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Household mobility responses to weather
extremes in Kyrgyzstan

Barchynai Kimsanova 1 , Thomas Herzfeld1,2, Atabek Umirbekov1,
Kathleen Hermans1, Daniel Müller 1,3,4 & Nodir Djanibekov1

Weather extremes increasingly shape human mobility, yet their effects differ
across households and locations. We advance understanding of climate-
related mobility by distinguishing among four outcomes: domestic mobility,
international mobility, combined domestic-international mobility, and
immobility, rather than treating mobility as a simple binary choice. Focusing
on Kyrgyzstan, a climate-vulnerable mountainous country in Central Asia, we
combine nationally representative household panel data from 2013–2022with
high-resolution climate data. Here, we show that weather extremes, both
within districts and in neighboring districts, are more strongly associated with
international mobility and immobility than with domestic and combined
domestic-international mobility. Responses differ substantially across house-
holds’ socioeconomic position, with immobility more common among
households with lower socioeconomic position and more diverse mobility
patterns observed among households with higher socioeconomic position.
Our findings suggest that mobility responses to weather extremes in Kyrgyz-
stan are shaped by both geographic context and household socioeconomic
position.

When extremeweather events occur, such as severe droughts1–3, large-
scale floodings4,5, or prolonged winter extremes6, people often move
tootherplaces, reflectingmobility responses to climatic stress7,8. Yet in
many climate-vulnerable settings, people experience repeated losses
while remaining in place9,10. This contrast is consistent with evidence
suggesting that those most exposed to weather shocks often have
fewer financial, health-related, and social resources available to sup-
port mobility11–13.

Mobility under climatic stress is shaped by household resources
rather than constituting an automatic response to extreme weather.
Evidence suggests that whether mobility occurs is associated with
households’ ability to finance relocation, manage risk, and cope with
uncertainty14. When resources are limited, financial, social, and emo-
tional barriers may increase the costs associated with mobility15–17.
Consequently, mobility toward safer or more prosperous destinations

may be more feasible for households with sufficient resources to bear
the costs of relocation and adjustment18.

Household resources shape not only whether mobility occurs, but
also the distance of mobility. Among households with greater socio-
economic resources, severe weather shocks are often associated with a
shift from local relocation to longer-distance mobility19–22, whereas
households with fewer resources are more likely to remain in place or
engage in shorter-distance mobility. Extreme weather can deplete
savings23, destroy productive assets24, and weaken social networks25,
leaving many households exposed while remaining in place26. Conse-
quently, weather shocks may widen inequalities in mobility by facilitat-
ing long-distance movement among households with greater resources
while reinforcing immobility among households with fewer resources3.

At the same time, immobility cannot always be explained by
economic constraints alone. Evidence from diverse settings suggests
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that place attachment, identity-based ties to land and livelihoods, and
gendered social roles linked to subsistence activities may reinforce
staying despite increasing climatic risks27. For some households,
ancestral land, social obligations, and cultural continuity outweigh the
perceived benefits of mobility, even under repeated weather
extremes28. These socially embedded forms of immobility can coexist
with economic constraints, shapingmobility outcomes inways that are
not fully captured by income or asset thresholds alone7,27,29.

Mobility constraints linked to limited household resources may
be particularly pronounced in mountain regions, where geographic
conditions can increase the costs and risks of mobility30–32. High-
altitude areas often experience rapid climatic change, including
erratic precipitation, harsher winters, and prolonged droughts that
can place sustained pressure on farming and pastoral livelihoods33,34.
At the same time, rugged terrain, long travel distances, sparse
infrastructure, and limited market access may reduce nearby relo-
cation options and increase the fixed costs of mobility. Conse-
quently, weather extremes in mountain regions may constrain
mobility rather than induce it, leaving households with fewer
resources less able to move, while those with greater resources may
be better positioned to mobilize the resources required for
relocation35.

Kyrgyzstan is highly exposed to climate change, with significant
warming trends and changing precipitation and runoff patterns36.
Climate projections indicate that the frequency and intensity of
droughts and heavy rainfall events are likely to increase in the coming
decades37. These trends are expected to place increasing pressure on
water resources, agriculture, and natural hazard risks across the
country’s predominantly mountainous terrain, potentially increasing
the vulnerability of rural livelihoods38. Against this backdrop, Kyrgyz-
stan provides a useful context to examine how weather extremes
interact with household mobility under high-altitude conditions
(Fig. 1). Approximately 90% of the country’s territory lies above
1500m, and nearly 10% of the population resides above 2000m,
where geographic isolation and exposure to weather extremes are
particularly pronounced39. Labor migration plays a central role in

livelihoods and risk management: in 2022, 16% of Kyrgyz citizens lived
abroad and remittances accounted for nearly 20% of national GDP40.
Nevertheless, geographic barriers, socioeconomic disadvantages, and
limited accessibility may restrict migration opportunities for some
highland communities41, while place attachment and strong social ties
may also reinforce decisions to remain in place.

Constraints on mobility extend beyond income alone. Health,
nutrition, education, and asset holdings also shape households’ ability
to respond to weather extremes42–44. In mountain regions, remoteness
and recurrent weather extremes can compound these disadvantages,
contributing to precariousmobility or immobility45. Collectively, these
dimensions reflect broader differences in household well-being,
understood here as the living conditions and resources that shape
households’ capacity to respond to climatic stress.

Here, we examine how extreme weather, geography, and house-
hold well-being jointly shape household mobility and immobility in
Kyrgyzstan. Household well-being is measured using a composite
index encompassing nutrition, healthcare access, education, and living
standards, developed by the authors and designed to capture broader
dimensions of well-being beyond conventional income-based
measures46. Our framework builds on the New Economics of Labour
Migration47 and spatial poverty trap models48 and is related to
aspirations-capability approaches to migration and climate
adaptation49. Figure 2 conceptually illustrates this resource-threshold
framework, in which domestic mobility becomes feasible at lower
resource levels, whereas international mobility requires substantially
greater capabilities, with households remaining immobile when nei-
ther threshold is reached (Supplementary Note 1 provides a full deri-
vation). Weather extremes may shift these mobility outcomes by
increasing incentives for mobility or by tightening resource con-
straints through asset loss and rising mobility costs. Using nationally
representative longitudinal household data combined with high-
resolution climate information, we distinguish among domestic
mobility, international mobility, combined mobility (households
experiencing both domestic and international mobility), and immo-
bility. Our analysis highlights substantial heterogeneity in mobility

Fig. 1 | Elevation map of Kyrgyzstan. Elevation shown in four discrete elevation bands, measured in meters above sea level (m.a.s.l.).
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outcomes across householdwell-being levels, geographic settings, and
spatially interconnected climate exposures.

Results
Spatial and temporal variation in mobility, well-being, and
weather extremes
Mobility outcomes vary substantially across space and time (Fig. 3a, b).
Domestic, international, combined mobility, and immobility are
observed across Kyrgyzstan, with international mobility concentrated
particularly in southwestern and several mid-elevation districts, while
domestic and combined mobility occur more sporadically across the
country (Fig. 3a). Temporal patterns indicate a decline in domestic and
combined mobility after 2016, whereas international mobility became
relatively more prominent in later years (Fig. 3b), coinciding with
Kyrgyzstan’s accession to the Eurasian Economic Union, which
expanded access to foreign labor markets50. Descriptive statistics fur-
ther show that immobility is the most common outcome across all
elevation groups, accounting for 78–93% of households depending on
elevation, with the highest immobility rates observed among house-
holds located above 2000m (Table 1).

Household well-being also varies across space and time (Fig. 3c,
d). For descriptive and analytical purposes, households are classified
into lower-, middle-, and higher-well-being groups based on terciles of
the multidimensional well-being index (MWI). Lower-well-being
households are disproportionately concentrated in remote mountain
districts (Fig. 3c). Because the index is constructed using a fixed set of
indicators and weights, temporal variation reflects changes in under-
lying living conditions rather than changes in measurement. Con-
sistent with this structure, average household well-being increased
modestly in the early years of the panel but declined after 2020,
reflecting deteriorations in nutrition and health during the COVID-19
period (Fig. 3d). Descriptive statistics further show that households
located above 2000m exhibit the lowest average well-being and the
highest share of lower-well-being households (Table. 1), indicating a
concentration of vulnerability in high-altitude areas.

Weather extremes are widespread and recurrent across Kyrgyz-
stan (Fig. 3e, f). Districts experience repeated dry spells, excessive
rains, hot summers, and cold winters, with several northern and
mountainous regions exposed to multiple extremes within the same
year (Fig. 3e). Temporal variation further indicates substantial year-to-
year fluctuations in the intensity of weather extremes across the study
period (Fig. 3f). Exposure appears particularly persistent in high-
elevation areas, which also exhibit lower levels of household well-
being. These patterns suggest a spatial overlap between weather
extremes and lower household well-being. International mobility is
most prevalent among households located at mid-elevations
(1000–1500m), whereas combined mobility remains rare across all
elevation categories (Table 1)

Extreme weather intensity and mobility outcomes
Associations between extreme weather intensity and household
mobility outcomes are estimated for both direct exposure and spil-
lover exposure from neighboring districts. Across nested elevation
bands (i.e., progressively higher elevation thresholds where higher
bands are subsets of lower ones) and household well-being groups,
these associations vary in both magnitude and direction (Fig. 4).
Associations are generally larger in magnitude for international
mobility and immobility than for domestic and combined mobility.
Full estimation results, average marginal effects, supplementary
source tables, and the custom analysis code are provided in the
Zenodo and Code Ocean repositories referenced in the Data avail-
ability and Code availability statements.

Associations between extreme weather intensity and domestic
mobility are generally modest but vary across household well-being
groups and exposure types. Conditional on exposure, more severe
cold winters are associated with higher domestic mobility among
middle-well-beinghouseholds under direct exposure,with increases of
about 3% across elevation bands. Similarly, greater spillover intensity
of cold winters in neighboring districts is positively associated with
domesticmobility among lower-well-being households, with increases
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Fig. 2 | Conceptual illustration of resource-based mobility constraints under
extremeweather.The figurepresents a stylized conceptual framework rather than
empirical results. Solid curves represent baseline mobility outcomes as household
capabilities increase relative to mobility costs. Domestic mobility (blue curve)
becomes feasible after a lower capability threshold, whereas international mobility
(green curve) requires substantially greater capabilities. The purple arrow indicates
substitution across mobility outcomes under a shared household constraint,

whereby households allocate available resources toward higher-cost international
mobility as capabilities increase. Dashed curves and dashed vertical lines illustrate
how extreme weather events may shift mobility outcomes and thresholds by
increasing incentives for mobility (push effects) or by tightening constraints
through resource depletion or rising mobility costs (constraining effects). The
shaded area denotes the range in which households remain immobile because
available capabilities are insufficient to enable mobility.
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of roughly 2–4%. In contrast, greater spillover intensity of dry spells is
associated with lower domestic mobility among higher-well-being
households (around −3%).

Associations between extremeweather intensity and international
mobility are generally negative across household well-being groups
and are largest in magnitude under spillover exposure. Among lower-
well-being households, greater hot summer intensity is associatedwith
lower probabilities of international mobility (approximately −3%),
while greater spillover intensity of dry spells is associated with larger
declines (−5% to −6%). Among higher-well-being households, greater

cold-winter intensity under direct exposure is associated with reduc-
tions in international mobility (−7% to −12%), while middle-well-being
households show similar declines under spillover cold-winter intensity
(−5% to −7%). Overall, exposure to extreme weather across multiple
districts is associatedwith lower probabilities of internationalmobility.

Associations between extreme weather intensity and combined
mobility are generally small. Across most weather variables, estimated
associations conditional on exposure are close to zero across house-
hold well-being groups. Two exceptions are observed for cold winters:
greater cold-winter intensity under direct exposure is associatedwith a

Fig. 3 | Spatial and temporal (2013–2022) variation inmobility, householdwell-
being, and weather extremes in Kyrgyzstan. a Shows the spatial distribution of
household mobility outcomes across districts, and b shows their temporal evolu-
tion over the study period. c Maps average household well-being across districts,
whiledpresents temporal variation in averageMWI and its component dimensions.

e, f Illustrate the spatial frequency and temporal variation of weather extremes,
including dry spells, excessive rains, hot summers, and cold winters. Spatial fre-
quencies are measured as the number of years in which districts experienced at
least one extreme event. Lighter shades indicate lower frequencies and darker
shades indicate higher frequencies.
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modest increase in combined mobility among middle-well-being
households (about 3%), while greater spillover intensity of cold win-
ters is positively associated with combined mobility among higher-
well-being households (around 2%). These associations are slightly
larger above 2000m but remain small relative to other mobility
outcomes.

Associations between extreme weather intensity and immobility
are strongest at high elevations and are positive inmost specifications.
Above 2000m, more severe cold winters are associated with higher
immobility among higher-well-being households, corresponding to
increases of about 9–16% in the predicted probability of immobility.
Greater spillover intensity of cold winters in neighboring districts is
also positively associated with immobility among middle-well-being
households (around 8–11%). In addition, greater spillover intensity of
dry spells is associated with higher immobility among higher-well-
being households (around 11%), suggesting that spatially widespread
climatic stress may be associated with a greater likelihood of remain-
ing in place.

Well-being and non-linear mobility outcomes
Figure 5 shows that household mobility outcomes vary across house-
hold well-being levels and display non-linear patterns. Immobility is
most common among lower-well-being households, while domestic
and combined mobility are most common among middle-well-being
households. International mobility is most common among higher-
well-being households. Spillover associations of household well-being
from neighboring districts vary across mobility outcomes but change
little across elevation bands. This pattern suggests that local house-
hold well-being is more closely associated with whether mobility

occurs, whereas surrounding conditions may influence the type of
mobility observed.

Associations between well-being and domestic mobility vary
across household well-being groups, elevation, and spatial exposure.
Among higher-well-being households, higher MWI is positively asso-
ciated with domestic mobility under direct exposure, with effects
ranging from about 6% to 13% across elevation bands. Spillover asso-
ciations are smaller but remain positive across all elevations. Among
middle-well-being households, spillover associations are positive
across all elevations (6–9%), while direct associations are positive at
higher elevations andbecomenegative at lower elevations. In contrast,
among lower-well-being households, higher MWI is associated with
lower domestic mobility under both direct and spillover exposure,
with larger negative associations athigher elevations, reaching roughly
−14% (direct) and −7% (spillover).

For international mobility, associations with well-being vary
across household well-being groups and spatial exposure. Among
higher-well-being households, higherMWI is positively associatedwith
international mobility under direct exposure, with effects ranging
from about 50% to 80% and larger positive associations at higher ele-
vations. Among middle-well-being households, direct associations are
positive but smaller (15–30%), while among lower-well-being house-
holds they are negative across all elevations and larger inmagnitude at
higher elevations. Spillover associations are negative across all well-
being groups and larger in magnitude than direct effects, particularly
for higher-well-being households (around −25% to −35%). This pattern
suggests that higher levels of household well-being in neighboring
districts are associated with lower probabilities of international
mobility.

Table 1 | Descriptive statistics by elevation band

<1000m 1000–1500m 1500–2000m >2000m

Mobility outcomes

Immobile (%) 89 78 87 93

Domestic (%) 3 4 4 2

International (%) 6 14 8 5

Combined (%) 2 4 2 1

Household well-being

MWI (mean) 0.66 0.65 0.66 0.63

Lower-well-being (%) 32 40 34 51

Middle-well-being (%) 39 37 36 36

Higher-well-being (%) 29 23 30 14

Extreme weather events

Dry spells-exposure (%) 11 4 14 11

Dry spells-intensity (mean) 1.24 1.21 1.41 1.39

Excessive rains-exposure (%) 36 30 33 26

Excessive rains-intensity (mean) 1.47 1.61 1.63 1.79

Hot summers-exposure (%) 53 51 56 46

Hot summers-intensity (mean) 1.61 1.54 1.73 1.83

Cold winters-exposure (%) 10 10 11 11

Cold winters-intensity (mean) 1.72 1.68 1.62 1.63

Household characteristics

Household size (mean) 5 5 5 5

Dependency ratio (mean) 0.36 0.40 0.40 0.40

Male share (mean) 0.47 0.47 0.50 0.49

Households 2857 1025 1750 663

Observations (N) 17,436 7004 11,366 4344

The table summarizes household mobility outcomes, multidimensional well-being (MWI), household characteristics, and exposure to extreme weather across four elevation categories. Elevation
bands are defined as <1000m, 1000 ≤ x ≤ 1500m, 1500 <x ≤ 2000m, and >2000m. Mobility outcomes are expressed as shares of households. Weather exposure variables report the share of
households experiencing at least one extreme event, while intensity measures capture the averagemagnitude of climatic deviation (SPI/STI) conditional on exposure, averaged across households
within each elevation band. All statistics are survey-weighted; reported observations (N) refer to unweighted sample size.

Article https://doi.org/10.1038/s41467-026-75052-2

Nature Communications |         (2026) 17:5629 5

www.nature.com/naturecommunications


For combined mobility, associations with well-being are positive
across all household well-being groups but smaller in magnitude than
those observed for international mobility and vary little across eleva-
tion bands. Spillover associations of well-being are largest in magni-
tude among higher-well-being households (38–44%), while middle-
well-being households show positive spillover associations (17–21%).
Lower-well-being households exhibit smaller positive spillover asso-
ciations (7–10%). Direct associations between well-being and

combined mobility are positive for all groups but generally smaller in
magnitude, particularly among higher-well-being households, where
effects remain below 7% and approach zero at some elevations.

Associations between well-being and immobility vary strongly
across well-being groups and are largest in magnitude at higher ele-
vations. Among lower-well-being households, higher MWI is positively
associated with immobility under both direct and spillover exposure
(4–17%). In contrast, middle- and higher-well-being households exhibit

Fig. 4 | Associations between extreme weather intensity and household
mobility outcomes. Average marginal associations between extreme weather
intensity conditional on exposure and percentage-point changes in the predicted
probabilities of household mobility outcomes (domestic mobility, international
mobility, combined mobility, and immobility). Estimates are conditional on
household well-being (MWI), household characteristics, and spatial and temporal
controls, and incorporate all interactions included in the empirical specification.

Weather variables are shown separately for direct exposure (D), measured in the
household’s own district, and spillover exposure (S), measured as average intensity
in neighboring districts. Results are presented across nested elevation bands
(>1000m, >1500m, and >2000m a.s.l.) and lower-, middle-, and higher-well-being
groups, defined by terciles of theMWI distribution. Shading indicates the direction
and magnitude of associations. Estimates reflect conditional associations and
should not be interpreted as causal effects.
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negative associations between MWI and immobility. Direct associa-
tions are particularly large among higher-well-being households, with
the largest declines observed above 1500m, where immobility
decreases by approximately 57% to 98%. Spillover associations are also
negative but smaller in magnitude. Overall, higher-well-being is asso-
ciated with lower probabilities of immobility among middle- and
higher-well-being households, whereas positive associations are
observed among lower-well-being households. This pattern suggests
non-linearities in the relationship between well-being and mobility
outcomes.

Discussion
Research onmobility inmountainous regions provides crucial insights
into adaptation, livelihoods, and place attachment, yet nationally
representative quantitative evidence remains scarce45. We examine
how extreme weather, geography, and household capabilities are
associatedwithmobility and immobility across a high-altitude country
using nationally representative longitudinal household data. Our
findings suggest that exposure to extremeweather alone is insufficient
to explain mobility outcomes and that mobility responses are asso-
ciated with differences in household well-being.

Our framework suggests that differences in access to material
resources, healthcare access, education, and living standards are

associated with different mobility outcomes under climate stress. We
observe non-linear patterns in the relationship between household
well-being and mobility outcomes, consistent with theoretical per-
spectives that view mobility as contingent on both aspirations and
capabilities.

A key implication of our findings is that immobility cannot be
interpreted solely as a failure to adapt or as a direct outcome of
deprivation. Instead, immobility may represent a distinct outcome
associated with both structural constraints and place-based
preferences51. This pattern is consistent with evidence on voluntary
immobility, whereby households remain in place due to place attach-
ment, cultural identity, social obligations, and perceived risks asso-
ciatedwithmobility. Inmountain regions, attachment to land, pastoral
livelihoods, and community cohesion may outweigh the perceived
benefits of mobility, even under increasing climatic stress7,27,29.

At the same time, mobility decisions are associated with factors
beyond material resources, including social networks, cultural
attachment, and migration regimes that influence access to mobility
opportunities. Our framework does not claim that multidimensional
well-being fully explains mobility behavior. Rather, it provides a par-
simonious and policy-relevant proxy for the capacity to mobilize
resources required for relocation. Future research could integrate
cultural, social, and institutional dimensions with quantitative

Fig. 5 |Multidimensionalwell-being andnon-linearmobility outcomes.Average
marginal associations betweenmultidimensionalwell-being (MWI) andpercentage-
point changes in the predicted probabilities of immobility, domestic mobility,
international mobility, and combined mobility, conditional on household char-
acteristics and spatial and temporal controls. Estimates are shown separately for

lower-, middle-, and higher-well-being groups, defined by terciles of the MWI dis-
tribution, illustrating non-linear patterns across the well-being distribution. Results
also include spillover associations of MWI from neighboring districts. Estimates
represent conditional associations and should not be interpreted as causal effects.
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measures of household resources to provide a more comprehensive
understanding of mobility and immobility under climatic stress.

Our findings also carry important policy implications. First, cli-
mate adaptation and disaster risk management strategies should
explicitly account for both mobility and safe immobility. Constrained
or involuntary immobility may require targeted support rather than
being treated as a residual outcome or policy failure52. Second,
simultaneous weather extremes across neighboring districts are
associated with lower probabilities of international mobility, suggest-
ing the potential value of scalable in-situ support, including social
assistance, healthcare access, and emergency services, especially in
remote and high-elevation areas. In the Kyrgyz context, where inter-
nationalmobility – primarily to Russia andKazakhstan – constitutes an
important livelihood strategy, these findings suggest that mobility
channels may become less accessible during periods of spatially
widespread climatic stress, highlighting the importance of com-
plementary domestic adaptation measures.

A third policy implication concerns the association between
household well-being and mobility outcomes. Improvements in
healthcare access, education, and living standards may expand the
range of adaptation options available to households, including both
voluntary mobility and safe immobility. This perspective aligns with
National Adaptation Plan processes and Green Climate Fund-
supported programming, which increasingly emphasize social pro-
tection, human development, and deprivation reduction as compo-
nents of climate adaptation, particularly for populations facing
structural mobility constraints53.

Finally, the importance of spatial spillovers suggests that adap-
tation planning may benefit from extending beyond administrative
boundaries. Coordinated responses across climatically connected
districts may be more effective than isolated interventions. Overall,
our findings suggest that climate-related mobility cannot be under-
stood through climatic exposure alone. Policies that jointly consider
climatic stress, spatial interdependence, and household capabilities
may be better positioned to support equitable and effective adapta-
tion under increasing climate risk.

Methods
Scope and data coverage
We examine how socioeconomic conditions and extreme weather
events are associatedwith householdmobility outcomes inKyrgyzstan
during 2013–2022. The analysis draws on the Kyrgyz Integrated
Household Survey (KIHS), a nationally representative quarterly rotat-
ing panel covering approximately 5000 households per year across all
seven provinces and the capital city, Bishkek. Although the KIHS
sampling design does not oversample high-altitude communities, it
provides nationwide coverage that includes mountainous and remote
areas. The study uses anonymized secondary survey data collected by
the National Statistical Committee of the Kyrgyz Republic and there-
fore did not require additional institutional ethics approval or
informed consent procedures by the authors.

The survey contains detailed information on household mobility,
demographics, education, health, employment, expenditures, and
asset ownership, with explicit stratification by urban and rural resi-
dence. District-level administrative identifiers (aiyl aymak) are avail-
able for all household–year observations used in the analysis, enabling
themerging of household data with district-level spatial covariates for
all 205 administrative districts. The estimation sample includes
approximately 97% of surveyed households; observations lacking
geographic identifiers are excluded.

KIHS follows a rotating panel design, and households are there-
fore not observed continuously over the full study period. To docu-
ment the resulting panel structure, Supplementary Table 1 reports
pairwise household retention rates across survey waves. Retention is
high between adjacent years and declines gradually over longer

intervals, reflecting the survey’s rotation design rather than selective
attrition. Despite this rotation, the estimation sample is dominated by
repeatedly observed households: the median household appears in
eight survey waves, the mean participation length exceeds six years,
and fewer than 1% of households exhibit non-consecutive
observation gaps.

To measure weather extremes, we combine household data with
high-resolution climate information from the ERA5-Land reanalysis
product54, which provides monthly precipitation and temperature
estimates at approximately 9 km spatial resolution. Climate variables
are aggregated to the district level and aligned with the Central Asian
hydrological year. We focus on four weather extremes that are parti-
cularly relevant in Kyrgyzstan: dry spells, excessive rains, cold winters,
and hot summers.

Evidence from the Life in Kyrgyzstan (LiK) survey (2010–2019)
indicates that dry spells, excessive rains, and cold winters are themost
frequently reported climate-related shocks experienced by house-
holds, with 33% reporting excessive rains, 25% cold winters, and 16%
dry spells during the observation period55. We also include hot sum-
mers, which have become more frequent under regional warming
trends56, thereby complementing self-reported experiences with
standardized climatemetrics. For each hazard, we distinguishbetween
exposure (the occurrence of an extreme event) and intensity (the
magnitude of climatic deviation conditional on exposure), allowing us
to assess whether household mobility is associated primarily with the
occurrence of extreme conditions or with their severity once
they occur.

Key variables
We define householdmobility as a four-category outcome: immobility
(no residential change), domestic mobility (moves within Kyrgyzstan),
internationalmobility (moves abroad), and combinedmobility (moves
withinKyrgyzstan and abroad). TheKIHS records annuallywhether any
household member changed residence during the preceding
12 months and whether the move occurred domestically or inter-
nationally. A household is classified as mobile if at least one member
reports a residential change, with themobility outcomedeterminedby
the reported destination(s). Some households report both domestic
and international mobility by different members. Rather than exclud-
ing these cases or imposing a hierarchy across destinations, we classify
such households as exhibiting combined mobility. This category cap-
tures within-household diversification of mobility and avoids conflat-
ing distinct mobility responses.

We measure household well-being using an MWI adapted from
the Multidimensional Poverty Index framework of Alkire and Santos57

and previously developed for Kyrgyzstan46. The index is continuous,
ranges from 0 to 1, and aggregates ten indicators across four equally
weighted dimensions: nutrition, education, health, and living stan-
dards. Several adaptations reflect theKyrgyz context.We exclude child
mortality, included in the original Alkire-Santos index, due to its low
incidence in Kyrgyzstan. We measure nutrition using dietary diversity
based on aBerry Index constructed from food expenditure shares. The
education dimension reflects compulsory schooling through pre-
school attendance and completion of at least eleven yearsof education
by the household head. Health is captured through illness incidence,
access to medical services, and the ability to cover healthcare costs,
reflecting the importanceof out-of-pocket expenditures in Kyrgyzstan.
Living standards are measured using income and living space for all
households, supplemented by land and livestock ownership for rural
households, which better differentiate welfare in a post-Soviet setting.
Supplementary Table 2 provide full details on index construction,
indicators, and weighting. Collectively, these dimensions capture
household living conditions relevant to mobility capabilities.

In this study, “well-being” is operationalized in a bounded, mul-
tidimensional sense as household living conditions relevant to
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mobility. The MWI captures material and service-related dimensions—
nutrition, education, health, and living standards—rather than sub-
jective, psychological, or broader relational aspects of well-being. We
therefore interpret the index as a proxy for capability-related condi-
tions associated with feasibility of mobility, rather than as a compre-
hensive measure of welfare.

We measure exposure to extreme weather events using the
Standardized Precipitation Index (SPI) and the Standardized Tem-
perature Index (STI), which capturemonthly deviations from long-run
historical climate averages on a standardized scale58. We focus on four
climate stressors relevant for Kyrgyzstan, distinguished by their sea-
sonal timing and underlying climatic mechanisms. We identify dry
spells using SPI values below −1 calculated over the hydrological year
(October–September), capturing sustained moisture deficits. We
measure excessive rains using spring SPI values above 1, and we define
cold winters and hot summers using January–February STI values
below −1 and July–August STI values above 1, respectively.

We model exposure using continuous SPI and STI values and set
values within the normal range (−1 to 1) to zero, such that only devia-
tions beyond the onset of extreme conditions enter the analysis. This
specification isolates the intensity of weather extremes conditional on
exposure, allowing us to distinguish severity of extreme conditions
from their occurrence. We aggregate dry-spell SPI at the provincial
level because droughts operate over broad hydrological basins and
district-level precipitation anomalies may not fully capture down-
stream water availability59. In contrast, excessive rains, cold winters,
and hot summers are measured at the district level, where localized
climatic deviations directly affect households. Supplementary Table 3
reports full variable definitions, measurement, and data sources.

Econometric strategy
Householdmobility outcomes are associated not only with household
characteristics and local conditions, but also by conditions in sur-
rounding areas that share labor markets, infrastructure, migration
networks, and exposure to climatic shocks. These interdependencies
can generate spatial clustering inmobility behavior, such thatmobility
outcomes in one district may be associated with conditions in neigh-
boring districts. To capture this spatial dependence in amulti-category
setting, we estimate an augmented multinomial logit (MNL) model.
This approach extends the standard multinomial logit framework by
allowingmobility probabilities to depend on both local covariates and
spatially lagged explanatory variables.

Each household-year observation is classified into one of four
mutually exclusive mobility outcomes: domestic mobility (j = 1),
international mobility (j = 2), combined domestic and international
mobility (j = 3), and immobility (j =4), which serves as the reference
category. The model estimates associations between household well-
being, extreme weather intensity conditional on exposure, elevation,
household characteristics, spatial spillovers, and the probability of
each mobility outcome relative to immobility.

Wemodel spatial dependence through spatially lagged covariates
rather than spatially lagged dependent variables, allowing household
mobility outcomes to be associated with surrounding conditions
without imposing behavioral diffusion in outcomes themselves. We
distinguish between socioeconomic spillovers and climatic spillovers,
reflecting the different mechanisms through which these processes
may operate.

For household socioeconomic characteristics, including MWI, we
construct spatial lags using a K-nearest neighbors (KNN) travel-cost
connectivity matrix. Each district is linked to its five nearest neighbors
(K = 5) based on effective travel costs rather than straight-line distance.
Travel costs are derived from a global friction surface that integrates
road networks, land cover, slope, and transport infrastructure to
estimate least-cost travel times across terrain60. Pairwise weights are
defined as the inverse of travel cost and row-standardized so that

weights sum to one for each district. This approach is intended to
represent effective socioeconomic connectedness, which is particu-
larly important inmountainous settings where Euclidean distancemay
poorly reflect accessibility, market integration, and migration
networks.

For climate variables, we construct spatial lags using a separate
K-nearest neighbors matrix based on geographic proximity. Each dis-
trict is linked to its five closest neighboring districts using inverse-
distance weights computed from great-circle (haversine) distances.
Theseweights are also row-standardized. This specification is intended
to represent the spatial correlation and propagation ofmeteorological
processes across neighboring districts, independent of transport
infrastructure or economic connectivity. Spatial associations may
reflect not only indirect spillover processes, but also shared regional
exposure to correlated climatic conditions across neighboring dis-
tricts. All spatially lagged variables are standardized to ensure com-
parability with their corresponding direct effects.

To capture geographic heterogeneity in mountain environments,
we incorporate nested elevation bands (above 1000m, 1500m, and
2000m a.s.l.) derived from a digital elevation model. The 2000m
threshold reflects a commonly used cutoff in mountain research,
above which climatic conditions, accessibility constraints, and liveli-
hood systems change sharply in Kyrgyzstan61. We interact elevation
indicators with both extreme weather intensity and household well-
being, allowing climate–mobility and well-being–mobility associations
to vary across elevational gradients.

Household-level controls include household size, dependency
ratio, gender composition (male share), and rural residence. We
include year indicators to absorb common temporal shocks and
macroeconomic trends. MWI is lagged by one period so that mobility
outcomes are associatedwith pre-existingwell-being conditions rather
than contemporaneous changes driven by mobility itself. This lag
structure reduces simultaneity concerns, although it does not fully
eliminate possible feedback mechanisms through which migration
may subsequently affect household welfare, for example via remit-
tances or labor reallocation.We do not include district fixed effects, as
these would absorb the spatial variation required to identify spillover
effects; instead, spatial lags and elevation interactions capture geo-
graphic heterogeneity directly. All models are estimated using KIHS
sampling weights.

To allow for non-linear relationships between well-being and
mobility, we estimate the model separately for households in the
lower-, middle-, and higher-well-being groups, defined by terciles of
the MWI distribution, thereby avoiding the imposition of homo-
geneous effects across the well-being distribution. Uncertainty is
assessed using a cluster bootstrap at the survey primary sampling unit
(PSU) level, resampling PSUs with replacement and re-estimating the
model in each replication. Bootstrap standard errors are computed as
the standard deviation of coefficient estimates across replications,
accounting for within-PSU dependence induced by the survey design.

A simplified representation of the estimated model is:

ln
P Y = jð Þ
P Y =4ð Þ

� �
= f MWIt�1, weather intensityjexposure, elevation,

�

spatial spillovers, controlsÞ, j = 1, 2, 3:
ð1Þ

The full mathematical specification is provided in Supplementary
Methods 1.

Robustness and sensitivity
We conduct a comprehensive set of robustness and sensitivity ana-
lyses to assess the stability of our findings to alternative specifications,
measurement choices, spatial assumptions, and potential sources of
bias. These checks address concerns related to simultaneity between

Article https://doi.org/10.1038/s41467-026-75052-2

Nature Communications |         (2026) 17:5629 9

www.nature.com/naturecommunications


household well-being and mobility, omitted variables, the definition
and aggregation of weather extremes, spatial dependence, and sample
composition in a rotating panel. Unless otherwisenoted, all robustness
exercises yield qualitatively similar patterns to the baseline results.

A key concern in studies linking household well-being to mobility
outcomes is potential simultaneity, as mobility may itself affect well-
being through remittances, labor loss, or selection into mobility. Our
baseline specification mitigates this concern by lagging household
well-being by one year ensuring thatmobility outcomes are associated
with pre-existing household conditions rather than contemporaneous
changes driven by mobility. Nevertheless, migration may still subse-
quently affect household welfare through remittances, labor reallo-
cation, or changes in household composition.

To further assess potential reverse causality, we estimate auxiliary
regressions in which current household well-being is regressed on
future mobility indicators. Results show that future mobility is asso-
ciated with a small but statistically significant decline in current well-
being, even after controlling for household demographics, elevation,
and year effects (Supplementary Table 4). This pattern suggests that
mobility is more likely to be preceded by lower well-being rather than
driving contemporaneous improvements, supporting our lag struc-
ture. While these checks cannot fully eliminate endogeneity concerns,
they indicate that reverse causality is unlikely to be the primary driver
of the estimated associations. We therefore interpret all results as
conditional associations rather than causal effects.

To assess sensitivity to the construction of household well-being,
we re-estimate all models using an alternative index that excludes
asset-based components and focuses on consumption, health, and
education. This addresses concerns that asset ownership may
mechanically correlate with long-term location choices or mobility
capacity. Results remain highly stable: coefficient signs remain
unchanged in more than 94% of cases across mobility outcomes, ele-
vationbands, andMWI tercilegroups, andconfidence intervals overlap
throughout. Although some magnitudes attenuate modestly, the non-
linear patterns linking well-being to mobility, and immobility remain
intact.

Householdmobility outcomes inKyrgyzstanexhibit strong spatial
clustering, reflecting shared climatic conditions, infrastructure con-
straints, and migration networks. We formally assess spatial depen-
dence using Moran’s I statistics computed on district-level averages of
bothmobility outcomes andweather variables. Results indicate strong
and statistically significant spatial autocorrelation across all outcomes
and climate variables, with Moran’s I values ranging between 0.51 and
0.91 across alternative neighborhood sizes (K = 4–10; Supplementary
Table 5). These findings confirm that ignoring spatial structure would
result in misspecified models.

To account for spatial dependence in mobility outcomes and cli-
mate exposure, our spatial multinomial logit framework incorporates
spatial spillovers through spatially lagged covariates rather than spa-
tially lagged dependent variables. Socioeconomic spillovers are mod-
eled using a travel-cost-based KNN matrix derived from a global
friction surface, capturing effective accessibility and network-
mediated interactions. Weather spillovers are modeled using inverse-
distance weights, reflecting the geographic propagation of meteor-
ological processes. In the baseline specification, we use K = 5 nearest
neighbors, balancing local sensitivity with robustness in sparsely
populated high-altitude regions. Re-estimating all models K values
from 4 to 10 yields highly stable results, with unchanged coefficient
signs, magnitudes, and statistical significance (Supplementary
Table 6).

We further assess residual spatial dependence by computing
Moran’s I statistics on generalized residuals from the estimated mod-
els. Post-estimation Moran’s I values are substantially lower than their
pre-estimation counterparts across all specifications. While some
residual spatial correlation remains—most notably for international

mobility—it ismarkedly attenuated, indicating that themodel captures
a substantial share of underlying spatial dependence.

Although themultinomial logitmodel relies on the Independence
of Irrelevant Alternatives (IIA) assumption, the inclusion of spatially
structured covariates allows substitution patterns to vary system-
atically with local and neighboring conditions. To assess the robust-
ness of this assumption, we conduct drop-one-alternative tests,
sequentially excluding each mobility category and re-estimating the
model. Relative changes in coefficient vectors are generally modest
and well below levels associated with substantive instability (Supple-
mentary Table 7). Importantly, the direction and relativemagnitude of
key coefficients remain stable across all specifications.

While international labor migration—primarily to Russia and
Kazakhstan—accounts for a large share of mobility in Kyrgyzstan,
spatial spillovers remain relevant because domestic mobility, interna-
tional mobility, and immobility are jointly determined within house-
holds and often reflect diversification strategies. Migration networks,
credit constraints, and access to information are spatially clustered,
particularly in remote and high-altitude areas. More broadly, the
observed spatial correlation should not be interpreted solely as evi-
dence of direct spillovers across districts. In mountainous settings
such as Kyrgyzstan, neighboring districts often experience correlated
climatic conditions, so part of the association likely reflects shared
regional exposure rather than behavioral diffusion alone. These pat-
terns are consistent with spatially clustered climatic stress being
associated with local opportunity structures rather than direct beha-
vioral diffusion across districts.

Finally, we assess whether overlapping weather extremes intro-
duce confounding or multicollinearity. Pairwise correlations among
dry spells, excessive rains, cold winters, and hot summers are modest
( | ρ | ≤0.196; Supplementary Table 8). Hot summers are the most
prevalent extreme, followed by excessive rains, dry spells, and cold
winters.While 26% of observations experiencemore than one extreme
within a year, exposure to three or more events is rare, and four-way
overlap is negligible. Consistent with these patterns, variance inflation
factors remain close to unity for all climate variables (VIF≤ 1.09; Sup-
plementary Table 9), indicating that overlapping extremes do not bias
the estimated weather effects.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cleaned and operationalized dataset generated in this study has
been deposited in the Zenodo repository62 under accession https://
doi.org/10.5281/zenodo.20126869. Climate data are publicly available
from the ERA5-Land reanalysis product of the European Centre for
Medium-Range Weather Forecasts (ECMWF) at https://doi.org/10.
24381/cds.e2161bac. The original Kyrgyz Integrated Household Sur-
vey (KIHS) microdata used in this study are subject to confidentiality
and data-use restrictions imposed by the National Statistical Com-
mittee of the Kyrgyz Republic and therefore cannot be shared publicly
by the authors. Researchers may request access to the original survey
data from the National Statistical Committee of the Kyrgyz Republic
(Marketing@stat.kg), subject to institutional approval and applicable
data-use agreements.

Code availability
Custom Python scripts used for data cleaning, spatial processing,
estimation of the augmented multinomial logit (MNL) models, and
calculation of marginal effects have been deposited in a public
Zenodo62 repository under accession https://doi.org/10.5281/zenodo.
20126869. The repository includes the analysisworkflow, source code,
and package requirements necessary to reproduce the analyses
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reported in this study. An executable reproducibility capsule con-
taining the computational environment, code, and data workflow is
additionally available onCodeOcean63 at https://doi.org/10.24433/CO.
3566282.v1.
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