decades) (Table 1; Fig. 1).

Global scale

Anthropogenic warming of the global climate system is

now evident from observations of increases in global

average air and ocean temperatures, widespread melting of

Table 1 Spatial and temporal scale dependence of climate and environmental changes in the Aral Sea basin

Global changes decades to millennia,

primarily linked to global circulation

changes, changes in the global hydrological

balance, possibly CO2 fertilization effect on

plant

Regional changes decades to centuries,

primarily linked to land-use changes and

irrigation at the scale of entire Central Asia

Local changes years to decades, primarily

linked to the Aral Sea degradation and

exposure of its dry bottom

Temperature increase, aridization, increase of

drought frequency, increase of glacial

melting and runoff due to warming (in the

short-term future), decline of runoff (in the

long term)

Decrease of river runoff, changes in the

number and area of lakes, rise of

groundwater levels, changes of the

evapotranspiration and precipitation rates,

desertification, land-cover changes due to

economic deintensification and changes in

crop preferences after 1991

Sea surface temperature changes, increase of

continentality in the vicinity of the sea,

increase of frequency and intensity of dust

storms, ecosystem changes, improvement

of microclimate in the vicinity of the Small

Aral since 2005
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snow and ice, and rising global average sea level (IPCC

WGI 2007a, b). Meteorological data, available from the

end of the nineteenth century, clearly demonstrate a steady

and significant warming trend in the region, especially

pronounced during the winter season (Chub 2000; Lio-

ubimtseva et al. 2005). This trend may indicate a general

shift in the atmospheric circulation, namely decreasing

intensity of the southwestern periphery of the Siberian high

in winter and the intensification of summer thermal

depressions over Central Asia (Lioubimtseva and Henebry

2009).

We have examined annual, seasonal, and monthly

temperature and precipitation scenarios for Central Asia

under A1F and A1B policy scenarios (Nakicenovic et al.

2000) derived from 20 GCMs using the NCAR (National

Center for Atmospheric Research) MAGICC/SCENGEN

5.3 model (Wigley 2008). Detailed discussion of climate

change scenarios for Central Asia can be found in Lio-

ubimtseva and Henebry (2009) and Lioubimtseva et al.

(2013). Based on the GCM projections, temperature

changes in the Aral Sea basin are likely to increase by

2–3 �C by 2050 and by 3–5 �C by 2080. All scenarios

generally agree that the warming is very likely to be

accompanied by a further intensification of aridity, partic-

ulary in the western sector of the region. Higher tempera-

ture changes are predicted by all models during the winter

months (Table 2; Lioubimtseva 2014). The range of pre-

cipitation projections by different models is quite broad.

Most of the precipitation decline is expected to happen

between May and October when precipitation is already

very low. Analysis by Kirilenko and Dronin (2011) of

gridded GCM simulations of precipitation and temperature

change in Central Asia projects rather similar temperature

increase of 2.5–3.6 �C by 2,050 s and a small increase or

decrease in precipitation. The multi-model GCM scenarios

are in line with the observed temperature and precipitation

trends over the past decades in most of the region.

Global climate change directly affects water resources.

According to Groll et al. (2014, this issue) by 2030 the

available water resources will be 30 % lower than today.

Population and economic activity of the Aral Sea basin is

almost controlled by hydrometeorological conditions in the

Pamir, Tianshan, and Altai mountains. Glacial melt in the

Pamir and Tian Shan ranges is projected to increase, ini-

tially increasing flows in the Amu Darya, Syr Darya, and

Zeravshan systems for a few decades, followed by a severe

reduction of the flow as the glaciers disappear (Glantz

2005). Field data indicate that significant changes in the

seasonality of glacial flows have already occurred as a

Global climate change

Regional land use changes

Changes in the Aral Sea

Fig. 1 Multi-scale changes in the Aral Sea basin (modified from http://www.rusnature.info/env/f22-3.jpg)

Table 2 Climate change projections for the Aral Sea basin by the

middle of the twenty-first century, relative to 1961–1990

Seasonal changes Winter Spring Summer Fall

Mean temperature

(�C)

1.5–4.95 2.87–4 3.24–7.36 3.05–4

Precipitation

(mm/day)

0.01–0.1 0–0.09 -1.11 to

0.1

-0.5 to

0.1

Climate change projections are computed with MAGICC and

SCENGEN 5.3.2 software suites Wigley (2008)
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result of warming. Accelerated melting of the mountain

glaciers may favor flash flood occurrences (Fort 2014, this

issue). During 1973–2000, accelerated glacier melting

increased the flow of Kyrgyzstan rivers by 6.3 %, with an

additional 10 % increase projected for the next 20 years

(Kirilenko and Dronin 2011). The increased runoff has led

to an increase in the frequency of glacial lake outbursts that

can cause devastating mudflows and avalanches in the

mountainous regions of Tajikistan, Uzbekistan, Kazakh-

stan, and Kyrgyzstan.

Deserts and semideserts are expected to respond posi-

tively to increased CO2 concentrations in the atmosphere

because they are water limited and thus, in theory,

responsive to the effects of CO2 on water balance (Lio-

ubimtseva and Adams 2004). Several studies based on

chamber experiments, the Nevada Desert Free-Air CO2

Enrichment (FACE) Facility (Smith et al. 2000), and

indirect evidence derived from remote sensing data have

shown increased leaf-level photosynthetic rates, water-use

efficiency, leaf area index, and plant growth under elevated

CO2. It is uncertain, however, how significant these chan-

ges will be under future climatic conditions and no direct

studies on CO2 fertilization have been conducted to date in

the Aral Sea basin. A recent study by Newingham et al.

(2013) in Mojave Desert in the USA suggests that the

positive response of vegetation to CO2 might have been

overestimated. During the 10-year FACE experiment in

Nevada, most vegetation responses occurred in wet years,

but did not lead to sustained increases in community bio-

mass. It is likely that increase of aridity and more frequent

droughts may constrain cumulative biomass responses to

elevated CO2 in desert environments.

Regional scale

The most dramatic land changes in Central Asia were

driven by two historical events: the rapid and massive

expansion of irrigation in 1960–1980s (Micklin 1988,

2007; Glantz 2005) and the decline of agriculture in the

1990s after the collapse of the USSR (Lioubimtseva and

Henebry 2009; Lioubimtseva et al. 2013). Between 1962

and 2002 irrigated arable land, principally for cotton

monoculture, increased by 60 % in the region (Lio-

ubimtseva et al. 2005) and the total water withdrawals (all

uses) were 125 % of the average annual water resources in

1988. Such dramatic human-induced changes in the

hydrological cycle led to a significant decrease of river

runoff, changes in the number and area of lakes and rise of

groundwater levels, transformation of the evapotranspira-

tion and precipitation rates at the scale of the entire basin

(Micklin 2007), and decreased net water flux from the

atmosphere to the surface. Modeling studies by Shibuo

et al. (2007) suggest that the excessive irrigation in the

southeastern part of the Aral Sea basin has caused a sig-

nificant increase in evapotranspiration and cooled this area

in the process. By contrast, temperature increases are

considerable in non-irrigated areas, where hydro-climatic

changes reflect local effects of the Aral Sea shrinkage itself

in addition to the regional manifestation of global climate

change. Precipitation increase is likely to be caused by the

local evapotranspiration increase due to irrigation.

Deintensification of agriculture caused by the dissolu-

tion of the USSR was significant enough to cause signifi-

cant ‘‘greening’’ trend captured by vegetation indices

derived from coarse- and medium-resolution satellite

imagery, such as AVHRR and MODIS products (Lio-

ubimtseva 2007; Kariyeva and van Leewuven 2011). By

analyzing the Pathfinder AVHRR Land (PAL) data from

1981 to 1999, found three distinct patterns of significant

difference in land surface phenology (LSP) models that

linked the NDVI with accumulated growing degree-days to

describe the seasonal course of vegetation activity. Kariy-

eva and van Leewuven (2011) also found significant LSP

changes following institutional changes using a different

modeling approach, namely, phenological metrics extrac-

ted from the GIMMS NDVI data set using the Timesat

algorithm (Jönsson and Eklundh 2004). They found sig-

nificant differences in land-cover trends in Central Asia

before and after the USSR collapse due to changes in crop

preferences.

Local scale

Desiccation of the Aral Sea has resulted in massive chan-

ges of land cover and hydrometeorological regimes of its

barren bottom and the immediate vicinity. The thermal

capacity of the remaining lake has substantially decreased

due to reduction of its surface, volume, and depth. Sig-

nificant changes in the interactions between the land and

boundary layer of the atmosphere have resulted in dramatic

air temperature changes in this region. Several studies

(Chub 2000; Small et al. 1999; Micklin 2007) identified

meso-climatic and micro-climatic changes resulting from

the desiccation of the Aral Sea, as opposed to the impacts

of global and macro-regional changes.

The climate records from around the sea show signifi-

cant increase of annual and diurnal temperature amplitudes

and decline of precipitation since 1960, as the lake effect

has diminished. According to a study by Small et al.

(2000), an increase in diurnal temperature range of 2–3 �C

is observed in the Aral Sea area in all months. These

authors examined the Aral Sea surface temperature (SST)

trends between 1960 and 1996 and found that the highest

change in the Aral SST occurred in spring—a 4 to 5� C

increase in April and May. SST increase in summer was

about 3 �C, and there were no changes between August and
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October. During the same period of time SSTs decreased

by 4–5 �C in November and December.

In addition, the exposure of over 36,000 km2 of the former

lakebed, especially on the eastern side of the Aral Sea, rep-

resents a vast source of highly saline wind-blown material

(Wiggs et al. 2003). Today, the drying bed of the Aral Sea

has become one of the biggest sources of dust aerosols in the

world. Dust tends to cool the earth by reflecting sunlight back

into space, and it decreases rainfall by suppressing atmo-

spheric convection (Lioubimtseva et al. 2005).

All meteorological stations in the immediate vicinity of

the Aral Sea have experienced slight precipitation decrease

since the 1960s, which coincides with drastic reduction in

the water surface of the Aral Sea. On the other hand, res-

toration and conservation efforts in Kazakhstan have been

a source of moderating impact on microclimate in the

vicinity of the Small Aral (Micklin 2010). Water rose from

40 to 42 m in less than a year since the completion of the

project in 2005. Water area increased by 18 % and salinity

dropped steadily, from roughly 20 to about 10 g/L today.

Fishers are once again catching several species in sub-

stantial numbers—most important, the highly prized pike

perch and carp (Aladin et al. 2005; Micklin 2010). As the

restoration of the Small Aral continues, it is likely that its

moderating impact on the local climate will continue to

increase.

Human vulnerability to climate and environmental

change

Vulnerability is the degree to which a system is susceptible

to, or unable to cope with, adverse effects of climate

change, including climate variability and extremes (IPCC

2001). It is usually understood as a function of exposure,

sensitivity, and adaptive capacity of a human–environ-

mental system to impacts of climate change or other

environmental hazards (Schröter et al. 2005; Polsky et al.

2007). Exposure is defined as the nature and degree to

which a system is exposed to a hazard, perturbation, or

stress caused by environmental change (Polsky et al. 2007).

Therefore, factors of exposure include characteristics of

physical landscapes (local climate, terrain, soils, water,

ecosystems), distance from the hazard, size of exposed

population, etc. Sensitivity is typically defined as the degree

to which a system is affected by, or is responsive to, either

adversely or beneficially, to climate change stimuli or

environmental impact (Polsky et al. 2007). Sensitivity of a

human–environmental system depends on its many bio-

physical, social, and economic variables including popu-

lation demographics, occupations, livelihoods, agricultural

crops, land-use practices, food and water availability, and

many other factors. The third dimension of human

vulnerability is adaptive capacity. Adaptive capacity or

adaptability is understood as the capacity of a human–

environmental system to adapt to climatic and environ-

mental stimuli (Smit and Skinner 2002; Schröter et al.

2005; Polsky et al. 2007) or as the potential to implement

adaptation measures. Adaptive capacity of a system pri-

marily depends on social and economic factors, such as

level of economic development and investment, access to

markets, insurance, education and technology, social, cul-

tural and political considerations, governance, regulations

of private and public properties including natural resources,

etc.

The most pressing aspects of human vulnerability to

climate change in the Aral Sea basin countries include

water stress and water availability, food security, and

health issues (Sayko 1998; Lioubimtseva and Henebry

2009; Abdolvand et al. 2014, this issue). Variables that

determine exposure, sensitivity, and adaptive capacity are

scale-dependent, ranging from local to global and may

have various temporal frames. Therefore, vulnerability

assessment requires a scale-dependent conceptual frame-

work that can accommodate several hierarchical levels of

indicators of exposure, sensitivity, and adaptive capacity of

human–environmental systems within the Aral Sea basin

(Table 3).

Human vulnerability to the global processes

Considering the scale of vulnerability to global climate

change, useful measurable indicators of exposure include

spatial distribution and density of the population, location

of agricultural lands, frequency of droughts, distance from

and quality of water sources, and other geographic

parameters (Table 3).

Information about basin-wide sensitivity to the global

impacts of climate change can be gathered through such

proxy indicators as population demographic data (age,

gender, ethnicity, occupation, and health), food sources,

water availability and water stress, types of dwelling, irri-

gation infrastructure, healthcare availability, and others.

Adaptive capacity of the population at this scale can be

assessed based on availability and feasibility of basin-wide

and national climate change adaptation plans and emer-

gency management plans, feasibility of the existing basin-

wide international agreements, stability of national gov-

ernments, access to education and information, availability

of financial resources and technology, and international

coordination of water resources within the Aral Sea basin.

Currently, a lack of coordination among irrigation sys-

tems, pervasive soil degradation, and poorly regulated inter-

basin transfers are the persistent water problems in the

region (Rakhmatullaev et al. 2010). Water availability and

water stress are expected to be highly sensitive to projected
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Table 3 Scale-dependent indicators of human vulnerability to climate change

Indicators Sector Exposure Sensitivity Adaptive capacity

Impacts of the global climate

change

Water

availability

Distance from water

sources

Population density and

distribution

Surface runoff

Population demographics

and wealth

Groundwater depth and

quality

Financial resources

Access to technology

National and international

water regulation

Food and

agriculture

Population occupation

and location

Proximity to water

resources

Terrain and landscape

Agricultural crops and

livestock species

Irrigation techniques

Wealth

National and international

land use and water

regulations

Financial resources Access to

agricultural machinery

Modern irrigation techniques

Chemicals

Human

health

Distance from mosquito

breeding grounds

Water quality

Population demographics

Wealth

Type of dwelling

National health-care

infrastructure

Education

Access to information

Emergency management

Regional land-use and land-cover

changes and related

hydrometeorological changes

Water

availability

Population density and

distribution

Distance from water

supply

Irrigation and water supply

infrastructure

Land management practices

Population demographics

Water mineralization

Financial resources

Water treatment technology

Food

security

Population density and

distribution

Terrain

Soils

Food vs. non-food crop

ratio

Livestock density and

distribution

Food crops

Livestock

Land management and

irrigation techniques and

infrastructure

Food market flexibility

Regional land-use policy

Access to education,

information, funding,

drought-resistant seeds, drip

irrigation

Machinery

Availability of affordable food

imports

Human

health

Population density and

pattern distance from

malaria endemic areas

Size of areas affected by

malaria

Water contamination by

pollutants and bacteria

Population demographics

(gender, age)

Occupation

Dwelling

Income

Education

Equality

Access to health care

Mosquito spraying

Drainage improvement

Water treatment and sanitation

measures

Local environmental changes

caused by the desiccation and

exposure of the Aral Sea bottom

Water

availability

Population density and

pattern

Groundwater salinity and

depth

Distance from Amu

Darya and Syr Darya

delta

Distance from the

remaining parts of the

Aral Sea

Age of irrigation and water

supply infrastructure

Drinking water

mineralization

Water management policies

Local governance,

community engagement in

water conservation

practices

Community and family-scale

material resources

Access to loans

Access to education

Mobility

724 Environ Earth Sci (2015) 73:719–729

123



climate change scenarios (Shiklomanov and Rodda 2001;

Alcamo and Henrich 2002; Arnell 2004; Abdolvand et al.

2014, this issue). Assessment of water stress can be depicted

as the current average annual withdrawals-to-availability

ratio, where stress is indicated by a ratio of withdrawals to

availability greater than 40 %. Water stress is a useful

measure of human vulnerability to climate change as it

measures the degree of demand on water resources by the

users of these resources, including agriculture, industries,

and municipalities. A larger increase in water stress repre-

sents a greater sensitivity of the water resources to global

change. A study by Alcamo and Henrich (2002) based on

the WaterGAP model indicates severe water stress already

occurring in all countries of the Aral Sea basin. In addition,

current projections of water availability based on hydro-

logical and water-use models are highly uncertain (Malsy

et al. 2014, this issue).

During the past decade, a series of droughts affected

Turkmenistan, Uzbekistan, Tajikistan, Iran, Afghanistan,

and Pakistan. These droughts have amply demonstrated the

very high human vulnerability of this region to precipita-

tion deficits. Agriculture, animal husbandry, water resour-

ces, and public health have been particularly stressed

across the region as a result of the recent drought (Lio-

ubimtseva and Henebry 2009).

Aridity is the primary constraint limiting the portion of

land available for agriculture and livestock production in

the Aral Sea basin and exposure to droughts is already

extremely high. The MMD experiments used in the IPCC

AR4 suggest that most of the Aral Sea basin is likely to

become more arid. In the short term, the agriculture of this

region may benefit from the increasing runoff from the

melting mountain glaciers, increase in winter temperatures,

fewer frosts and a longer growing season, CO2 fertilization

effect, and increased crop water-use efficiency (Fischer

et al. 2005). In the long term, however, temperature

increase combined with eventual reduction of glacial run-

off is likely to have devastating impact on agriculture. The

potential changes in variability and extreme events, such as

frosts, heat waves, droughts, and heavy rains are even more

important in estimating the vulnerability of agricultural

systems to climate change. Extreme events are responsible

for a disproportionately large part of climate-related dam-

ages and sensitivity of extremes to climate change may be

greater than one would assume from simply shifting the

location of the climatological distribution.

The projected increase in runoff could potentially

accelerate soil erosion, especially in case of increasing

frequency of catastrophic precipitation. Several multi-

model assessments (Shiklomanov and Rodda 2001; Arnell

2004) suggest that the volume of runoff from glaciers in

Central Asia may increase threefold by 2050, leading to

significant changes in the regional pattern of water and land

use. In the long term, however, after decades of accelerated

melting, the glacial runoff will dramatically decline as

glacial mass significantly declines.

Increase of temperature and climate variability can also

increase the exposure of populations to heat stress, extreme

weather events such as droughts, dust storms and floods,

contribute to the already existing water stress, and also

stress the existing institutional systems of public health

(Confalonieri et al. 2007).

Epidemic malaria, including the tropical form of

malaria, has returned to Uzbekistan, Kyrgyzstan, Turk-

menistan, and Tajikistan, but it is unclear if the recent

outbreaks of malaria should be attributed to climate

Table 3 continued

Indicators Sector Exposure Sensitivity Adaptive capacity

Food security Population density and pattern

Distance from the Aral Sea dry bottom

Distance from the remaining parts of

the Aral Sea

Wind direction

Terrain

Population age and gender

Income

Occupation

Water mineralization

Soil salinization levels

Land use

Crops

Livestock

Food market

Availability of food imports

Potential for the local fishery

restoration

Agricultural subsidies

Local environmental restoration, wind

erosion control measures

Human health Population pattern and its distance

from the Aral Sea remains and dry

bottom

Atmospheric pollution

Water pollution

Wind direction

Age

Gender

Income

Mobility

Education

Equity

Local health infrastructure

Immunization

Access to information

Income
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change, land-use changes, or changes in the infrastructure

and health-care systems of the region (Lioubimtseva 2014).

According to the study by Kayumov and Mahmadaliev

(2002), the zone of potential malaria development in Ta-

jikistan is likely to increase during the coming years up to

an elevation of more than 2,000 m due to the continuous

temperature increase. Increasing climate aridity and vari-

ability and increasing summer temperatures can increase

the reliance of local agriculture on irrigation and cause an

increase in the areas suitable for vector development.

Human vulnerability to the regional processes

At the regional scale, shorter-term changes are linked pri-

marily to land use, and hydrological and hydrometeoro-

logical changes associated with agricultural practices within

the Aral Sea basin. In Kazakhstan only 13 % of the land

under cultivation is currently irrigated, but the rest of the

region highly depends on irrigation: 76 % of arable land is

equipped for irrigation in Kyrgyzstan, 68 % in Tajikistan,

87 % in Uzbekistan, and in 100 % in Turkmenistan (Kir-

ilenko and Dronin 2011) and agriculture is potentially

highly vulnerable to climate change because of the degra-

dation of limited arable land and shortage of water available

for irrigation. Almost two-thirds of domestic livestock are

supported on grazing lands. Growing demand for water for

irrigation, high levels of water pollution, and frequent

droughts and widespread land degradation are among the

key water stress and food security-related issues that

already threaten human development and security of the

Aral Sea basin countries. Land-use changes and expansion

of irrigated lands are also the major factors contributing to

the spread of water-borne and vector-borne diseases.

At this scale, exposure of human–environmental systems

to environmental impacts is primarily determined by

proximity of the population to water sources, type of water

sources, as well as other aspects of physical geography,

such as terrain, vegetation, and soils. The major factors of

sensitivity include population demographics, prevailing

agricultural practices and crops, livestock and small stock

species, as well as market flexibility, alternative food sup-

plies, access to health care, strength of the local and national

institutions, and many other factors that determine man-

agement of land and water resources and the regional scale.

Many variables of adaptive capacity to the regional

processes associated with land-use and land-cover trends

are similar to those relevant to human vulnerability to the

global climate change: financial and institutional stability,

access to education, technology, and other resources.

However, more detailed indicators are necessary to capture

these factors at a finer scale of individual administrative

units and communities. Some other scale-specific factors

include access to modern irrigation techniques and more

sustainable agricultural practices, introduction of more

diverse and less water-demanding food crops, improve-

ment of water supply and water purification systems,

mosquito control, and other health-related preventive

measure (Table 3). Unfortunately, significant rural poverty

and unemployment, particularly among women, growing

economic inequality, shortage of adequate health care, and

deteriorated infrastructure have significantly reduced

adaptive capacity of the majority of the population in many

parts of the Aral Sea basin.

Human vulnerability to the local processes

In the direct proximity to the Aral Sea, its own suite of

anthropogenic climate change and environmental problems

has emerged. Of all countries of the Aral Sea basin, wes-

tern Kazakhstan and Karakalpakstan Republic in western

Uzbekistan have been directly impacted by the micro- and

meso-climatic changes caused by the desiccation the Aral

Sea, sea-bottom exposure, and the associated toxic salt and

dust storms. The salt content of the Southern Aral Sea

ranges between 100 and 150 g/L, which is more than triple

the salinity of the open ocean (Micklin 2007). The same

processes that contributed to the Aral Sea degradation have

also resulted in the rise of the groundwater table and

contamination of groundwater with high levels of salts and

other minerals. Groundwater mineralization in this region

can be as high as 6 g/L TDS and drinking water reaches

levels of up to 3.5 g/L total dissolved solids (compared to

the national standard of 1 g/L) (Lioubimtseva et al. 2005).

At the local scale, food security and human health issues

in these areas are directly linked to water availability and

water stress. All croplands in the surroundings of the Aral

Sea rely on irrigation. The depletion of surface and

groundwater sources, high concentration of salts and other

chemicals in water, increasing wind and water erosion,

increasing temperature extremes caused by the Aral Sea

disappearance, and frequent salt storms from its barren

salty bottom have devastating impact on the local agri-

cultural productivity. In the past, regions adjacent to the

Aral Sea used to have a vibrant fishing industry. Today,

fishing is non-existent in Karakalpakstan, but is coming

back to the Small Aral in Kazakhstan. As the micro-climate

of the area adjacent to the Small Aral continues to improve,

it will most likely have positive impact on the local food

security, water availability, and livelihoods of the local

communities. The situation is much less hopeful in the

neighboring Karakalpakstan, where both the sheer size of

the Large Aral dry bottom and persistent lack of financial

resources represent insurmountable challenges for any

potential restoration project. The case of the Small and

Large Aral clearly illustrates that human vulnerability is a

function of both biophysical and socioeconomic variables.
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At this scale, human vulnerability is largely determined

by the local and, to some extent, national factors. Exposure

to direct impacts of the micro- and meso-climatic changes

caused by the Aral Sea degradation chiefly depends on the

location of the population: distance from the exposed

bottom of the sea, distance from water sources, and water

salinity in the remaining lakes. Exposure to dust storms is

one of the major factors affecting population health in the

vicinity of the Aral Sea and several studies conducted in

this region have established that the exposure to dust

contaminated by fertilizers, defoliants, pesticides, heavy

metals, and other chemicals is a direct cause of pneumonia,

asthma, gastritis, liver and pancreatic diseases, pyelone-

phritis, and various types of cancer (Jensen et al. 1997;

Wiggs et al. 2003). Total dust deposition is extremely high,

in the range of 50–1679 kg per hectare with the highest

deposition rates at sites located in the desert (O’Hara et al.

2000; Wiggs et al. 2003).

Sensitivity to adverse (or beneficial) processes in the

vicinity of the Aral Sea is shaped by population mobility,

skills and demographic parameters, such as age and gender.

For example, there is substantial evidence that anemia and

certain types of cancer in this region primarily affect

women. Children are particularly vulnerable to respiratory

and eye diseases, and kidney and liver problems caused by

the toxic dust storms. There is a high child mortality rate of

75 in every 1,000 newborns and maternity death of 12 in

every 1,000 women (Jensen et al. 1997; Sayko 1998;

Micklin 2007). Psychological health of the population is

another important measure of its vulnerability to economic

or environmental stresses. Environmental exposures may

impact not only on the physiological, but also on the

psychosocial health of individuals. Studies by Crighton

et al. (2003a, b) have uncovered a wide range of physio-

logical health problems and somatic symptoms due to

environmental stress in the Aral Sea area’s population.

Factors, such as gender and ethnicity of respondents seem

to influence their psychological and physiological sensi-

tivity to environmental changes.

The adaptive capacity of the population at this scale

depends on the availability of financial, technological,

educational, and many other resources at the scale of

individual communities, families, and even individuals.

Frequently, these types of resources shape the individual

and community-wide decisions and adaptation strategies,

such as to stay or to migrate, to continue with the same

economic activity or to switch job, and to cultivate the land

in the same way as before or to adopt new crops, new

methods, new technologies, and so on. Low resources

mean low adaptive capacity and unplanned reactive adap-

tation measures. During the first years after the collapse of

the USSR, the estimated number of environmental

migrants from the Aral Sea area was more than 100,000

people and in the recent decades the net emigration from

the areas adjacent to the Aral Sea has continued (Akiner

2000), with 5 to 10 % of the working-age population of this

region leaving Karakalpakstan every year (Elpiner 2003;

Crighton et al. 2003a, b). Considering that these environ-

mental refugees are usually individuals who have the best

skills, opportunity, and psychological aptitude to migrate

and adjust to different lifestyles in other regions or coun-

tries, there is concern that the population left behind would

have even lower adaptive capacity. The difference between

the Small Aral in Kazakhstan and Large Aral in Uzbekistan

provides an insightful example of how resources shape the

adaptation capacity and adaptation strategies. In the early

1990s the situation in both regions was quite similar and

the population had very few adaptation choices besides

emigration. Yet, Kazakhstan has nonetheless tried to par-

tially restore the northern Aral and was able to attract

massive international aid to follow up with this project.

Twenty years later, the Small Aral levels are climbing up,

the local micro-climate has improved, freshwater fish is

back, the coastal vegetation has been restored, and the

population of the Kazakh coast of the Aral Sea has sig-

nificantly more economic opportunities. The proactive

efforts of Kazakhstan have clearly demonstrated that water

level could be raised and salinity lowered and the local

climate change can be mitigated.

Conclusions

The Aral Sea basin represents an area with diverse envi-

ronmental, social, and economic stresses that occur at

several spatial and temporal scales. The entire basin is

projected to become warmer during the coming decades

and precipitation is likely to increase slightly in its eastern

part and to decrease in the west. Aridity is expected to

increase across the entire region, but especially in the

western part of Turkmenistan, Uzbekistan, and Kazakh-

stan, areas that are also affected by significant land-use and

hydrological changes and Aral Sea degradation. The tem-

perature increases are predicted to be particularly high in

summer and fall, but lower in winter. An especially sig-

nificant decrease in precipitation is predicted in summer

and fall, while a modest increase or no change in precipi-

tation is expected in the winter months, particularly in the

eastern part of Kazakhstan and in adjacent Kyrgyzstan and

Tajikistan. These seasonal climatic shifts are likely to have

profound implications for water resources, food security,

and health. Climatic changes are driven by multiple inter-

connected factors, such as changes in atmospheric circu-

lation associated with global warming, regional

hydrological changes caused by mountain-glacial melting

and massive irrigation, land-use changes, as well as
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hydrological, biogeochemical, and meso- and microcli-

matic changes in the drying Aral Sea itself. Given that the

aridity and water stress are likely to increase, new political

and economic mechanisms are necessary to ease such

tensions in the future.

The proposed multi-scale approach to human vulnera-

bility assessment offers an effective framework to quantify

and evaluate variables of exposure, sensitivity, and adap-

tive capacity of human–environmental systems that often

have very different spatial extent and duration: from

macro-regional to local and from long-term to short term.

Once all variables are identified and collected, they can be

weighed based on their relative importance and a com-

prehensive multi-scale multi-criteria model can be devel-

oped for mapping human vulnerability of the basin.
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