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Abstract

(1) Background: Climate change is reducing the climatic windows in which outdoor sport
and physical activity can be safely practised. Yet, it remains unclear whether the resulting
population exposure is distributed evenly across countries or is concentrated in countries
with higher socio-economic vulnerability. Here, we assess the country-level distribution of
population exposure to sport-relevant heat along a projected socio-economic vulnerability
gradient. (2) Methods: We assess a screening-level, population-based proxy of sport-
relevant heat exposure, defined by residents living in grid cells experiencing specified
afternoon WBGT exceedance frequencies. We first quantify a population exposure burden
by combining reconstructed afternoon wet-bulb globe temperature (WBGT) exceedance
frequencies from bias-corrected CMIP6 projections (NEX-GDDP, five-model ensemble) with
SSP-consistent gridded population. The resulting grid-cell exposure burden, expressed
in person-days yr~!, is aggregated to the country level. Countries are then ranked using
a published national socio-economic vulnerability index (GVI), and the distribution of
the exposure burden along this vulnerability gradient is quantified using a population-
weighted concentration index (CI). The GVI is used as the ranking variable and is not
incorporated into a multiplicative vulnerability-weighted risk metric. Two internally
coherent futures (SSP1-2.6 and SSP2-4.5, each paired with its corresponding socio-economic
pathway) are evaluated at mid-century (2055) and late century (2085). (3) Results: The
population exposure burden is concentrated in more vulnerable countries in all scenario—
horizon-threshold combinations (CI > 0; 0.09-0.25). Under SSP1-2.6 at mid-century, the
five-model mean CI showed a descriptive increase from 0.17 for WBGT > 28 °C to 0.25 for
WBGT > 32°C, although the 95% paired hierarchical-bootstrap interval for the 32-minus-
28 °C contrast included zero. By 2085, about 4.11 billion people live in cells experiencing at
least 30 days yr ! with WBGT > 32 °C under SSP2-4.5, compared with 2.14 billion under
SSP1-2.6. (4) Conclusions: The results identify projected between-country inequalities in
resident population exposure to sport-relevant heat conditions; they do not quantify actual
sport participation, athlete exposure or health outcomes. The comparison between SSP1-2.6
and SSP2-4.5 further shows substantial differences in both climatic hazard and population
exposure between these two integrated climate-demographic-socio-economic futures.

Keywords: heat stress; wet-bulb globe temperature; outdoor sport; climate vulnerability;
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1. Introduction

Heat is a first-order constraint on outdoor sport and physical activity. Elevated air
temperature and humidity impair thermoregulation, degrade performance and, beyond
critical thresholds, become life-threatening: weather conditions measurably slow endurance
events [1], heatwaves strain the cardiovascular system [2], and exertional heat illness
remains a recurrent cause of death among athletes [3], and major sporting events are
increasingly planned around extreme-heat risk for athletes and spectators alike [4,5]. As
the climate warms, the conditions under which outdoor sport can be safely practised are
therefore being eroded—not as an occasional disruption, but as a progressively structural
feature of the sporting calendar.

To represent this combined thermal load, the wet-bulb globe temperature (WBGT) has
become the reference index in occupational, military and athletic guidelines, because it
integrates temperature, humidity, radiation and wind into a single operationally meaningful
quantity [6]. WBGT underpins the heat-policy thresholds of major sport federations,
which escalate from activity modification to outright suspension as conditions worsen,
and the index responds differently in hot-dry versus warm-humid environments, so
that the same air temperature can carry very different physiological cost [7]; beyond a
point, heat stress becomes uncompensable even for fit individuals exercising at moderate
intensity [8]. Crucially, WBGT-based constraints are projected to expand markedly under
future warming, increasing the frequency of outdoor conditions associated with substantial
physiological heat stress across large parts of the globe [9,10].

A large body of literature has quantified how many people will be exposed to extreme
heat as the climate warms. Global assessments project a rapid rise in humid-heat stress [11],
sharp increases in population exposure in the United States [12] and Africa [13], and—most
strikingly—that a majority of the urban world will face dangerous heat within decades [14].
These studies establish the magnitude of the exposed population, but they treat that
population as an undifferentiated total: they answer “how many”, not “who”.

Yet, exposure to heat is not borne equally. At the city scale, a now-substantial body
of work shows that heat falls disproportionately on disadvantaged populations: urban
heat-island intensity is systematically higher in lower-income and historically marginalised
neighbourhoods [15,16], extreme humid-heat events disproportionately affect the most
exposed communities [17], and exposure rises fastest for demographically vulnerable
groups such as older adults [18]. This unequal distribution has been framed as a matter of
climate justice and human rights [19]. At the international scale, the capacity to cope with
such hazards is itself unevenly distributed, and is captured by national-level determinants
of vulnerability and adaptive capacity [20,21]. To date, however, this distributional lens
has been applied to mortality, labour and urban heat—not to the loss of safe conditions for
sport and outdoor physical activity, and not at the global, country-resolved scale.

The intersection of sport, heat and climate projections remains comparatively sparse,
and where it exists it has focused on where activity should be located: recent work asks
where major sporting events should be held under global warming, using WBGT from
downscaled CMIP6 projections [22]. That question is logically prior to, but distinct from, the
one we pose here. We do not ask where a single event should go; we ask how the emerging
burden of sport-relevant heat is distributed across countries of differing socio-economic
vulnerability, and whether that distribution is equitable. In other words, we move from the
magnitude of exposure to its concentration along the vulnerability gradient.

Importantly, the sport lens used here is population-based rather than event- or athlete-
based. We do not estimate the realised exposure of elite athletes, organised competitions or
specific sport calendars. Instead, we quantify the resident population potentially exposed
to climatic conditions that constrain safe outdoor sport and physical activity, using WBGT
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thresholds that are operationally meaningful for heat management in outdoor exercise.
This distinction matters for equity: in countries with lower adaptive capacity, the same
heat-stress hazard may translate more directly into lost opportunities for school sport,
youth sport, community sport and everyday physical activity, because protective infras-
tructure, medical supervision, shaded or indoor facilities, and scheduling flexibility are less
widely available.

Existing research has examined climate change and physical activity broadly [23], the
climatic suitability of major sporting events [22], occupational heat and work capacity [10],
and the implications and management of extreme heat for school-based sport and physical
activity [24,25]. The physiological basis and sport-specific consequences of exercising in
the heat are also well established [26].

A separate body of literature has documented international and subnational inequali-
ties in heat exposure, primarily in relation to health, labour and urban environments [14-17].
These research strands provide the physiological, operational and distributional founda-
tions for the present analysis, but they do not directly quantify the future country-level
distribution of a population-based sport-relevant WBGT exposure burden along a projected
socio-economic vulnerability gradient. The present study connects this literature rather
than claiming to establish an entirely new field.

Here we combine sport-relevant afternoon WBGT exceedance from bias-corrected
CMIP6 projections with SSP-consistent gridded population to quantify a population expo-
sure burden in person-days per year. We then evaluate how this burden is distributed across
countries ranked by a published, externally validated national socio-economic vulnerability
index. Working at country level under two internally coherent Shared Socio-Economic
Pathways and two future horizons, we ask three questions. First, is the population exposure
burden concentrated in countries with higher projected socio-economic vulnerability, and
by how much? Second, does the concentration of exposure vary across increasingly severe
WBGT thresholds? Third, how do the joint patterns of climatic exposure and projected vul-
nerability differ between the two integrated SSP futures? By answering these, we provide
a transparent, reproducible and equity-aware basis for adaptation planning in sport and
outdoor physical activity.

2. Materials and Methods
2.1. Overview: Population Exposure Assessed Along a Socio-Economic Vulnerability Gradient

We quantify the distribution of sport-relevant heat exposure through a two-stage
analytical framework. First, the climatic hazard is represented by the annual frequency
of afternoon wet-bulb globe temperature (WBGT) threshold exceedance derived from
bias-corrected CMIP6 projections. At the grid-cell level, this hazard is combined with the
resident population exposed to that hazard. The resulting product, expressed in person-
days per year, represents the population exposure burden:

bim =P X Ajm, (1)

where P; is the resident population in grid cell i, A; ,, is the annual mean number of days
exceeding the selected WBGT threshold in climate model m, and b; ,, is the corresponding
model-specific population exposure burden.

Second, the grid-cell exposure burden is aggregated to the country level and analysed
along a national socio-economic vulnerability gradient using the Global Vulnerability
Index (GVI). The GVI is not multiplied by either the climatic hazard or the population and
therefore does not constitute part of a vulnerability-weighted risk metric. Instead, it is used
exclusively as the country-ranking variable in the concentration analysis.
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Accordingly, this study explicitly distinguishes between: (i) climatic hazard frequency
(days yr~1); (ii) population exposure burden (person-days yr~1); (iii) population-weighted
per capita exposure (days person~! yr~1); and (iv) projected national socio-economic
vulnerability, represented by the GVI. The analysis therefore quantifies the distribution
of climatic exposure burden across projected vulnerability levels, rather than estimat-
ing vulnerability-weighted risk, health impacts, realised sport participation, or adaptive
capacity loss.

Two internally consistent future pathways (SSP1-2.6 and SSP2—4.5) are analysed
for two time horizons (2055 and 2085). The complete processing sequence, from the
model-specific climate variables and WBGT reconstruction to population overlay, country
aggregation, vulnerability ranking, concentration analysis and ensemble summaries, is
presented schematically in Supplementary Figure S54.

2.2. Climate Hazard

Heat-stress exposure was quantified using outdoor Wet-Bulb Globe Temperature (WBGT),
a biometeorological index widely recommended for occupational and sport heat-risk assess-
ment [27,28]. Following the methodological approach applied by Sawadogo et al. [22] for
football climate-risk assessment, outdoor WBGT was calculated using the standard outdoor-
sun formulation
WBGT = 0.7 Ty + 02Ty + 0.1 T,

where Ty, is the natural wet-bulb temperature, T, the black-globe temperature, and T, the
near-surface air temperature.

Daily meteorological variables were obtained from the bias-corrected, statistically
downscaled NASA NEX-GDDP-CMIP6 archive at 0.25° spatial resolution [29]. The required
variables were daily maximum and minimum air temperature (tasmax, tasmin), daily mean
relative humidity (hurs) and surface downwelling shortwave radiation (rsds).

Because CMIP6 models do not directly provide either T, or Ty, both variables were
reconstructed from these meteorological fields. Natural wet-bulb temperature was esti-
mated using the analytical psychrometric approximation proposed by Stull [30], whose
mean error is below approximately 0.3 °C under standard atmospheric conditions.

Daily mean relative humidity was first adjusted to be physically consistent with the
daily temperature maximum following the procedure described in Sawadogo et al. [22].
Daily vapour pressure was estimated from daily mean temperature and relative humidity
using the Tetens saturation—vapour—pressure relationship and subsequently converted to
the relative humidity corresponding to the daily maximum temperature. This procedure
approximates afternoon humidity while preserving atmospheric moisture content.

Black-globe temperature was estimated using the empirical regression of Hajizadeh
etal. [31]:

Ty = 0.01498 RSDS + 1.184 T, — 0.0789 RH — 2.739,

where RSDS is surface downwelling shortwave radiation (W m~2), RH is relative humid-
ity (%), and T, is expressed in °C. This empirical formulation reproduces the radiative
component of outdoor heat stress while remaining computationally suitable for large-scale
climate projections.

The resulting WBGT therefore represents outdoor-sun conditions and accounts for
the combined influence of air temperature, humidity and solar radiation. Wind effects are
represented implicitly through the empirical calibration of the globe temperature regression
rather than by explicit solution of the complete radiative-convective energy balance.

Five CMIP6 climate models were analysed independently: GFDL-ESM4, IPSL-
CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0 and UKESM1-0-LL. Afternoon WBGT was
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reconstructed separately for each climate model from its own meteorological fields.
Threshold exceedance was then computed independently for each model before any
ensemble aggregation.

For each WBGT threshold, the climatic hazard in grid cell i and model m was defined as

1 360

Ai,m = % = Di,m,t/

where D; ,,, ; is the monthly number of days exceeding the selected WBGT threshold during
month t. Thus, A; , represents the annual mean exceedance frequency (days yr—!) over the
corresponding 30-year climatological period.

Three mutually exclusive WBGT classes (28-30, 30-32 and >32 °C) were first calculated
separately for every climate model. Cumulative exceedance frequencies for WBGT > 28 °C
and WBGT > 30 °C were subsequently obtained by summing the appropriate classes. No
threshold was ever applied to an ensemble-mean WBGT field.

The ensmean product used elsewhere in the workflow is simply the arithmetic mean
of the final model-specific exceedance-frequency fields. Country exposure burdens, concen-
tration curves and concentration indices were likewise calculated independently for each
climate model before ensemble summary statistics were derived.

The large-scale plausibility of the underlying daily heat-stress reconstruction was as-
sessed in an independent comparison of NEX-GDDP-CMIP6 climatologies with ERA5 over
1991-2020 [32]. In that evaluation, the related daily-resolution shade-WBGT reconstruction
showed an area-weighted mean bias of 4+-0.78 °C, a root-mean-square error of 1.59 °C, a
mean absolute error of 1.19 °C and a spatial correlation of 0.994. Residual differences were
spatially structured, with larger deviations in regions characterised by strong humidity
gradients and complex tropical or subtropical near-surface climates, whereas biases were
generally weaker and spatially smoother at middle and high latitudes.

These statistics provide an external cross-product evaluation of the NEX-GDDP-CMIP6
inputs and of the broad spatial representation of heat-stress conditions. They are not a direct
validation of the exact outdoor-sun formulation used here, because the present calculation
adds the empirical black-globe temperature regression of Hajizadeh et al. [31]. A global
direct validation against observed outdoor WBGT was not possible because co-located
measurements of air temperature, humidity, radiation and black-globe temperature are not
available with sufficient global coverage.

Hazard was evaluated over two 30-year climatological windows, 2041-2070 and 2071-
2100, referred to throughout the manuscript by their representative central years 2055 and
2085. Three WBGT severity thresholds were considered: >28, >30 and >32 °C. These
thresholds correspond to commonly used operational heat-management levels in sport and
occupational guidance and are interpreted as harmonised environmental severity classes
rather than universal physiological limits applicable to all sports, activities or individuals.

2.3. Sport Relevance of the WBGT Thresholds

WBGT is used here as an environmental severity metric for outdoor sport and physical
activity, not as a direct prediction of individual heat strain. Its relevance comes from its
operational use in sport heat policies, because it integrates air temperature, humidity, radia-
tion and wind into a single index that can be linked to activity modification, additional rest,
cooling strategies, rescheduling or cancellation [5,6,33]. Recent reviews of International
Federation policies show that WBGT, or closely related thermal indices, are widely used
to assess heat-related risk in outdoor and endurance sports [33]. In professional football,
for example, proposed heat-protection guidance recommends cooling breaks above WBGT
26 °C and delay or postponement of matches above WBGT 28 °C [34]. Other sport organisa-
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tions use comparable WBGT-based triggers for operational mitigation, such as mandatory
hydration breaks around WBGT 30 °C in collegiate football /soccer contexts [35].

The thresholds used in this study should therefore be interpreted as harmonised
severity levels rather than universal medical cut-offs. WBGT > 28 °C marks conditions
under which heat management becomes operationally relevant in several sport policies;
WBGT > 30 °C represents a high heat-stress level where substantial modification of out-
door activity may be required; and WBGT > 32 °C is used as a severe, suspension-level
screening threshold for many outdoor activities. This harmonised threshold set is appropri-
ate for a global country-level assessment, but it does not imply that the same physiological
limit applies to all sports, ages, acclimatisation states or environmental contexts. Indeed,
sport-specific modelling indicates that upper thermal thresholds may differ substantially
across activities and may need to be revised for some sports [36]. The purpose of the
thresholds here is therefore to compare the geographical and socio-economic concentration
of increasingly severe sport-relevant heat, not to prescribe event-specific cancellation rules.

Throughout this study, “sport-relevant heat exposure” refers to a screening-level,
population-based proxy defined by residence in grid cells experiencing specified afternoon
WBGT exceedance frequencies. It does not represent realised exposure during sport or
physical activity and does not identify an activity-defined population.

2.4. Population Exposure

Population exposure was quantified using SSP-consistent gridded population projec-
tions provided as population counts on an approximately 1 km grid [37]. The population
pathway was matched to the corresponding climatic pathway: SSP1 population was paired
with SSP1-2.6, whereas SSP2 population was paired with SSP2-4.5. Population was sampled
at the central year of each climatic window, namely 2055 and 2085, so that climatic and
demographic conditions co-evolve consistently within each integrated future.

Population counts were aggregated from their native approximately 1 km grid to the
0.25° climate grid by summation, following the procedure described in Section 2.6. The
climatic hazard was not spatially downscaled, and no sub-grid climatic information was
inferred from the finer-resolution population data.

For each scenario and horizon, the resulting exposure layer provides the resident
population P; assigned to each 0.25° grid cell i. This population is spatially co-located with
the model-specific hazard A, ,,. The same population field was used for all five climate
models within a given SSP-horizon combination. Consequently, differences among model-
specific exposure estimates within the same integrated future arise from differences in the
projected climatic hazard rather than from differences in population.

The directly quantified outcome is therefore the number of residents living in grid cells
with specified WBGT exceedance frequencies, together with the corresponding person-day
burden and population-weighted per capita exposure. No information on actual sport
participation, activity timing, duration, intensity or adaptation is used in the calculation.

2.5. Socio-Economic Vulnerability

Socio-economic vulnerability is characterised using the Global Vulnerability Index
(GVI) Projection Database [38]. The database provides national projections of the GVIin
five-year intervals under SSP1, SSP2 and SSP3. The index, reported as pgvi, ranges from 0
to 100, with higher values indicating greater socio-economic vulnerability.

The projected index builds on the Global Data Lab Vulnerability Index developed
by Smits and Huisman [39]. The GVI is designed to represent the human and societal
components of vulnerability to climate change, natural hazards and other shocks. It does
not include the physical climatic hazard, geographical exposure, built-environment char-
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acteristics or other biophysical components. The original GVI combines eleven indicators
representing seven major dimensions of socio-economic vulnerability: the economy, educa-
tion, gender, health, infrastructure, governance and demography.

The GVI formula was derived using principal component analysis applied to a dataset
covering 162 countries over the period 2015-2020. The first principal component explains
66.4% of the variance among the underlying indicators, and all indicators contribute
substantially to the resulting component [39]. The component score was subsequently
transformed and reversed to produce the final 0-100 scale, on which higher scores denote
higher vulnerability.

The index has also undergone external and internal validation. At the national level,
the 2020 GVI is strongly associated with established measures of vulnerability and adaptive
capacity. Reported Pearson correlations include 0.89 with the vulnerability component
of ND-GAIN, 0.89 with its adaptive capacity component, 0.84 with the INFORM index
and 0.93 with the INFORM coping capacity component. The GVl is also correlated with
the vulnerability (r = 0.77), susceptibility (r = 0.78) and adaptive capacity (r = 0.81)
components of the World Risk Index [39]. In addition, reduced GVI specifications obtained
by removing individual indicators correlate above 0.99 with the complete index, indicating
that the index is not driven by a single underlying indicator.

We deliberately use this independently developed and validated index rather than con-
structing an ad hoc vulnerability metric specifically for the present analysis. For SSP1-2.6,
we use the corresponding SSP1 GVI projections; for SSP2-4.5, we use the SSP2 projections.
National GVI values are selected for 2055 and 2085, matching the central years of the two
climatic periods.

Because the GVI is available at national resolution, it is joined to the analysis only
after the grid-cell population exposure burden has been aggregated to countries. It is never
projected onto the climate grid and is not multiplied by either the climatic hazard or the
population exposure burden. The GVI is used exclusively to order countries from lower to
higher projected socio-economic vulnerability for the concentration analysis. Consequently,
although the climatic hazard and exposure burden are calculated independently of the GVI,
the resulting concentration curves and concentration indices remain conditional on the
country ranking generated by this vulnerability measure.

Sensitivity to temporal and SSP-specific changes in the national GVIranking is assessed
separately by recalculating the concentration indices using a common ranking fixed at the
2020 baseline, as described in Section 2.8.

Because the GVIis measured at national resolution, all residents of a country inherit the
same vulnerability value. The concentration analysis therefore measures between-country
inequality in exposure along a national vulnerability ranking. It does not capture within-
country differences in vulnerability or exposure, and the repeated individual ranks implied
by the national grouping are treated explicitly through population-weighted fractional
ranks, as described in Section 2.7.

2.6. Population Exposure Burden and Country Aggregation

The grid-cell population exposure burden defined in Section 2.1 was calculated and
aggregated independently for each climate model. The SSP-consistent population data,
provided as counts on an approximately 1 km grid, were first aggregated to the 0.25° WBGT
grid. Each 1 km population pixel was assigned to the climate grid cell containing its centre,
and all population counts assigned to the same climate cell were summed. The WBGT field
was not spatially downscaled, and no sub-grid climatic information was inferred.

Country boundaries from Natural Earth were rasterised directly onto the 0.25° climate
grid using the ADMO_A3 country codes. Rasterisation was performed using the standard
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centre-based rule (all_touched = FALSE): a climate grid cell was assigned to a country
when its centre fell within the corresponding national polygon. Each valid climate grid
cell was therefore assigned to at most one country. Neither fractional-area nor fractional-
population allocation between neighbouring countries was applied. As a consequence,
small islands, narrow coastal territories and fragmented archipelagos may be imperfectly
represented at 0.25° resolution.

Population was not clipped by national boundaries before its aggregation to the
climatic grid. Country attribution was applied after aggregation to the 0.25° grid. For
coastal and international-border cells, the complete aggregated population and associated
exposure burden were assigned to the single country containing the cell centre. Cells whose
centres did not fall within a valid national polygon remained unassigned and did not
contribute to country-level estimates.

For climate model m, the grid-cell population exposure burden was

bi,m = PiAi,m (2)
where P; is the resident population assigned to grid cell i and A; ,, is the model-specific
annual mean frequency of exceedance of the selected WBGT threshold. The burden b; ,, is
expressed in person-days yr~!. Scenario, horizon and threshold indices are omitted from
the notation for readability.

The national population exposure burden was then calculated as

Bem = Zbi,m = ZPiAi,m/ 3)
icc icc
where B, is the total population exposure burden in country ¢ for climate model m
(person-days yr1).
The corresponding population-weighted per capita exposure was calculated as
i _ Bc,m

A - 7
o EiEc P

(4)

where A, is the model-specific average annual exposure per resident in country ¢
(days person~! yr—1).

Only grid cells with finite population and hazard values and a valid country identifier
contributed to the country-level aggregations. Cells containing no resident population
contributed zero population exposure burden. Within a given SSP-horizon combination,
the population field and country mask were identical for all five climate models.

As a complementary threshold-based metric, we calculated the resident population
living in grid cells experiencing persistent severe-WBGT exceedance. For country c, climate
model m and persistence threshold 7, this population was calculated as

New() = L BI(A%, 2 7), ©)

i€c

where I is the indicator function and Af’fn is the annual mean frequency of days with
afternoon WBGT > 32 °C. The principal persistence threshold was T = 30 days yr~!, with
thresholds of 15 and 45 days yr~! evaluated as sensitivity cases.

For each climate model, the national population exposure burden and population-
weighted per capita exposure were subsequently analysed together with the projected
Global Vulnerability Index (GVI). The GVI was not incorporated into the population
exposure-burden calculation. It was used only as the country-ranking variable in the
concentration analysis described in Section 2.7.
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Within each scenario-horizon combination, the same projected GVI values and there-
fore the same vulnerability ranking were used for all five climate models. Countries with
missing GVI values, non-positive population or no valid population exposure estimate
were excluded from the concentration analysis. The countries and territories excluded
under these criteria are reported in Supplementary Table S1. No bespoke reassignment
of overseas territories was performed beyond the country and territory coding provided
by the Natural Earth ADMO_A3 polygons. Countries or territories without a valid 0.25°
cell-centre representation could not be retained. The complete-case concentration analyses
included 174 countries in each scenario-horizon calculation.

2.7. Concentration of the Burden Along the Vulnerability Gradient

To assess how the population exposure burden is distributed across countries with
differing projected socio-economic vulnerability, we used a population-weighted concen-
tration curve and concentration index (CI). Countries were ranked by their projected GVI
in ascending order, from least to most vulnerable. Because the GVI is available only at
national resolution, all residents of a country were assigned the same national vulnerability
value. The resulting analysis therefore measures between-country concentration and does
not resolve within-country inequalities in either vulnerability or exposure.

The climatic hazard and the national population exposure burden were calculated
independently of the GVI. The concentration analysis is not independent of the vulnerability
measure, however, because countries are ordered according to their projected GVI values.
Since the Cl is based on population-weighted fractional ranks, it depends on the ordering
of countries rather than on the absolute cardinal distance between their GVI scores. A
different vulnerability indicator, set of dimensions or weighting scheme could reorder
countries and consequently alter both the concentration curve and the CI. The results are
therefore interpreted as concentration along the selected GVI ranking, rather than as a
vulnerability-metric-independent property of the climatic hazard.

Within a given scenario and horizon, the GVI values, country ordering and population
weights were identical across the five climate models. Consequently, differences among
model-specific CI values within the same scenario-horizon combination arise from differ-
ences in the geographical distribution and magnitude of projected WBGT exceedance. This
comparability across climate models does not imply that the Cl itself is independent of the
selected vulnerability ranking.

Population-weighted fractional ranks.

For each scenario and horizon, fractional ranks were calculated from the cumulative
population distribution ordered by projected GVI. Countries sharing exactly the same
reported GVI value were treated as a tied vulnerability group and assigned the same
population-weighted mid-rank. Let g(c) denote the tied GVI group containing country c,
and let

Pg=) P 6)
JE8
be the total population of that group. The fractional rank assigned to all countries in group

g(c) was
1
Y. Pet 5Py
_ gGVL<GVI

T Y P
7

Thus, 7. corresponds to the midpoint of the combined population interval occupied by

(7)

all countries with the same GVI value. No numerical tolerance was used to combine nearly
equal but distinct GVI values: only values reported as exactly identical in the GVI database
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were treated as ties. Tied values were sufficiently frequent to require explicit treatment.
Among the 174 countries in the common complete-case sample, 82 countries formed 36 tied
GVI groups under SSP1-2.6 in 2055, 99 countries formed 43 groups under SSP1-2.6 in 2085,
63 countries formed 29 groups under SSP2-4.5 in 2055, and 84 countries formed 39 groups
under SSP2-4.5 in 2085. The largest tied group contained four countries under SSP1-2.6 and
three countries under SSP2-4.5. For the concentration curves, the populations and burdens
of countries sharing an identical GVI value were accumulated at their common rank, so
that the curve did not depend on an arbitrary ordering of countries within a tied group.

Concentration curve and index.

For climate model m, the concentration curve compares the cumulative share of the
model-specific national exposure burden with the cumulative population share ranked
by projected vulnerability. The curve lies on the 45° line when the population exposure
burden is proportional to population throughout the vulnerability distribution. A curve
below the line of equality indicates that a disproportionate share of the burden is borne by
populations living in countries with higher projected vulnerability.

The model-specific concentration index was calculated as

CL, = 2 covy(Acm, re), (8)
Hm
where A, is the population-weighted per capita exposure in country ¢ for climate model
m, 1. is the population-weighted fractional rank of country c in the GVI distribution,
is the model-specific population-weighted mean exposure, and covy, is the population-
weighted covariance.

The national grouping was represented through country-population weights and
the population-weighted mid-ranks defined above. Under the ecological representation
adopted here, this grouped calculation is algebraically equivalent to assigning every res-
ident the per capita exposure and vulnerability rank of their country. No additional
finite-sample, individual-level, Wagstaff or Erreygers correction was applied. The CI is
therefore interpreted as a descriptive between-country concentration measure conditional
on the national grouping and selected GVI ranking.

A positive CI indicates that the model-specific population exposure burden is con-
centrated towards populations living in countries with higher projected vulnerability. A
negative value indicates concentration towards populations living in countries with lower
projected vulnerability, while a value of zero indicates no net concentration along the
selected ranking.

Although the conventional concentration index is algebraically bounded between —1
and +1, these limits are not necessarily attainable for the observed grouped distribution.
The feasible extrema depend on the number and population size of the country groups,
the prevalence of tied ranks and the distribution and mean of the non-negative exposure
outcome. We therefore did not normalise the CI to empirical feasible bounds and do not
interpret its magnitude as a proportion of a universally attainable maximum. CI values
are used comparatively across climate models, WBGT thresholds and integrated future
pathways and are interpreted jointly with the corresponding concentration curves.

Country inclusion and zero exposure.

Countries with missing projected GVI, non-positive aggregated population or no valid
population exposure estimate were excluded before the fractional ranks and concentration
indices were calculated. Countries with valid population, GVI and climatic data but zero
WBGT exposure were retained. Such countries contributed their population to the cumula-
tive population distribution and zero burden to the cumulative exposure distribution.
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The same complete-case set of 174 countries was retained across both scenarios, both
horizons, all three WBGT thresholds and all five climate models. Country identities were
therefore identical among the main comparisons, although their SSP-specific population
weights, projected GVI values and fractional ranks could differ between scenarios and
horizons. The countries and territories excluded from this common set, together with the
reasons for exclusion, are reported in Supplementary Table S1.

Choice and complementary interpretation of the CI.

The population-weighted CI was selected because it directly compares the distribution
of total population exposure burden with the distribution of population along an ordered
socio-economic vulnerability gradient. It incorporates the complete country ranking,
weights each national estimate by the number of residents represented and has a directly
interpretable graphical counterpart in the concentration curve.

Unlike a regression coefficient or a slope or relative index of inequality, the CI does
not require the association between exposure and the cardinal GVI score to be linear.
Unlike an unranked Gini-type exposure index, it preserves the direction of concentration
towards countries with lower or higher projected vulnerability. These alternative measures
answer related but not identical questions and were therefore not used as substitutes for
the rank-dependent CL

The CI nevertheless compresses the complete distribution into a single summary
value. Where a concentration curve crosses the line of equality, positive and negative
deviations may partially offset one another and produce a small net CI despite substantial
inequality within particular parts of the distribution. We therefore interpret each CI jointly
with its complete concentration curve. As a complementary distributional measure, the
shares of population and exposure burden across five population-weighted sections of the
vulnerability ranking are reported in Supplementary Figure S1. This quintile representation
identifies which parts of the vulnerability distribution carry the burden and reduces reliance
on the net CI in cases where concentration curves cross the equality line.

Model and threshold comparisons.

Concentration curves and CI values were calculated independently for every cli-
mate model, scenario, horizon and WBGT severity threshold (28, 30 and 32 °C). The
pre-calculated ensemble-mean member was not treated as an additional climate model.
Inter-model uncertainty was quantified from the five individual CMIP6 models.

For each scenario-horizon—-threshold combination, the arithmetic mean of the five
model-specific CI values was used as the central ensemble estimate. The model-specific
minimum and maximum were used to describe the full inter-model range in the main
figures. The median, standard deviation, first and third quartiles, minimum, maximum and
individual model values are reported in Supplementary Table S2. These ranges describe
inter-model spread and are not interpreted as statistical confidence intervals.

The sign of the CI was examined separately for each model. Consistency of the
relationship between WBGT severity and concentration was assessed by comparing the
model-specific CI values obtained at WBGT thresholds of 28, 30 and 32 °C. This analysis
allows the direction and magnitude of the severity gradient to vary across climate models,
pathways and horizons rather than assuming a universally monotonic relationship.

The stability of country-level exposure-burden rankings was also evaluated separately
for each scenario, horizon and WBGT threshold. Countries were ranked in descending
order of their model-specific total exposure burden B, ;. For each country, we calculated the
mean, standard deviation, minimum and maximum rank across the five models, together
with the number of models providing a valid estimate. The overlap among the five model-
specific top-ten country rankings was additionally used to evaluate the stability of the
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highest-burden countries. Complete ranking stability results are reported in Supplementary
Table S3.

Sensitivity to temporal and SSP-specific changes in the country ordering was evaluated
separately by recalculating all model-specific concentration indices using a national GVI
ranking fixed at the 2020 baseline (Section 2.8).

All processing was implemented as a reproducible workflow. Data sources, analysis
code, model-specific outputs and ensemble summary statistics are described in the Data
Availability Statement.

2.8. Sensitivity to the Vulnerability Ranking

The main concentration analysis ranks countries using the projected GVI correspond-
ing to each SSP and horizon. Consequently, differences among scenario-horizon combina-
tions may reflect not only changes in climatic population exposure but also changes in the
relative socio-economic vulnerability ranking of countries.

To evaluate the influence of this projected reordering, all model-specific concentration
indices were recalculated using a common national GVI ranking fixed at the 2020 baseline.
The same ordering of countries was applied to SSP1-2.6 and SSP2-4.5, to the 2055 and 2085
horizons, and to all three WBGT thresholds. The scenario- and horizon-specific population
fields and the model-specific climatic exposure estimates were retained unchanged; only
the country ranking used in the concentration analysis was held constant.

For each climate model, scenario, horizon and WBGT threshold, we compared the
CI obtained using the fixed 2020 ranking with the CI obtained using the corresponding
scenario- and horizon-specific projected GVI ranking. The difference was calculated as

AClrank = Clfixed 2020 — CIprojected/ )

where positive values indicate a larger concentration index under the fixed baseline ranking.

This sensitivity analysis evaluates the extent to which the estimated CI and its variation
across futures are influenced by SSP-specific and temporal changes in the relative ordering
of countries within the GVI framework. It does not test alternative vulnerability indicators
or weighting schemes and does not establish that the concentration index is independent
of vulnerability measurement.

2.9. Sensitivity Analysis for the Temporal Representation of Population

The climatic hazard is represented by the mean annual WBGT exceedance frequency
calculated over the 2041-2070 and 2071-2100 climatological windows, whereas the principal
analysis uses SSP-consistent gridded population and projected GVI values for 2055 and 2085.
These years are used as representative central-year labels. They are the available projection
years nearest to the exact mathematical midpoints of the two inclusive climatological
windows, which are 2055.5 and 2085.5, respectively.

Using a single central-year population field provides a socio-economic state close to
the centre of each climatic window, but it does not account for population growth, decline
or spatial redistribution throughout the complete 30-year period. We therefore conducted a
sensitivity analysis using mean gridded population over each climatological window.

The population projections are available at five-year intervals under SSP1 and SSP2.
For each SSP and grid cell, the five-year population snapshots were first aggregated to the
0.25° climatic grid. Annual population values were then obtained by linear interpolation
between consecutive five-year snapshots. The arithmetic mean of the 30 annual population
fields was calculated for 2041-2070 and 2071-2100. The calculation for 2041-2070 used the
population snapshots from 2040 to 2070 to interpolate annual values beginning in 2041,
while the calculation for 2071-2100 used the snapshots from 2070 to 2100.
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The model-specific WBGT exceedance-frequency fields were retained unchanged. The
projected GVI values and country ordering remained those of the representative central
years, 2055 and 2085, because this sensitivity analysis was designed specifically to evaluate
the temporal representation of population. Sensitivity to changes in the GVI country
ordering was assessed separately in Section 2.8.

For each climate model, pathway, horizon and WBGT threshold, the national popula-
tion exposure burden, population-weighted per capita exposure and concentration index
were recalculated using the period-mean population field. We compared these estimates
with those obtained using central-year population. We also evaluated the relative change
in global exposure burden, the overlap between the ten countries with the largest national
burdens, the Spearman correlation between the complete country burden rankings and the
sign of the model-specific Clspoc — Clpgoc severity contrast.

This sensitivity analysis evaluates whether the use of a representative central-year
population materially affects the country-level burden and concentration results. It does
not constitute a fully time-varying integration of annual climate hazard, population and
socio-economic vulnerability. Detailed results are reported in Supplementary Table S7.

2.10. Inter-Model Uncertainty and Ranking Stability

Inter-model uncertainty was quantified from the five individual climate models. The
pre-calculated ensemble-mean member was not treated as an additional climate model,
and gridded ensemble-minimum and ensemble-maximum products were not used as
substitutes for model-specific uncertainty.

For every scenario, horizon and WBGT threshold, country-level exposure burdens,
population-weighted per capita exposure, concentration curves, concentration indices and
persistence-based population counts were calculated independently for each model. The
arithmetic mean across the five models was used as the central ensemble estimate. The
inter-model minimum-maximum range is displayed in the main figures, while the median,
standard deviation and interquartile range are reported in the Supplementary Material.

For the concentration curves, thin lines represent the five model-specific curves, the
thick line represents their arithmetic mean and the shaded band represents the inter-model
minimum-maximum range. The same graphical convention is used for the concentration
index across WBGT severity thresholds. For persistence-based population counts, bars
represent the five-model mean, error bars represent the inter-model minimum-maximum
range and points represent the five individual climate models. The arithmetic mean
of the five model-specific country exposure estimates is used for descriptive maps and
scenario contrasts.

The sign of the CI and the direction of change between WBGT thresholds were evalu-
ated separately for each model. The stability of national exposure-burden rankings was
assessed by ranking countries in descending order of B.,; within each model, scenario,
horizon and threshold. For each country, the mean, standard deviation, minimum and max-
imum rank across models were calculated, together with the number of models for which
a valid estimate was available. Stability of the highest-burden countries was additionally
evaluated from the overlap among the five model-specific top-ten rankings.

2.11. Bootstrap Uncertainty and Paired Threshold Contrasts

Statistical uncertainty in the concentration index was assessed using a paired hierarchi-
cal bootstrap that incorporated sensitivity to both country composition and climate-model
selection. The analysis was conducted separately for each scenario-horizon combination
using the 174 countries with valid population, GVI and exposure estimates for all five
climate models and all three WBGT thresholds.
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Within each bootstrap replication, countries were sampled with replacement from
the set of national groups. Each sampled country’s population, projected GVI and model-
specific per capita exposure remained attached to that country. Climate models were
also sampled with replacement by drawing five model identities from the five-model
ensemble. For each sampled climate model, the population-weighted concentration index
was recalculated from the sampled countries, and the arithmetic mean of the five sampled
model-specific indices was retained.

The same sampled countries and climate models were used for the three WBGT
thresholds within each replication. This paired procedure preserves the dependence among
the threshold-specific concentration indices and permits direct estimation of differences
between thresholds. The paired contrasts were calculated as

ACl3p-28 = Clzp — Clg, (10)

ACl3p-30 = Cl3p — Clso, (11)
and

ACl3p—28 = Cl3p — Cls. (12)

A strictly monotonic increase was defined as a replication in which both ClI3y > Clyg
and Cl3p > Clsy.

Percentile-based 95% bootstrap uncertainty intervals were calculated from 5000 replica-
tions. A concentration index was considered distinguishable from zero under this procedure
when its 95% bootstrap interval excluded zero. Evidence of a difference between two thresh-
olds required the corresponding paired interval for ACI to exclude zero. We also report
the proportions of bootstrap replications in which the CI or paired difference was positive.
These proportions are descriptive bootstrap probabilities and are not frequentist p-values.

The country-cluster bootstrap quantifies sensitivity to the finite composition of na-
tional groups, while model resampling quantifies sensitivity to the selected five-model
ensemble. The resulting intervals are conditional on these countries and models. They are
not individual-level sampling intervals, probabilistic forecasts of future climate, or esti-
mates of the full uncertainty associated with CMIP6, bias correction, population projections,
GVI projections or WBGT reconstruction.

All processing is implemented as a reproducible workflow; data sources, code and
archived outputs are listed in the Data Availability Statement.

3. Results
3.1. Spatial Co-Location of Exposure and Projected Vulnerability

Figure 1 maps the joint national distribution of population-weighted per capita expo-
sure to afternoon WBGT > 32 °C and projected socio-economic vulnerability across the
two scenarios and horizons. Exposure and projected GVI were classified using common
national-tertile thresholds derived from the pooled complete-case country—panel distri-
bution and applied identically to all four scenario-horizon panels. The colours therefore
allow direct comparison of the joint exposure-vulnerability classes across futures. These
common classes support comparison across panels, although the maps do not isolate the
contributions of individual climatic, demographic or socio-economic drivers.

A persistent spatial pattern nevertheless emerges across the four futures. Countries
combining exposure and vulnerability in their respective highest tertiles are concentrated in
South Asia, the Sahel and sub-Saharan Africa. Under SSP2-4.5 in 2085, 32 countries belong
to this joint high-exposure, high-vulnerability class, including India, Pakistan, Nigeria,
Bangladesh, Sudan, Niger and a broad group of Sahelian and tropical African countries.
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By contrast, several highly exposed countries in the Arabian Peninsula and parts of East
Asia occupy lower vulnerability classes, while much of the temperate high-income world
remains in the lower joint classes.

SSP1-2.6 — 2055 SSP2-4.5 — 2055
<
# Noiage
W
SSP1-2.6 — 2085 SSP2-4.5 — 2085

-3 o
o f (days pe

Figure 1. Bivariate distribution of population-weighted per capita exposure and projected socio-
economic vulnerability. Population-weighted per capita exposure (A., days person~! yr~1) is cal-
culated from the five-model mean of the model-specific afternoon WBGT > 32 °C exceedance
frequencies and crossed with the projected national Global Vulnerability Index (GVI). Exposure and
GVl are classified using common national-tertile thresholds applied identically to all four panels. The
numerical class boundaries and the directions of increasing exposure and vulnerability are reported
explicitly in the bivariate legend. Darker colours indicate countries combining higher exposure and
higher projected vulnerability. Countries without complete data are shown in white. The 2055 and
2085 horizons are representative central-year labels for the 2041-2070 and 2071-2100 climatological

windows, respectively.

The national exposure burden is dominated by large populations experiencing frequent
exceedance. Under SSP2-4.5 in 2085, India accounts for a five-model mean of approximately
102.3 billion person-days yr~!, corresponding to 69 exposure days per resident across
a projected population of 1.49 billion. It is followed by Pakistan, with approximately
47.8 billion person-days yr~! and 101 days per resident, and Nigeria, with 39.1 billion
person-days yr~! and 63 days per resident (Table 1). Collectively, the 12 countries listed
in Table 1 account for 75.6% of the global five-model mean burden, showing that the
absolute population exposure burden is highly concentrated in a relatively small number
of countries.

The countries with the largest burdens do not form a homogeneous vulnerability
group. Sudan and Niger combine high exposure with projected GVI values above 38,
whereas countries such as the United States enter the ranking primarily because of popula-
tion size despite substantially lower projected vulnerability. This mixture explains why the
burden is strongly, but not exclusively, concentrated towards more vulnerable populations.

This distinction is also visible in the per capita estimates: the five-model mean
population-weighted per capita exposure is 68.7 days per resident in India, compared
with 17.9 days in the United States, while their projected GVI values are 31.6 and 16.7,
respectively. Thus, the presence of a lower-GVI, highly populated country among the
largest absolute burdens does not contradict the positive concentration of exposure along
the vulnerability gradient.

The highest-burden rankings were generally stable across climate models. Across
the 12 scenario—horizon-threshold combinations, between seven and ten countries were
common to the top-ten rankings of all five models. For SSP2-4.5 in 2085 at WBGT > 32 °C,
India ranked first and China fourth in every model, while Pakistan and Nigeria consis-

https:/ /doi.org/10.3390/su18168448


https://doi.org/10.3390/su18168448

Sustainability 2026, 18, 8448

16 of 33

tently occupied ranks two and three. Complete country-specific mean, standard deviation,
minimum and maximum ranks are reported in Supplementary Table S3.

Table 1. Twelve countries with the largest total population exposure burden under SSP2-4.5 in 2085
for afternoon WBGT > 32 °C. Burden and population-weighted per capita exposure are arithmetic
means of the five model-specific estimates, with the inter-model minimum-maximum range in
brackets. Global burden share is the country contribution to the sum of the five-model mean burdens
across all country-assigned grid cells. Together, the 12 countries listed account for 75.6% of the
global five-model mean population exposure burden in this scenario-horizon-threshold combination.
Burden is expressed in billion person-days yr~!; per capita exposure in days person—! yr=1; GVI is
the projected national Global Vulnerability Index (0-100, higher values indicate greater vulnerability);
and population is expressed in millions. The 2085 horizon is the representative central-year label for
the 2071-2100 climatological window.

Burden, Mean [Min-Max] Per Capita Exposure, Mean [Min-Max] Population

o,
Country (Billion Person-Days yr’l) Global Burden Share (%) (Days Person ! yr’l) GVI (Million)
India 102.3 [62.9-136.5] 26.5 68.7 [42.2-91.7] 31.6 1489
Pakistan 47.8 [37.1-59.1] 12.4 101.1 [78.5-125.1] 333 473
Nigeria 39.1[21.4-68.3] 10.1 63.4 [34.7-110.8] 37.0 616
China 27.3[17.2-52.8] 7.1 29.6 [18.6-57.3] 30.0 922
Sudan 15.6 [12.5-20.0] 41 137.4 [109.9-175.7] 38.6 114
Niger 11.2[7.0-17.6] 2.9 90.3 [56.3-141.3] 429 124
Bangladesh 9.8 [3.5-17.1] 2.5 54.9 [19.3-95.7] 32.0 179
Indonesia 9.5 [3.9-21.0] 2.5 36.1[15.0-80.2] 29.7 262
Thailand 7.9 [5.6-11.9] 2.1 157.2 [111.6-235.6] 29.2 51
Viet Nam 7.4 [3.9-12.9] 1.9 79.5[41.8-137.2] 285 94
United States 7.0 [4.1-13.3] 1.8 17.9[10.5-34.1] 16.7 389
Egypt 6.6 [3.0-12.0] 1.7 34.4[15.7-62.7] 22.0 191

3.2. The Exposure Burden Is Concentrated Towards More Vulnerable Populations

The concentration curves calculated separately for the five climate models are shown
in Figure 2. Across the two scenarios, two horizons and three WBGT thresholds, all
60 model-specific CI point estimates are positive, ranging from 0.07 to 0.28. The direction
of the model-specific estimates is therefore consistent: in every scenario-horizon-threshold
combination, each climate model produces a point estimate indicating that the population
exposure burden is concentrated towards populations living in countries with higher
projected vulnerability.

A positive point estimate does not, however, necessarily imply that the Cl is statistically
distinguishable from zero after accounting for sensitivity to both climate-model selection
and the composition of the national groups. The paired hierarchical-bootstrap intervals
exclude zero in nine of the twelve scenario—horizon—threshold combinations (Table 2).
This includes all three thresholds under SSP1-2.6 at mid-century and under SSP2-4.5 at
both horizons.

Under SSP1-2.6 in 2085, by contrast, the 95% bootstrap intervals include zero at all
three thresholds: [—0.005, 0.28] for WBGT > 28 °C, [—0.03, 0.24] for WBGT > 30 °C and
[—0.07, 0.31] for WBGT > 32 °C. The five-model mean and all five model-specific point
estimates remain positive in this future, but the hierarchical-bootstrap analysis provides
weaker statistical support for a concentration different from zero.

For most combinations, the five-model mean concentration curve remains below
the line of equality over most of the population distribution. The clearest departure
occurs under SSP1-2.6 in 2085, where the curves cross the equality line in the upper part
of the vulnerability distribution. In this future, positive and negative deviations from
proportionality partially offset one another, resulting in a comparatively low positive net CI
and a wide bootstrap interval that includes zero. Smaller local crossings also occur in some
other scenario-threshold combinations. The CI is consequently interpreted jointly with the
complete concentration curve and its bootstrap uncertainty, rather than as evidence that
every segment of the population follows the same distributional pattern.
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Figure 2. Concentration curves of the population exposure burden along the projected national
vulnerability gradient. Countries are ranked by projected GVI from least to most vulnerable. Thin
coloured lines represent the five individual climate models, shaded areas show the inter-model
minimum-maximum range, and thick coloured lines represent the arithmetic mean across the five
models. The dashed diagonal is the line of proportional equality. A curve below this line indicates
that the population exposure burden is concentrated towards populations living in more vulnerable
countries. The shaded areas represent climate-model spread and are not statistical confidence
intervals. Paired hierarchical-bootstrap intervals for the concentration indices are reported in the
Results. The 2055 and 2085 horizons are representative central-year labels for the 2041-2070 and
2071-2100 climatological windows, respectively.

Table 2. Concentration index and associated climate-model and bootstrap uncertainty. The point
estimate is the arithmetic mean of the five model-specific concentration indices. The model range
is the minimum-maximum range across the five individual climate models. The 95% uncertainty
interval was obtained from 5000 paired hierarchical-bootstrap replications combining climate-model
and country-cluster resampling. An interval excluding zero indicates bootstrap evidence that the
concentration index differs from zero under the adopted resampling framework. The 2055 and
2085 horizons are representative central-year labels for the 2041-2070 and 2071-2100 climatological
windows, respectively.

Scenario Horizon WBGT Mean CI [Model  95% Bootstrap
Threshold Range] Interval

SSP1-2.6 2055 28 °C 0.17 [0.16-0.18] [0.07,0.25]
SSP1-2.6 2055 30°C 0.18 [0.16-0.19] [0.07,0.27]
SSP1-2.6 2055 32°C 0.25[0.21-0.28] [0.09, 0.37]
SSP1-2.6 2085 28 °C 0.10 [0.09-0.11] [—0.005, 0.23]
SSP1-2.6 2085 30°C 0.09 [0.08-0.10] [—0.03, 0.24]
SSP1-2.6 2085 32°C 0.09 [0.07-0.09] [-0.07,0.31]
SSP2-4.5 2055 28 °C 0.17 [0.17-0.18] [0.07,0.25]
SSP2-4.5 2055 30°C 0.17[0.16-0.18] [0.06, 0.25]
SSP2-4.5 2055 32°C 0.20[0.17-0.23] [0.08,0.31]
SSP2-4.5 2085 28 °C 0.16 [0.15-0.17] [0.08, 0.24]
SSP2-4.5 2085 30°C 0.16 [0.15-0.16] [0.06, 0.24]
SSP2-4.5 2085 32°C 0.17 [0.15-0.18] [0.05, 0.28]

To complement the net concentration index, Supplementary Figure S1 reports the

share of the total population exposure burden carried by each population-weighted quintile
of the projected vulnerability ranking. This decomposition shows that the SSP1-2.6 late-
century result is not a uniformly weaker version of the concentration observed in the other
futures. Rather, the burden varies non-monotonically across the vulnerability distribution,
and the comparatively low positive CI reflects the net balance of inequalities occurring
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in different parts of that distribution. Consequently, this case is described in terms of its
internal distributional structure rather than simply as showing “lower concentration”.

Inter-model spread is generally limited for the moderate WBGT threshold but tends
to increase at WBGT > 32 °C. The inter-model minimum-maximum range and the
hierarchical-bootstrap interval represent different sources of variation. The former de-
scribes the spread among the five selected climate projections while retaining the same
countries, population weights and GVI ranking. The latter additionally represents sensitiv-
ity to climate-model selection and to the finite composition of the national groups used to
calculate the CI. Consequently, agreement among the five model-specific point estimates
does not necessarily imply that the hierarchical-bootstrap interval excludes zero.

The five-model mean, inter-model range and hierarchical-bootstrap interval for each
combination are reported in Table 2. Individual model values, medians, standard deviations
and interquartile ranges are provided in Supplementary Table S2.

Because a substantial share of the global population exposure burden is carried by a
small number of very populous countries, we also evaluated the influence of India, China,
Nigeria and Pakistan by excluding each country separately and all four countries simulta-
neously. All model-specific CI estimates remained positive under every exclusion analysis.
Removing these countries altered the magnitude of the CI and, in some combinations,
its variation across WBGT thresholds. These countries therefore influence the strength
of the measured concentration but do not by themselves generate its positive direction.
Detailed results are reported in Supplementary Table S4 and summarised graphically in
Supplementary Figure S2.

3.3. Severity-Related Differences Are Descriptive Rather than Statistically Established

The model-specific point estimates exhibit pathway- and horizon-dependent patterns
across the three WBGT thresholds (Figure 3). Under SSP1-2.6 at mid-century, the five-model
mean Cl increases from 0.171 at WBGT > 28 °C to 0.252 at WBGT > 32 °C. The endpoint
increase occurs in all five climate models, and 90.1% of the paired hierarchical-bootstrap
replications produce a positive 32-minus-28 °C difference. Nevertheless, the corresponding
95% bootstrap interval includes zero (AClIsy_pg = 0.081; 95% interval: [—0.034, 0.192]).

Under SSP2-4.5 at mid-century, the endpoint difference is smaller (ACI3p_pg = 0.030;
95% interval: [—0.067, 0.129]), with 70.2% of bootstrap replications producing a positive
difference. Under SSP1-2.6 in 2085, the point estimate decreases by 0.013 between the 28 and
32 °C thresholds, but its interval also includes zero ([—0.127, 0.139]). Under SSP2-4.5 in 2085,
the endpoint difference is close to zero (ACI3;_23 = 0.005; 95% interval: [—0.081, 0.089]).

None of the paired 28-to-32 °C contrasts has a 95% bootstrap interval excluding
zero. The adjacent-threshold contrasts likewise include zero in every scenario-horizon
combination (Supplementary Table S5). The bootstrap proportions supporting a strictly
monotonic increase across all three thresholds are 0.656 under SSP1-2.6 in 2055, 0.331 under
SSP1-2.6 in 2085, 0.422 under SSP2-4.5 in 2055 and 0.368 under SSP2-4.5 in 2085.

The increase observed under SSP1-2.6 at mid-century is therefore a comparatively
strong and model-consistent descriptive tendency, but it does not meet the adopted 95%
bootstrap criterion for a difference between thresholds. More generally, the analysis pro-
vides no statistical evidence of a strictly monotonic relationship between WBGT severity
and the concentration index. Severity-related changes should therefore be interpreted as
descriptive tendencies rather than statistically established effects.
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Figure 3. Concentration-index point estimates across WBGT severity thresholds. Thin lines represent
individual climate-model estimates, shaded areas show the inter-model minimum-maximum range,
and thick lines and points represent the arithmetic mean across the five models. The shaded ranges
represent climate-model spread and are not confidence intervals. Paired hierarchical-bootstrap
uncertainty for differences between thresholds is reported in Supplementary Table S5. The 2055 and
2085 horizons are representative central-year labels for the 2041-2070 and 2071-2100 climatological
windows, respectively.

3.4. Sensitivity to a Fixed Vulnerability Ranking

Recalculating the concentration indices using a national GVI ranking fixed at the 2020
baseline did not alter the overall direction of the concentration results. All 60 model-specific
fixed-ranking CI estimates remained positive, ranging from 0.121 to 0.244. Across all
climate models, pathways, horizons and WBGT thresholds, the mean signed difference
between the fixed-ranking and projected-ranking estimates was 0.005, while the mean
absolute difference was 0.032.

The influence of the vulnerability ranking was strongly dependent on the pathway
and horizon. The largest differences occurred under SSP1-2.6 in 2085. For WBGT thresholds
of 28, 30 and 32 °C, respectively, the five-model mean CI increased from 0.101, 0.092 and
0.088 under the projected GVI rankings to 0.166, 0.155 and 0.184 under the fixed 2020
ranking. The largest individual-model difference was 0.140 for MPI-ESM1-2-HR at the
32 °C threshold, for which the CI increased from 0.074 to 0.213. This indicates that the
comparatively low CI obtained for SSP1-2.6 in 2085 depends substantially on the projected
reordering of countries along the GVI gradient.

The fixed ranking also altered the descriptive relationship between WBGT severity
and concentration. Under SSP1-2.6 in 2085, the five-model mean difference between the 32
and 28 °C CIs changed from —0.013 with the projected ranking to +0.018 with the fixed
ranking, with a positive difference in four of the five models. Conversely, under SSP2-4.5
in 2085, the corresponding mean difference changed from +0.005 to —0.010. The severity
gradient therefore remains sensitive to the selected country ordering and is not consistently
monotonic across pathways, horizons and climate models.

These results show that the positive concentration of population exposure towards
countries ranked as more vulnerable persists when temporal changes in the GVI ranking are
removed. However, the magnitude of the CI, the low values found under SSP1-2.6 in 2085
and the apparent severity gradient are materially influenced by changes in country ordering.
Persistence of the positive sign does not imply that the CI is independent of vulnerability
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measurement; it only demonstrates robustness of that sign to temporal reordering within
the selected GVI framework.

Model-specific differences between the fixed and projected rankings are shown in
Supplementary Figure S3, and the corresponding numerical estimates are reported in
Supplementary Table S6.

3.5. Sensitivity to the Temporal Representation of Population

Replacing the central-year population fields with population averaged over the corre-
sponding 30-year climatological windows had a negligible influence on the distributional
results. All 60 model-specific concentration indices remained positive, with period-mean-
population CI values ranging from 0.074 to 0.284. Across all climate models, pathways,
horizons and WBGT thresholds, the mean signed difference between the period-mean- and
central-year-population Cls was +0.000210, and the mean absolute difference was 0.000269
(Supplementary Table S7).

The largest absolute CI difference was 0.000514 for GFDL-ESM4 under SSP1-2.6 in 2055
at the 28 °C threshold, for which the CI increased from 0.176524 to 0.177038. Period-mean
population produced slightly lower global exposure burdens than central-year population
in every model-specific case. The mean absolute relative difference was 0.634%, and the
maximum difference was 0.871%.

The country-level distribution of the burden was essentially unchanged. The ten
countries with the largest exposure burdens were identical under the two population
representations in every model, pathway, horizon and WBGT threshold combination.
Spearman correlations between the complete central-year and period-mean country burden
rankings averaged 0.999993 and ranged from 0.999976 to 0.999999.

The temporal representation of population also did not alter the model-specific di-
rection of the severity contrast. None of the 20 model-pathway-horizon combinations
changed sign for Clzyoc — Clpgoc. The use of representative central-year population there-
fore has a small effect on the absolute exposure burden but does not materially affect the
country rankings, concentration indices or interpretation of the severity gradient.

3.6. The Integrated Futures Differ Jointly in Exposure and Projected Vulnerability

Figure 4 compares the country-level outcomes of SSP1-2.6 and SSP2-4.5 in 2085. These
pathways represent two internally coherent futures in which climate forcing, population
size and spatial distribution, socio-economic conditions and projected national vulnerability
evolve jointly. Their differences should therefore be interpreted as contrasts between
integrated futures rather than as causal estimates of separate mitigation, demographic or
development effects.

For each country, the horizontal coordinate represents the difference in the five-model
mean population-weighted per capita exposure between SSP2-4.5 and SSP1-2.6, calculated
as SSP2-4.5 minus SSP1-2.6. The vertical coordinate represents the corresponding difference
in projected GVI. Positive horizontal values indicate greater exposure under SSP2-4.5,
whereas positive vertical values indicate a higher projected national vulnerability score
under SSP2-4.5. Country-level values underlying Figure 4, including the five-model mean
exposure under each pathway, the corresponding exposure and GVI differences, and the
SSP1-2.6 population used to scale the markers, are reported in Supplementary Table S8.

Among the 174 countries with complete exposure, population and GVI data, 148 are
located in the upper-right quadrant, indicating both greater population-weighted exposure
and higher projected GVI under SSP2-4.5. These countries account for approximately
98% of the population represented in the comparison, and the countries with the largest
projected populations are predominantly located in this quadrant. Eleven countries have
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greater exposure but a lower projected GVI under SSP2-4.5, while the remaining countries
lie on one of the zero-difference axes.

10 o g
[ °e
o
e, @ °
so 1 ¥ g0 e, -
oo - o0 e SSP1-2.6 population in 2085
— ° o .

8o t R s o ® 250M
‘_‘w | ) °
8D 5 Py @ .. e © soom
o9 | - o e . @
Qs { Y} o .0 o . O 750M
= g °
10 ° % Q 1.008
S < tv - @ . .
[CE 9-O~OO d % ° °
B oETy @ =
= B
Qv o —f—e e

4

' °

-5
0 20 40 60

Difference in population-weighted exposure
SSP2-4.5 minus SSP1-2.6 (days yr=")

Figure 4. Joint differences in population-weighted exposure and projected vulnerability between
the SSP2-4.5 and SSP1-2.6 integrated futures in 2085. Differences are calculated as SSP2-4.5 minus
SSP1-2.6. The horizontal axis shows the difference in five-model mean population-weighted per
capita exposure to afternoon WBGT > 32 °C, and the vertical axis shows the corresponding difference
in projected national GVI. Countries in the upper-right quadrant have both greater exposure and
higher projected GVI under SSP2-4.5. Marker size represents projected population under SSP1-2.6.
The 2085 horizon is the central-year label for the 2071-2100 climatological window. The figure
compares two integrated climatic and socio-economic futures and should not be interpreted as a
causal decomposition of their individual components.

The predominance of countries in the upper-right quadrant demonstrates that expo-
sure and projected socio-economic vulnerability frequently differ in the same direction
between the two pathways. However, because the climatic, demographic and vulnerability
trajectories all vary simultaneously, this pattern does not identify the contribution of any
single driver. The comparatively low late-century CI under SSP1-2.6 should therefore
not be interpreted as a self-correcting physical effect of warming, but should instead be
understood as partly reflecting the SSP1-specific projected reordering of countries along
the GVI gradient.

The persistence-based population estimates show the same ordering while also re-
vealing substantial inter-model spread (Figure 5). At the main persistence threshold
of 30 days yr~! in 2085, the five-model mean population living in cells experiencing
WBGT > 32 °C is 4.11 billion under SSP2-4.5, with an inter-model range of 2.88-5.67 billion.
The corresponding estimate under SSP1-2.6 is 2.14 billion, with a range of 1.26-3.53 billion.

The contrast persists across the sensitivity thresholds. At 15 days yr~! in 2085, the
respective five-model means are 5.10 and 3.18 billion under SSP2-4.5 and SSP1-2.6; at
45 days yr—!, they are 3.31 and 1.49 billion. For every combination of horizon and persis-
tence threshold, each of the five climate models produces a higher exposed-population
estimate under SSP2-4.5 than under SSP1-2.6. The pathway ordering is therefore robust to
model selection and to the choice of persistence threshold, although the magnitude of the
difference remains model-dependent.
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Figure 5. Resident population living in areas with persistent severe-WBGT exceedance. Global resi-
dent population in grid cells where afternoon WBGT > 32 °C occurs on at least 15, 30 or 45 days yr~!,
by pathway and horizon. Bars show the five-model mean, error bars show the inter-model minimum-
maximum range, and points represent the individual climate models. The metric describes the
frequency of severe WBGT exceedance at residents’ locations and does not constitute a universal
determination of safety. The 2055 and 2085 horizons are representative central-year labels for the
2041-2070 and 2071-2100 climatological windows, respectively.

These estimates describe resident-population co-location with persistent severe-WBGT
exceedance. They do not quantify the number of athletes, schoolchildren or recreational
participants exposed during actual activity, nor do they estimate participation loss, heat
illness or event cancellation.

4. Discussion

4.1. Distributional Concentration Is Consistent in Direction but Not Equally Well Supported in
All Futures

Most assessments of future heat exposure focus primarily on the number of people
projected to experience hazardous conditions [12-14]. The present analysis adds a distri-
butional dimension by examining whether the population exposure burden is distributed
proportionally across countries ranked by projected socio-economic vulnerability.

All 60 model-specific CI point estimates are positive across the selected pathways,
horizons and WBGT thresholds. The direction of the model-specific estimates is therefore
consistent: each climate model indicates that a disproportionate share of the population
exposure burden is borne by populations living in countries with higher projected GVI val-
ues. This result is consistent with the broader evidence that heat exposure and heat-related
health burdens are often distributed unequally across socio-economic groups [15-17], and
with approaches framing climate change as a matter of distributive justice and human
rights [19].

The hierarchical-bootstrap analysis nevertheless shows that inferential support is not
uniform across futures. The 95% intervals exclude zero in nine of the twelve scenario—
horizon-threshold combinations, including all thresholds under SSP1-2.6 at mid-century
and under SSP2-4.5 at both horizons. Under SSP1-2.6 in 2085, however, the intervals
include zero at all three thresholds. Agreement among the five climate-model point
estimates should therefore be distinguished from evidence that the CI is statistically
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separated from zero after also accounting for sensitivity to climate-model selection and
country composition.

The most defensible conclusion is consequently that concentration towards popu-
lations living in higher-GVI countries is statistically supported in most of the analysed
futures, while the late-century SSP1-2.6 result remains directionally positive but uncer-
tain under the adopted resampling framework. This distinction prevents the positive
sign of a point estimate from being interpreted as equivalent to a statistically established
distributional difference.

The finding reframes the projected increase in sport-relevant heat exposure as a
distributional, rather than solely quantitative, issue. However, the CI describes a between-
country distribution of population exposure. It does not demonstrate realised health
impacts, actual reductions in sport participation, individual adaptive capacity or losses
of access to outdoor activity. To our knowledge, this study is among the first global
country-level assessments of how projected, population-based sport-relevant heat exposure
is distributed along a national socio-economic vulnerability gradient.

The magnitude of these concentration indices cannot be directly benchmarked against
published Gini coefficients or decile ratios because these measures differ in their construc-
tion, population weighting, ranking variable and feasible bounds. In particular, the CI used
here is a rank-dependent measure that preserves the direction of concentration along the
projected national vulnerability gradient, whereas a conventional Gini coefficient measures
unranked dispersion. We therefore do not assign universal categories such as low, mod-
erate or severe inequality to the observed CI range of 0.09-0.25. Instead, its magnitude is
interpreted comparatively across pathways, horizons and WBGT thresholds, and jointly
with the complete concentration curves and population-weighted quintile burden shares.

4.2. The Severity Gradient Is Conditional on Pathway and Horizon

The model-specific analysis substantially qualifies the relationship between WBGT
severity and distributional concentration. Under SSP1-2.6 at mid-century, the CI increases
between WBGT > 28 and >32 °C in all five climate models. Under SSP2-4.5 at the same
horizon, four of the five models reproduce a positive endpoint difference, although the in-
termediate 30 °C threshold does not form a strictly monotonic sequence. These mid-century
results indicate that increasingly severe heat can become more strongly concentrated to-
wards populations living in more vulnerable countries.

This relationship is not universal. Under SSP1-2.6 in 2085, the CI decreases with
increasing WBGT severity in all five models. Under SSP2-4.5 at late century, the changes
are comparatively small and non-monotonic. The results therefore do not support a general
mechanism through which increasingly severe WBGT exceedance systematically produces
stronger distributional concentration across all pathways and horizons.

A physical contribution to the mid-century gradient remains plausible. The highest
WBGT thresholds increasingly select already-hot tropical and subtropical regions, where
high temperature and atmospheric moisture frequently coincide [40], and where human
work capacity declines rapidly as WBGT increases [10]. These conditions are also relevant to
the operational thresholds used in outdoor-sport heat policies [33]. However, the geograph-
ical distribution of severe WBGT exceedance contributes to the observed concentration
pattern without determining it independently. The physical WBGT fields and population
exposure burdens are calculated without use of the GVI, whereas the concentration index
is defined only after countries have been ordered by the selected vulnerability measure. Its
magnitude and variation therefore remain conditional on the GVI ranking.

The paired hierarchical-bootstrap uncertainty intervals included zero for every contrast
between the WBGT thresholds. Using the projected GVI rankings, the five-model mean
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difference between the CIs at 32 and 28 °C was +0.081 under SSP1-2.6 in 2055, —0.013
under SSP1-2.6 in 2085, +0.030 under SSP2-4.5 in 2055 and +0.005 under SSP2-4.5 in 2085.
When the country ranking was fixed at its 2020 baseline, the corresponding descriptive
differences became 4-0.032, +0.018, +0.011 and —0.010, respectively. The reversal in the
sign of both late-century contrasts shows that the apparent severity gradient depends
in part on the country ordering. These results do not support a general conclusion that
increasingly severe WBGT thresholds systematically concentrate exposure further towards
populations living in more vulnerable countries.

4.3. Integrated Pathways Reshape the Co-Location of Exposure and Projected Vulnerability

The late-century contrast between SSP1-2.6 and SSP2-4.5 reflects the joint evolution of
climate, population and projected national vulnerability. Under SSP1-2.6, several highly
exposed tropical countries occupy lower positions in the projected GVI ranking than
under SSP2-4.5. Severe heat therefore remains geographically present, but its distribution
becomes less closely aligned with the countries having the highest projected vulnerability
values. This contributes to the weaker concentration and to the crossing of the equality line
observed under SSP1-2.6 in 2085.

The country-level comparison also shows that differences in exposure and projected
GVI commonly occur in the same direction. For most countries with complete data,
population-weighted exposure and projected vulnerability are both higher under SSP2-
4.5 than under SSP1-2.6 in 2085. The persistence analysis similarly produces a larger
exposed-population estimate under SSP2-4.5 for every climate model and for each persis-
tence threshold considered. The direction of the contrast is therefore stable, although its
magnitude varies substantially among models.

These findings should not be interpreted as a causal decomposition of mitigation,
development and demographic change. SSP1-2.6 and SSP2-4.5 are internally coherent but
integrated futures in which climate forcing, population and projected GVI co-evolve. The
analysis cannot isolate the contribution of one component while holding the others constant.
It instead demonstrates that the geographical co-location of exposure and vulnerability
may differ markedly between alternative climatic and socio-economic futures. The results
are consistent with evidence that lower-warming pathways can limit the growth of heat-
related inequalities [41], but they do not independently quantify the effects of mitigation or
socio-economic development.

4.4. Robustness to Climate-Model Selection and the Influence of Highly Populated Countries

The uncertainty analysis identifies both robust features and model-dependent magni-
tudes. First, the direction of the CI is consistent across the five climate models. Second, the
countries carrying the largest total exposure burdens are generally stable across models.
Between seven and ten countries are shared by the five model-specific top-ten rankings
across the scenario—horizon—-threshold combinations. In the headline SSP2-4.5, 2085 and
WBGT > 32 °C case, India ranks first and China fourth in all five models, while Pakistan
and Nigeria consistently occupy ranks two and three. This stability indicates that the
principal country-level burden pattern is not generated by a single climate model.

The concentration estimates are nevertheless influenced by a small number of very
populous countries. India, China, Nigeria and Pakistan simultaneously carry large popula-
tions, substantial exposure burdens and distinct positions along the GVI ranking. Excluding
each of these countries separately, or excluding all four simultaneously, modifies the magni-
tude of the CI and, in some combinations, its variation across WBGT thresholds. However,
the model-specific CI estimates remain positive in the exclusion analyses. These countries
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therefore exert substantial leverage on the strength of the measured concentration, but they
do not by themselves generate its overall direction.

Inter-model spread also tends to increase for the most severe WBGT threshold. This
is expected for nonlinear exceedance metrics: relatively small differences in simulated
temperature or humidity can produce larger differences in the frequency with which
a high threshold is crossed. Ensemble-mean estimates should therefore be interpreted
together with the individual model results and their inter-model range, rather than as
single deterministic projections.

The inter-model ranges and hierarchical-bootstrap intervals address different sources
of variation. The model ranges quantify the spread among the five selected climate pro-
jections while holding the set of countries fixed. The hierarchical bootstrap additionally
quantifies sensitivity to model selection and to the finite composition of national groups.
The fact that the bootstrap intervals are substantially wider than the inter-model ranges
indicates that country aggregation and population weighting contribute materially to
uncertainty in the global CL.

The selected GVI is not an unvalidated ad hoc composite developed for the present
analysis. Its construction and external validation were reported independently by Smits and
Huisman [39]. The published evaluation showed strong associations with the vulnerability,
coping capacity and adaptive capacity dimensions of ND-GAIN, INFORM and the World
Risk Index. Reduced GVI specifications obtained by omitting individual indicators also
correlated above 0.99 with the complete index. These results support the use of the GVI
as a broad national measure of socio-economic vulnerability, while not implying that it is
interchangeable with every possible vulnerability construct.

The fixed-ranking analysis provides an additional sensitivity test within the GVI
framework. All 60 model-specific CIs remained positive when the country ordering was
fixed at its 2020 baseline, indicating that the direction of the observed concentration is
not produced solely by projected changes in country rank. However, the mean absolute
difference from the projected-ranking Cls was 0.032 and reached 0.140 in the most sensitive
individual case (Supplementary Figure S3; Supplementary Table S6). The effect was particu-
larly pronounced under SSP1-2.6 in 2085: across the three WBGT thresholds, the five-model
mean Cl increased from 0.088 to 0.101 with the projected rankings to 0.155 to 0.184 with the
fixed 2020 ranking. These fixed-ranking estimates remained positive across all five climate
models and were substantially larger than the corresponding projected-ranking estimates,
showing that the comparatively weak late-century concentration under SSP1-2.6 is specifi-
cally associated with SSP-consistent changes in country ordering. However, because the
hierarchical bootstrap was not repeated for the fixed-ranking sensitivity analysis, statistical
separation from zero was not independently evaluated for these estimates. The magnitude
of the CI and the apparent relationship with WBGT severity are therefore materially sensi-
tive to the choice between a fixed and a time-varying vulnerability ranking. Neither the
published validation of the GVI nor the fixed-ranking analysis implies that identical CI
values would be obtained using alternative vulnerability indicators.

These intervals remain conditional on the selected five models and on treating coun-
tries as resampling units. They should not be interpreted as probabilities assigned to future
climate outcomes or as complete uncertainty bounds for the full CMIP6 ensemble.

4.5. What This Study Adds, and What It Does Not Claim

The directly quantified outcome in this study is resident-population co-location with
modelled afternoon WBGT exceedance. The hazard and exposure layers are not specific to
actual sport participation: they contain no information on who practises sport, when or
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for how long activities occur, activity intensity, indoor versus outdoor participation, age,
health or acclimatisation.

The sport and physical-activity relevance arises from the use of WBGT severity levels
that are operationally relevant to outdoor-sport heat policies and from the potential for
persistent heat exceedance to constrain opportunities for outdoor activity [32,33,42]. Ac-
cordingly, references to school sport, youth sport, community sport and informal physical
activity are interpreted as plausible implications of the environmental conditions identified,
not as directly measured exposure or participation outcomes.

The analysis does not estimate athlete exposure, realised individual heat strain, par-
ticipation loss, cancellation days, heat-related illness or adaptation failure. It also does
not account for scheduling, access to shade or cooling, indoor facilities, heat-action plans,
behavioural adaptation or local WBGT policies. The term “sport-relevant heat exposure” is
therefore used throughout as a screening-level, population-based proxy rather than as a
measure of actual sport exposure.

The contribution is also distinct from previous sport—climate studies concerned with
the future suitability or location of major events [22]. Rather than asking where competitions
should be held, the present study asks how a population exposure burden is distributed
across countries with differing projected socio-economic vulnerability. It builds on the
global mapping of sport-relevant climatic hazards developed in Defrance and Lescure [42]
by adding a population-based and distributional dimension, without constructing a
vulnerability-weighted risk metric.

From an adaptation perspective, these screening-level results can help identify loca-
tions where more detailed local assessment and investment may be prioritised, rather than
prescribe uniform interventions. In high-exposure and high-vulnerability regions, includ-
ing parts of the Sahel, South Asia and sub-Saharan Africa, international sport federations,
education authorities, public-health agencies and local governments could prioritise heat-
resilient school and community sport infrastructure. Relevant measures include shaded or
covered activity areas, reliable access to drinking water and context-appropriate cooling,
locally calibrated heat-action protocols, and flexible training, competition and school-sport
schedules. The design and implementation of these measures should remain adapted to
local climatic conditions, available infrastructure, resources and participation patterns.

Although the two studies use the same underlying NEX-GDDP-CMIP6 archive, five-
model selection and broad daily WBGT-processing framework, their archived derived
products are distinct. Defrance and Lescure [42] reported seasonally aggregated ensemble-
mean WBGT indicators for morning, afternoon and evening conditions, whereas the
present study generated model-specific annual afternoon WBGT exceedance climatologies
at thresholds of 28, 30 and 32 °C for its selected future windows. The population overlays,
country-level exposure burdens, GVI matching, concentration analyses, hierarchical boot-
strap and sensitivity analyses were developed specifically for the present study and are
archived separately.

4.6. Limitations

Several limitations bound the interpretation of these results. First, the GVI is available
at national resolution. Substantial within-country inequalities in income, infrastructure,
health, governance and access to heat-protection resources are therefore unresolved, and
all residents of a country are assigned the same projected vulnerability value. Evidence
from urban-heat and environmental-justice studies indicates that heat exposure frequently
falls disproportionately on lower-income and otherwise disadvantaged communities (Hsu
et al. [15], Chakraborty et al. [16], Rogers et al. [17]). Such subnational gradients may
reinforce the between-country concentration reported here, meaning that the present
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analysis likely captures only part of the total inequality in heat exposure and adaptive
conditions. However, because subnational exposure and vulnerability are not observed
and may differ in magnitude or direction among countries, the reported national CI cannot
be interpreted formally as a numerical lower bound on individual- or community-level
inequality. It should instead be understood as a between-country component of a broader
multiscale distributional pattern.

Moreover, the GVI represents general national socio-economic vulnerability and
should not be interpreted as a validated measure of sport-specific adaptive capacity. It does
not directly measure access to shaded or indoor facilities, cooling infrastructure, medical
supervision, flexible scheduling or formal sport-sector heat policies. These factors consti-
tute plausible mechanisms through which socio-economic conditions may influence the
practical consequences of heat exposure, but they are not evaluated in this study. This
distinction also raises the potential for ecological fallacy, defined as the erroneous inference
of individual-level relationships from associations observed for aggregated groups [43].
In the present analysis, countries are the socio-economic units of comparison: a national
GVl value is assigned to all residents of a country, while the concentration index describes
how population exposure is distributed across countries ranked by this national measure.
Consequently, the finding that exposure is concentrated towards more vulnerable coun-
tries does not imply that the most socio-economically vulnerable individuals within those
countries are necessarily the most exposed. Subnational analyses combining spatially
resolved socio-economic vulnerability, participation patterns and climatic exposure would
be required to test such individual- or community-level relationships.

Second, the concentration results remain conditional on the selected vulnerability
construct and national country ranking. Their magnitude depends on the variables in-
cluded in the GVI, their weighting, their SSP-specific trajectories and the resulting ordering
of countries. Although the contemporary GVI construct has been externally validated
and shown to be relatively insensitive to the removal of individual constituent indicators,
this validation does not independently establish the validity of its SSP-specific projected
trajectories or of the resulting future reordering of countries. Projected trajectories derived
from an alternative vulnerability index could evolve differently, even if the corresponding
contemporary indices were strongly correlated. This distinction is consequential because
the fixed-2020-ranking sensitivity analysis shows that projected changes in country or-
dering materially influence the late-century SSP1-2.6 concentration estimates. Alternative
measures may emphasise different dimensions, apply different weighting schemes and
produce different future rankings, thereby altering both the concentration curves and
the resulting CIs. The fixed-ranking sensitivity analysis addresses temporal reordering
within the selected GVI framework, but it does not constitute a complete multi-indicator or
multiscale uncertainty analysis of projected socio-economic vulnerability.

Third, afternoon WBGT is reconstructed from daily-resolution climate variables using
analytical and empirical approximations rather than from coincident hourly measurements
of air temperature, humidity, solar radiation, wind speed and black-globe temperature.
Daily maximum temperature, minimum relative humidity and maximum solar radiation
do not necessarily occur at the same time. Although relative humidity was adjusted to be
thermodynamically consistent with daily maximum temperature, the reconstructed value
remains an approximation of afternoon atmospheric conditions. Black-globe temperature
was estimated using the empirical regression of Hajizadeh et al. [31]. This formulation in-
cludes air temperature, relative humidity and surface shortwave radiation, but does not ex-
plicitly represent day-to-day wind speed or solve the complete radiative-convective energy
balance. The resulting outdoor-sun WBGT should therefore be interpreted as a screening-
level climatic reconstruction rather than as an hourly or venue-specific operational WBGT
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estimate. A related daily-resolution NEX-GDDP-CMIP6 heat-stress reconstruction showed
strong spatial agreement with ERAS5, but the exact outdoor-sun formulation used here
has not been directly validated against globally distributed black-globe observations. Re-
construction errors may be regionally dependent and may be greater in areas with strong
humidity gradients, complex terrain, coastal circulations, very dry or very humid condi-
tions, or local radiation and ventilation regimes that are not resolved by the 0.25° grid.
Spatially heterogeneous reconstruction errors may affect both absolute exceedance fre-
quencies and country rankings, particularly for countries whose exposure lies close to the
selected nonlinear WBGT thresholds.

Fourth, climate-model uncertainty is represented by five CMIP6 models selected to
span a range of climate responses. The consistent sign of the model-specific CI strengthens
the directional result, but the five models do not sample the full CMIP6 ensemble. The
inter-model minimum-maximum ranges describe model spread within this selected en-
semble; they are not probabilistic confidence intervals and do not encompass all sources of
uncertainty in downscaling, bias correction or WBGT reconstruction.

Fifth, population exposure is calculated for residents co-located with the climatic
hazard, not for actual participants in outdoor sport or physical activity. The analysis does
not account for time spent outdoors, age, health, acclimatisation, occupation, sport type,
activity intensity, scheduling, mobility, access to shade or cooling, or the availability of
indoor facilities. The same environmental exposure frequency may therefore have very
different practical implications across places and population groups.

Sixth, the climatic hazard is represented by mean annual exceedance frequencies
over 30-year periods, whereas the principal analysis represents population and projected
vulnerability using the single representative years 2055 and 2085. These years are the
available projection years closest to the mathematical midpoints of the 2041-2070 and 2071-
2100 windows, but this remains a simplifying assumption rather than a fully time-integrated
exposure assessment. Recalculating the analysis using gridded population averaged over
each climatological window produced nearly identical concentration indices and country
burden rankings: the mean absolute CI difference was 0.000269, all 60 model-specific Cls
remained positive, and the ten countries with the largest burdens were unchanged in
every combination (Supplementary Table S7). The projected GVI and associated country
ordering nevertheless remain represented by a single central-year value, and the analysis
does not integrate annual changes in climatic hazard, population and socio-economic
vulnerability simultaneously.

Seventh, the 0.25° climatic grid and centre-based assignment of grid cells to countries
limit the representation of small islands, narrow coastal territories, fragmented archipelagos,
irregular international borders and transboundary urban areas. Population was aggregated
to the climatic grid before country attribution, and the complete population and exposure
burden of each coastal or border cell were assigned to the country containing its centre.
No fractional-area or fractional-population allocation was applied. Country-specific esti-
mates for territories represented by very few climatic cells should therefore be interpreted
cautiously. Countries lacking a valid grid representation, population estimate or projected
GVI were excluded and are reported in Supplementary Table S1. Because the concentration
analysis is population-weighted, sparsely populated omitted territories are unlikely to dom-
inate the global CI, but their individual national exposure cannot be reliably characterised
at this resolution.

Eighth, the analysis is restricted to SSP1-2.6 and SSP2-4.5 because compatible GVI
projections are not available for SSP5. The results therefore do not encompass the upper
end of the CMIP6 forcing range. Moreover, comparisons between the two retained path-
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ways combine climatic, demographic and socio-economic differences and should not be
interpreted as controlled causal contrasts.

The bootstrap analysis also relies on assumptions about the inferential unit. Countries
are treated as resampling clusters, which quantifies sensitivity to the finite composition of
national groups but does not explicitly represent spatial dependence among neighbour-
ing countries. Countries within the same region may share correlated climatic anomalies
and socio-economic trajectories, so treating them as independently resampled units may
overstate the effective amount of independent information. The resulting intervals may
therefore be somewhat optimistic, or narrower than those obtained under an explicitly
spatial or regional block-resampling design, although the magnitude of this effect can-
not be quantified from the present analysis. This consideration reinforces the cautious
interpretation of combinations whose intervals already include zero, particularly SSP1-2.6
in 2085. Population, GVI and exposure remain attached to each sampled country, and
uncertainty in the population and vulnerability projections themselves is not sampled.
Climate-model resampling is likewise limited to the five selected GCMs. The resulting
intervals should therefore be interpreted as conditional uncertainty intervals rather than
exhaustive confidence or prediction intervals.

Finally, the concentration index summarises the complete distribution in a single
number. Where a concentration curve crosses the line of equality, as under SSP1-2.6 at late
century, positive and negative deviations can partially offset one another. The CI must
therefore be interpreted jointly with the corresponding concentration curve rather than as a
complete description of the distribution. Beyond the sport and physical-activity application
developed here, the distributional framework could also be extended to other climate-
sensitive outcomes. A similar framework could be applied to other hazards or resource
constraints, including wildfire and smoke exposure or water-supply stress. India, which
carries the largest absolute population burden of severe heat exposure in our late-century
SSP2-4.5 results, illustrates the potential relevance of such an extension. Wildfire risk and
climate-related pressures on water resources already constitute important environmental
challenges in India [44,45]. Future research could therefore examine whether the spatial
and socio-economic patterns of heat exposure identified here coincide with wildfire-related
air-quality hazards, water-resource constraints or combinations of these pressures. Such
analyses would extend the present sport-focused application towards a broader multi-
hazard assessment of climate exposure and vulnerability, while requiring hazard-specific
indicators rather than assuming that relationships identified here for WBGT transfer directly
to other climate risks.

5. Conclusions

This study provides a global, country-resolved assessment of how projected sport-
relevant heat exposure is distributed along a national socio-economic vulnerability gradient.
Across two pathways, two horizons, three WBGT thresholds and five climate models, all 60
model-specific concentration-index point estimates are positive. The direction of the point
estimates is therefore consistent across the selected climate models. Hierarchical-bootstrap
intervals exclude zero in nine of the twelve scenario-horizon-threshold combinations,
providing statistical support for concentration towards populations living in higher-GVI
countries in most of the analysed futures. Under SSP1-2.6 in 2085, however, the intervals
include zero at all three thresholds, and the positive point estimates should be interpreted
as uncertain rather than statistically established.

The relationship between WBGT severity and distributional concentration is less
robust. Under SSP1-2.6 at mid-century, all five climate models produce a higher CI at
WBGT > 32 than at >28 °C, and approximately 90% of paired bootstrap replications
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preserve this direction. Nevertheless, the 95% interval for the difference includes zero. The
threshold contrasts also include zero in the other scenario—horizon combinations, and none
provides evidence of a strictly monotonic increase across all three thresholds. The severity
gradient should therefore be regarded as a descriptive and, in some cases, model-consistent
tendency rather than a statistically established effect.

The physical WBGT hazard and population exposure burden are calculated indepen-
dently of the GVI, but their estimated distributional concentration is conditional on the
selected vulnerability indicator and national country ranking. Fixing the GVI ranking at
its 2020 baseline preserved the positive sign of all model-specific CIs, while showing that
their magnitude, and particularly the low late-century CI under SSP1-2.6, is partly sensi-
tive to projected changes in country ordering within the GVI framework. The published
validation of the GVI supports this interpretation but does not make the concentration
estimates universal across alternative vulnerability measures or spatial scales. The resulting
inequality is a between-country distributional pattern. Within-country inequalities are not
resolved, and the analysis does not identify or test the causal mechanisms producing the
observed co-location of climatic exposure and national socio-economic vulnerability.

For sport and physical activity, the findings identify resident populations projected
to live in areas where environmental conditions relevant to outdoor-sport heat policies
occur more frequently. These conditions may constrain opportunities for school, youth,
community and informal outdoor activity, but such implications are not directly measured
here. The analysis does not quantify actual sport participation, athlete or schoolchild
exposure, activity duration, health outcomes, cancellation days or adaptation responses.
Its contribution is a screening-level, population-based assessment of where sport-relevant
heat conditions may become more frequent.

The comparison between SSP1-2.6 and SSP2-4.5 further demonstrates that the co-
location of climatic exposure and projected vulnerability differs substantially between
integrated futures. By 2085, most countries with complete data have both higher population-
weighted exposure and higher projected GVI under SSP2-4.5, and every climate model
projects a larger population living in persistent severe-WBGT conditions under SSP2-4.5
across the three persistence thresholds examined. These contrasts combine changes in
climate, population and projected vulnerability and cannot be attributed independently to
mitigation or socio-economic development. Nevertheless, they show that broader climatic
and socio-economic pathways can materially alter both the magnitude and distribution of
conditions that may restrict safe outdoor activity. Protecting opportunities for sport and
physical activity will therefore require locally appropriate measures—including shaded
or covered activity areas, reliable drinking water and cooling access, heat-action protocols
and flexible schedules—alongside pathways that limit the growth of climatic exposure and
socio-economic vulnerability.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su18168448 /s1, Figure S1: Population exposure burden across
population-weighted quintiles of projected national vulnerability; Figure S2: Influence of highly
populated countries on the concentration index; Figure S3: Sensitivity of the concentration index
to a national GVI ranking fixed at its 2020 baseline; Figure S4: Analytical workflow from model-
specific climate data to concentration analysis; Table S1: Countries and territories excluded from the
complete-case concentration analysis; Table 52: Model-specific concentration indices and inter-model
summary statistics; Table S3: Stability of country exposure-burden rankings across the five climate
models; Table S4: Influence of highly populated countries on the concentration index; Table S5:
Paired hierarchical-bootstrap contrasts between WBGT severity thresholds; Table S6: Sensitivity
of the concentration index to a fixed 2020 GVI ranking; Table S7: Sensitivity of the country-level
exposure burden and concentration index to the temporal representation of population; Table S8:

https://doi.org/10.3390/su18168448


https://www.mdpi.com/article/10.3390/su18168448/s1
https://www.mdpi.com/article/10.3390/su18168448/s1
https://doi.org/10.3390/su18168448

Sustainability 2026, 18, 8448 31 of 33

Country-level values used in Figure 4; Supplementary Data S1: Machine-readable country-level
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