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Abstract 26 

Urban vegetation cools cities, but its benefits often reach disadvantaged residents least, a 27 

growing concern as urban heat risks intensify. Whether residence-based cooling exposure 28 

and its inequality scale systematically with population size and density, as infrastructural 29 

and socioeconomic attributes do, remains unclear. Here, we simulate vegetation cooling 30 

across Switzerland using process-based modeling and link estimates to geocoded census 31 

records for over seven million urban residents. Mean cooling per resident decreases in 32 

denser and more populous areas, with steeper declines among socioeconomically 33 

disadvantaged residents and temporary-permit holders. Cooling inequality rises with 34 

population size and density, and over a third of Swiss municipalities combine above-average 35 

inequality with benefits favoring socioeconomically advantaged or permanently settled 36 

residents. By classifying both the magnitude and social direction of inequality across 37 

municipalities and 1-km² cells, we provide a spatial diagnostic for equitable, climate-resilient 38 

greening interventions. Our findings reveal vegetation-cooling inequality as an emergent 39 

scaling property of cities. 40 

Main 41 

Urban vegetation is a frontline tool for climate adaptation, providing canopy shade and 42 

evapotranspirative cooling that reduce heat exposure and improve well-being in urban 43 

areas1,2. Yet the burden of urban heat is unequally distributed: low-income and minority 44 

communities generally face higher ambient temperatures and fewer adaptive resources3,4. 45 

Urban vegetation access is itself heterogeneously  stratified5: socially disadvantaged 46 

residents tend to live in areas with less green cover, with fewer heat adaptation options6,7. 47 

As urban heat risks are projected to intensify under climate change8, ensuring equitable 48 

distribution of vegetation cooling benefits has become a key challenge for climate-resilient 49 

cities. 50 

Even within the same urban area, residents may receive markedly different vegetation-51 

cooling benefits around their homes, and these differences may align systematically with 52 

socioeconomic and demographic characteristics. Assessing such distributive equity requires 53 

fine-resolution climate and vegetation data linked to geocoded demographic information, 54 

three data streams that are rarely combined at national scale in a single analysis.  Most 55 
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assessments of urban vegetation cooling rely on satellite-based proxies such as NDVI or land 56 

surface temperature9,10, which capture broad spatial patterns but are indirect measures of 57 

actual microclimatic conditions11. Field-based sensor campaigns provide more direct 58 

observations, showing, for instance, that tree canopies deliver substantially stronger cooling 59 

than short-statured vegetation12,13, but remain spatially sparse and are rarely linked to 60 

demographic information. Process-based models, such as ENVI-met 14, simulate canopy 61 

shading and evapotranspiration more accurately, but their high computational demands at 62 

the neighborhood scale have limited their use for national-scale assessment of distributive 63 

justice in vegetation-cooling benefits. On the demographic side, socioeconomic data are 64 

generally available only at coarse administrative units15,16. Unpopulated zones within large 65 

administrative boundaries inflate the apparent cooling available to residents, and 66 

aggregation effects can obscure within-neighborhood contrasts and misrepresent individual 67 

exposure17. Furthermore, administrative-unit-level data cannot accurately capture 68 

residents’ immediate cooling environments across different radii around their homes18. 69 

Geo-coded individual-level microdata would enable direct linkage of residential location to 70 

cooling environment, but privacy constraints make such data rarely available at population 71 

scale19. These constraints have prevented individual-level assessment of vegetation cooling 72 

equity across social groups at national scale. 73 

Yet precise individual-level measurements alone cannot reveal whether cooling patterns 74 

generalize across cities of different sizes. Guiding equitable cooling interventions across 75 

urban size and density scales requires understanding how per-resident vegetation cooling is 76 

systematically distributed along the population gradient and whether this varies across 77 

social groups. Urban scaling laws provide a generalized framework for such complex 78 

distributional challenges20. Originally developed to describe how city-level properties vary 79 

systematically with total city population, scaling analysis has revealed that cities follow 80 

consistent regularities regardless of their cultural and geographic context21. Socioeconomic 81 

properties such as GDP, innovation, and crime scale superlinearly, which means larger cities 82 

produce disproportionately more per capita22,23, while physical infrastructures such as 83 

public facilities scale sublinearly, reflecting efficiency gains24. These regularities have since 84 

been extended to urban environmental outcomes, including waste generation25 and air 85 

pollution26. Urban scaling laws have also been applied to test the within-city and across-city 86 
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urban inequality distributions of human networking, productivity, and infrastructure27,28. 87 

Most recently, scaling has been applied to urban climate, showing that intra-urban 88 

temperature variability follows general scaling functions across cities worldwide29. However, 89 

if vegetation cooling as an urban temperature regulation tool conforms to such a scaling 90 

relationship, and if these patterns differ across social groups, remains unknown. 91 

Europe has experienced increasingly frequent and severe heat events in recent decades, 92 

with heat-related mortality rising across the continent30,31. Within this warming context, 93 

Switzerland, warming at approximately 1.6 times the northern hemispheric average rate32, 94 

presents a particularly timely setting for examining cooling equity, offering a richly diverse 95 

sociodemographic profile alongside exceptional individual-level data availability. Foreign 96 

nationals account for 27.7% of the permanent resident population, 19.8% are aged 65 or 97 

older, and 6.0% are aged 80 or older33, a composition that naturally stratifies heat 98 

vulnerability across multiple demographic dimensions34. Evidence from other countries 99 

suggests that residents with lower heat-adaptation capacity seek nature-based cooling 100 

solutions35. In Switzerland, where fewer than 10% of households are air-conditioned 36 and 101 

urban green space access is highly unequal37, the distribution of vegetation cooling benefits 102 

is particularly consequential. Yet whether vegetation cooling reaches the most vulnerable 103 

residents, or compounds existing disparities, and how these patterns scale across 104 

population size and density, remain open questions. 105 

Here, we use the process-based Soil Canopy Observation of Photosynthesis and Energy 106 

fluxes (SCOPE) model38 to estimate vegetation cooling across Switzerland at 10 m resolution 107 

and link these estimates to geo-coded census records for more than seven million urban 108 

residents, yielding residence-based cooling exposure for each individual. We characterize 109 

how cooling exposure varies across five sociodemographic indicators, residence permit type, 110 

civil status, age, gender and socioeconomic position, and across spatial extents of 20-1,000 111 

m around each residence. We then test whether mean per-resident cooling declines with 112 

population size and density, and whether this scaling differs by socioeconomic position and 113 

residence permit status. Finally, we apply a joint Gini-Concentration Index framework at 114 

both municipal and 1 km² cell levels to identify locations where cooling benefits are both 115 

highly unequal and disproportionately concentrated among advantaged groups, providing a 116 

dual diagnostic for equitable greening interventions. This work tests whether vegetation 117 
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cooling follows systematic scaling relationships with population size and density, and 118 

whether inequality in its distribution emerges as a scaling property of cities. 119 

Results 120 

Geography of vegetation cooling across Switzerland 121 

Cooling benefits from urban vegetation exhibited strong spatial heterogeneity across 122 

Switzerland (Fig. 1a). Cooling benefits are quantified using the Greening Cooling Services 123 

(GCoS) index, a unitless 0-1 metric integrating vegetation’s radiative and evapotranspirative 124 

cooling at 10 m resolution, derived from an hourly process-based simulation (SCOPE model; 125 

see Methods), representing the maximum potential cooling supply under peak summer heat 126 

conditions. Population-weighted cooling benefits and background air temperatures vary 127 

across biogeographical regions and cantons. Background air temperature is defined as the 128 

mean air temperature (Ta mean) at 100 m resolution on the most extreme summer heat 129 

day, representing the most severe thermal exposure conditions for populated areas. At the 130 

cantonal level, background temperatures vary widely, while average cooling values show a 131 

narrower range because the GCoS is a bounded index (Fig. 1b). Cantons that experience high 132 

background temperatures (> 26 °C) while still receiving relatively high cantonal-average 133 

cooling benefits include Zurich and Basel-Landschaft; the densely built canton of Basel-134 

Stadt, by contrast, combines comparably high temperatures with markedly lower cooling. 135 

Cantons like Valais and Jura display the lowest average cooling benefits.  136 

The population’s exposure to these cooling benefits is unevenly distributed relative to 137 

background heat (Fig. 1c). The vast majority of Swiss residents are concentrated in areas 138 

experiencing high mean summer air temperatures, with population exposure peaking 139 

strongly near 27 °C. In contrast, the population is disproportionately exposed to only 140 

moderate levels of vegetation-induced cooling (peaking between 0.4 and 0.5), with a 141 

negligible fraction of residents experiencing high cooling benefits (> 0.7). This uneven 142 

demographic exposure is further reflected across biogeographical regions (Fig. 1d). 143 

Population-weighted median cooling benefits are highest in the Central Plateau and Jura 144 

regions, where background temperatures are also the most severe.  145 
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 146 

Fig. 1. Geographic and demographic distribution of cooling benefits from urban vegetation 147 

across Switzerland. a, Spatial distribution of the cooling benefit (quantified as the unitless 148 

Greening Cooling Services index, GCoS) averaged at the municipal level (excluding rural 149 

municipalities). Insets highlight the spatial cooling patterns within eight major Swiss cities. b, 150 

Cantonal-level relationship between population-weighted average cooling benefits, 151 

background air temperatures, and socioeconomic characteristics. Bubble size corresponds 152 

to the cantonal population (in millions), while color denotes the median income per 153 
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taxpayer (CHF). c, Population-weighted density distributions of cooling benefits (blue line, 154 

bottom x-axis) and background air temperatures (red line, top x-axis). Background 155 

temperature represents the mean air temperature (Ta mean). d, Population-weighted 156 

median cooling benefits (blue, left y-axis) and background temperatures (red, right y-axis) 157 

across six biogeographical regions of Switzerland. Vertical bars represent the population-158 

weighted interquartile range (25th-75th percentile). Biogeographical regions include the Jura, 159 

Central Plateau (CP), Northern Alpine Slope (NA), Southern Alpine Slope (SA), Eastern 160 

Central Alps (ECA), and Western Central Alps (WCA). Municipality and biogeographic region 161 

classifications are shown in Fig. S1. All analyses are based on 2018, a warm but not extreme 162 

summer year that slightly exceeded the upper bound of the ±1 standard deviation range 163 

around the 1990-2024 long-term mean Swiss summer temperature (Fig. S2). 164 

Cooling benefits from urban vegetation across social groups and distance 165 

We quantify disparities of cooling benefits at residential addresses (1 m resolution) for over 166 

7 million Swiss residents, extracting mean cooling benefits within buffers from 20 to 1000 m 167 

at 20 m intervals around each address. We assess cooling benefits across five 168 

sociodemographic indicators: age, residence permit type, socioeconomic position (SEP), 169 

gender, and civil status. We excluded nationality from the main analysis due to high 170 

correlation with residence permit type (Fig. S3).   171 

We report cooling medians at a focal radius of 100 m (Fig. 2a), the buffer radius at which 172 

measured cooling stabilizes (r₉₅; Fig. 2b), and how median cooling varies across buffer radii 173 

from 20 to 1000 m (Fig. 2c); the observed medians and interquartile ranges at each radius, 174 

from which those lines are fitted, are shown in Fig. S4. Cooling magnitude varies significantly 175 

across all five indicators (Fig. 2a; pairwise bootstrap statistics in Table S1).  Disparities are 176 

largest for residence permit type and SEP: cooling is highest among Swiss citizens and lowest 177 

among short-term (L permit) holders, with the SEP gradient strictly ordered from high to 178 

low. Age, gender, and civil status differences are statistically significant but smaller in 179 

magnitude. These patterns hold after controlling for all five indicators simultaneously, with 180 

permit type and SEP retaining the largest independent cooling deficits in a multiple linear 181 

regression (Fig. S5). The one exception is the youngest group (0-25): their unadjusted 182 

median cooling is lower than that of 65-79-year-olds, whereas their adjusted mean 183 

coefficient is positive. This suggests that the apparent deficit of the youngest group is not 184 
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independent of their socioeconomic and residential characteristics. Sociodemographic rank 185 

orderings are consistent across the full 20-1000 m range (Fig. 2c), with disparities present at 186 

the smallest scales measured and persisting across broader extents.  Disadvantaged groups 187 

additionally require longer distances to reach their cooling saturation: short-term permit 188 

holders saturate at r₉₅ = 167 m, compared to 82 m for Swiss citizens, and low-SEP residents 189 

at 100 m, compared to 65 m for high-SEP residents (Fig. 2b). These patterns persist within 190 

population density tertiles (Fig. S6), confirming they are not driven by residential density 191 

sorting. 192 

 193 

Fig. 2. Sociodemographic disparities in cooling benefits from urban vegetation. a, Median 194 

cooling benefit at a focal radius of 100 m, stratified by five sociodemographic indicators: 195 

age, residence permit type, socioeconomic position (SEP), gender, and civil status. Points 196 

indicate group medians; horizontal bars denote interquartile ranges (25th-75th percentiles), 197 

shown as a descriptive measure of spread; statistical inference is based on the resampling 198 

procedures described in Methods. Red denotes the reference group for each indicator and 199 

blue all other groups. The vertical dashed line marks the median value of the reference 200 

group for each indicator (shown in parentheses); bootstrap pairwise significance stars 201 

indicate tests versus that reference (*** p < 0.001, ** p < 0.01, ns not significant). b, 202 
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Saturation distance (r95): the focal radius at which 95% of the fitted asymptotic cooling 203 

benefit is reached, by sociodemographic group. Bar length indicates the group r95 value, 204 

with color coding and dashed line as in a. Bootstrap standard errors are reported in Table 205 

S4.  c, Log-linear relation between cooling benefit and focal radius (20-1000 m) by 206 

sociodemographic group; lines show fitted values; each sub-panel corresponds to one 207 

indicator. Residence permit categories: Citizen = Swiss citizens (passport holders); 208 

Permanent = permanent residence permit (C); Long-term = long-term work/study permit 209 

(B); Short-term = short-term permit (L).  210 

Socially stratified urban scaling of cooling benefits 211 

Urban scaling laws describe how city-level properties vary with population size as a power 212 

law, and a negative scaling exponent (β < 0) indicates that denser or larger urban areas 213 

provide lower per-capita levels of that property. Applying this framework, we test whether 214 

cooling benefits from urban vegetation scale with population, and whether the scaling 215 

exponent differs by social group, at two spatial levels: 1 km² cell (population density) and 216 

municipalities (population size). Cooling benefits are measured as the mean vegetation 217 

cooling within buffer radii from 100 to 1,000 m around each residential address, and results 218 

are reported across this range to confirm robustness.  219 

Mean cooling benefits at a 100 m focal radius decline with population density (β = -0.058; 220 

Fig. 3a), indicating that denser areas provide weaker local cooling. Residents with the lowest 221 

cooling within each 1 km2 cell (P10, the 10th percentile of the local cooling distribution; β = -222 

0.079) show a steeper decline with population density than those with the highest (P90; β = 223 

-0.044; Δβ = +0.035, p < 0.001), indicating that denser environments disproportionately 224 

disadvantage those already receiving the least cooling. For residence permit status, 225 

permanent residents show a shallower cooling decline than temporary permit holders, 226 

though the difference is small (Δβ = +0.004; Fig. 3b). The SEP gradient is more pronounced: 227 

High-SEP residents show a shallower decline (β = -0.042) than low-SEP residents (β = -0.068; 228 

Δβ = +0.026; Fig. 3c). These scaling patterns persist across all focal radii from 100 to 1,000 229 

m, with all group gaps largest in the immediate residential environment and attenuating at 230 

broader extents (Fig. 3a-c insets). 231 
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When examining the relationship between mean cooling benefits and municipality 232 

population size, negative scaling persists but is weaker (β = -0.026; Fig. 3d-f), indicating that 233 

population size captures less of the cooling variation than population density. The P10-P90 234 

gap widens (Δβ = +0.050); the permit gap, though small, is more pronounced than at the 235 

density level (Δβ = +0.010). These results confirm that the negative scaling of cooling 236 

benefits with population is universal, but its rate of attenuation is consistently steeper for 237 

socially disadvantaged residents. 238 

 239 

Fig. 3. Socially stratified urban scaling of cooling benefits from urban vegetation. Log-log 240 

scaling regressions of mean individual cooling benefits (100 m radius) against population 241 

density and size, stratified by social group. Points show means within 25 equal-count bins 242 

along the x-axis, with vertical bars giving the standard error of the mean in each bin; binning 243 

is for display only, and all regression lines and scaling exponents are fitted to the unbinned 244 

data. Panels a-c show results for 1 km² population density (persons km-2); panels d-f show 245 

results for municipalities, where population is the total municipal population. a and d: 246 

scaling of the whole population (green), the 90th percentile (90th pct., blue; individuals with 247 

the highest cooling exposure within each unit), and the 10th percentile (10th pct., orange; 248 
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individuals with the lowest cooling exposure). b and e: permanent residents (Swiss citizens 249 

and holders of permanent residence permits (C); blue) and temporary residents (orange). c 250 

and f: in the top 25% (high SEP, blue) and bottom 25% (low SEP, red) of socio-economic 251 

position (SEP). Insets show scaling exponents estimated across focal radii from 100 to 1,000 252 

m (100 m intervals); significance stars indicate a significant difference in scaling exponents 253 

between the two groups (see Methods; *p < 0.05, ns not significant).  254 

Spatial distribution and scaling of cooling inequality 255 

We examine cooling inequality using the Gini index mapped at both the 1 km² cell level and 256 

the municipality level (Fig. 4a-b). The Gini index scales positively with population size at both 257 

spatial scales: at a 100 m focal radius, the scaling exponent is β = 0.126 at the 1 km² level 258 

and β = 0.083 at the municipality level (both p < 0.001; Fig. 4c), indicating that cooling 259 

inequality is greater in more populated units. This positive scaling persists across all focal 260 

radii from 100 to 1,000 m, with both β and R² increasing gradually with focal radius, 261 

suggesting that inequality in cooling over broader neighborhoods is more tightly coupled to 262 

population size. Results are robust to the choice of inequality measure: an equivalent 263 

analysis using the Theil index, an entropy-based alternative to the Gini, yields the same 264 

scaling pattern (Fig. S7; Table S2). 265 

We also compared Gini values between residence permit and SEP subgroups at the 1 km² 266 

cell level (Fig. 4d-e) and municipality level (Fig. S8). For residence permit groups, the Gini 267 

index for temporary and permanent residents is closely aligned (slope = 0.95, R² = 0.60 at 268 

100 m focal radius), indicating similar magnitudes of within-group cooling inequality across 269 

residential status groups. For socioeconomic position (SEP), Gini values for residents in the 270 

bottom 50% SEP fall systematically below those of the top 50% SEP (slope = 0.43 at a 100 m 271 

focal radius; 0.59 at 1,000 m), suggesting that higher-SEP residents exhibit greater 272 

heterogeneity in cooling access, while the cooling environment of lower-SEP residents tends 273 

to be more homogeneous. The Theil index confirms the same within-group patterns (Fig. S7, 274 

d-e). 275 
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 276 

Fig. 4. Spatial distribution and urban scaling of cooling inequality. a-b, Spatial distribution 277 

of the Gini index of cooling inequality at (a) the 1 km² cell level and (b) the municipality 278 

level, computed at a 100 m focal radius; units with fewer than 20 residents are excluded; 279 

cantonal boundaries are shown in dark grey. c, Scaling exponent (β) of the Gini index against 280 

population size, estimated at the 1 km² cell (blue circles) and municipality (grey circles) 281 

levels across focal radii from 100 to 1,000 m (100 m steps); shaded ribbons show 95% 282 

confidence intervals. d-e, pairwise comparison of subgroup Gini values at the 1 km² cell 283 

level, shown at focal radii of 100 m (dark) and 1000 m (light), for (d) temporary versus 284 

permanent residents and (e) residents in the bottom 50% versus the top 50% of 285 

socioeconomic position (SEP). Dashed lines indicate the 1:1 equality line; solid lines show 286 

ordinary least squares regression fits with reported slope and R² values. 287 

Cooling equity typology at municipal and 1 km² cell levels 288 

To characterize how cooling inequality and its social distribution co-vary across local 289 

contexts, we jointly examine the Gini index and the Concentration Index (CI) in Gini-CI space 290 

across all Swiss municipalities (Fig. 5). Higher Gini values indicate greater internal inequality 291 

in cooling exposure; the CI captures the social direction of cooling, whether benefits 292 
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disproportionately favor disadvantaged (negative CI) or advantaged (positive CI) residents. 293 

Municipalities show a positive Gini-CI association, indicating that higher cooling inequality 294 

typically coincides with cooling favoring socially advantaged populations. This holds for SEP 295 

and residence permit status (Fig. 5a, e). The same positive association is observed when 296 

focusing on elderly residents, comparing those aged 80+ against the 65-79 group (Fig. S9a). 297 

The Gini-CI space yields four cooling equity typology quadrants defined by inequality level 298 

and who benefits from cooling. The largest share falls in the upper-right quadrant (36% for 299 

SEP; 40% for permit type), above-average inequality combined with pro-advantaged cooling, 300 

the least equitable configuration (e.g., Geneva for SEP, Zurich for permit type; Fig. 5c, g). A 301 

smaller share occupies the lower-left quadrant (13% for SEP; 12% for permit type), where 302 

cooling is more evenly distributed and modestly favors disadvantaged residents (e.g., 303 

Horgen for SEP, Riehen for permit type; Fig. 5d, h). Among elderly residents, 32% of 304 

municipalities show above-average cooling inequality concentrated among the 65-79 group, 305 

while 21% show below-average inequality with cooling modestly favoring the 80+ group 306 

(e.g., Lugano and Frauenfeld respectively; Fig. S9d-e). The full Gini-CI typology at the 1 km² 307 

cell level is mapped nationally (Fig. S10), extending this classification to individual 308 

neighborhoods and providing a granular basis for spatially targeted greening interventions. 309 
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 310 

Fig. 5. Municipal-level cooling inequality and equity typology for socioeconomic position 311 

(SEP) and residence permit type. a, e, Each point represents one municipality in Gini-CI 312 

space; the Gini index (y-axis) measures internal inequality in cooling exposure derived from 313 

individual-level 100 m focal cooling, and the Concentration Index (CI; x-axis) captures the 314 

social direction of cooling, negative CI indicates cooling concentrated among disadvantaged 315 

residents, positive CI indicates cooling concentrated among advantaged residents. Dashed 316 

lines mark the mean Gini (horizontal) and CI = 0 (vertical), dividing municipalities into four 317 

quadrants; in the figure, "high" and "low" inequality refer to Gini values above and below 318 

this cross-municipality mean, corresponding to above- and below-average inequality in the 319 

main text; insets show the percentage of municipalities in each quadrant. Regression lines 320 

show fitted linear relationships with 95% confidence intervals. b, f, Geographic distribution 321 

of municipalities colored by Gini-CI quadrant; pink indicates the upper-right quadrant 322 
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(above-average inequality, pro-advantaged) and green indicates the lower-left quadrant 323 

(below-average inequality, pro-disadvantaged); annotated examples illustrate contrasting 324 

profiles. c-d, g-h, Within-municipality cooling patterns at the 1 km² cell level for selected 325 

contrasting municipalities, illustrating the least equitable (c, g) and more equitable (d, h) 326 

profiles for SEP and permit type, respectively. 327 

Discussion 328 

Our results show that with increasing concentration of people, cities provide shrinking per-329 

resident vegetation cooling, and they do so unequally. By applying inequality indices at fine 330 

spatial resolution we reveal where cooling is most unequally distributed and who bears heat 331 

burdens, providing a diagnostic foundation for targeted equitable greening interventions. 332 

Vegetation cooling supply is systematically lower in more populous areas, following a 333 

negative power-law relationship with population density. This is consistent with evidence 334 

that per-capita green space access declines with city size39, and provides a complementary 335 

biophysical interpretation: vegetation's contribution to cooling shrinks as urban areas 336 

concentrate more residents. While this negative association is somewhat intuitive, our 337 

results situate it within the broader framework of urban scaling laws. Crucially, β < 0 338 

represents an absolute per-resident cooling deficit that deepens with population density, a 339 

qualitatively different regime from the agglomeration benefits that characterize physical 340 

infrastructure and public services, which typically scale positively with population size40,41. 341 

The cooling pattern likely reflects the declining ratio of vegetated surface to residents with 342 

increasing density42,43, as well as the constrained growing conditions that limit the 343 

biophysical capacity of urban vegetation in compact environments44,45. Our results therefore 344 

suggest that the logic of urban agglomeration efficiency does not readily translate to climate 345 

regulation services from vegetation46,47, suggesting that climate regulation services from 346 

vegetation obey their own distinct scaling regime, potentially governed by constraints of 347 

land surface, radiative balance, and vegetation function48. 348 

The SCOPE model has also been applied for measuring green cooling across major European 349 

cities, where unprivileged groups were found to receive less green cooling49. That work 350 

characterizes disparities within individual cities; by resolving cooling at the level of individual 351 

residents across an entire national urban system, we can additionally test how those 352 
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disparities scale with population size and density. Cooling benefits decline steeply with 353 

population density and municipality size for socioeconomically disadvantaged residents, 354 

indicating that the cooling penalty of density is not socially neutral, consistent with 355 

documented green space access disparities in cities7. Residents in the High SEP distribution 356 

experience a shallower cooling decline (β = -0.042) than those in the Low-SEP group (β = -357 

0.068), a gap of Δβ = +0.026, while the gap by permit status is comparatively modest (Δβ = 358 

+0.004). Therefore, socioeconomically disadvantaged residents experience steeper cooling 359 

loss in denser areas, widening the gap precisely where lower-SEP populations are 360 

disproportionately concentrated50. This double penalty is compounded by a structural 361 

feature visible in the within-group Gini comparison (Fig. 4d-e): lower-SEP residents and non-362 

permanent permit holders show not only lower mean cooling (Fig. 2), but also lower within-363 

group inequality, indicating that their cooling deprivation is pervasive across the group 364 

rather than concentrated among a subset. Denser and larger urban contexts amplify this 365 

universal inequality further51.  366 

Cooling inequality itself scales positively with population, meaning that larger and denser 367 

areas not only provide less mean cooling but distribute it more unequally. The Gini-CI 368 

(Concentration Index) typology, which has been applied in urban heat disparities research, 369 

sharpens these patterns into an actionable diagnostic52. The largest single group of Swiss 370 

municipalities falls in the above-average-inequality, pro-advantaged quadrant of Gini-CI 371 

space (36% for SEP, 40% for permit status), meaning cooling is both unequally distributed 372 

and disproportionately concentrated among socially advantaged residents. This reveals that 373 

equality of greening is insufficient: cooling equity requires that those who most need 374 

cooling have the greatest access to it53, which demands interventions proportionate to 375 

cooling need, for example, highly heat-vulnerable oldest-old adults (aged 80 and above), 376 

and ecological deficit rather than uniform vegetation distribution54–56. The Gini-CI 377 

framework provides precisely the geographic targeting information required to act, 378 

identifying where inequality is most pronounced and socially asymmetric.  379 

Although this study advances understanding of how urban vegetation cooling benefits scale 380 

with density and vary across sociodemographic groups, several limitations warrant 381 

consideration. First, the green cooling benefit index (GCoS) captures the maximum potential 382 

cooling supply from vegetation under peak heat conditions, derived from the SCOPE 383 
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radiative and evapotranspirative model57; it does not account for the full urban energy 384 

balance, including building shading, albedo, and nocturnal dynamics48, a constraint inherent 385 

to the computational demands of a national-scale simulation. Second, Swiss cities are small 386 

by international standards, so the scaling relationships reported here are estimated over a 387 

comparatively narrow range of urban population sizes and should be extrapolated to large 388 

metropolitan systems with caution. Furthermore, exposure is measured at the place of 389 

residence and does not account for daily mobility; cooling experienced at workplaces, 390 

schools or during travel is not captured. 391 

 392 
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Methods 393 

Data 394 

Meteorological data. Hourly meteorological variables were obtained from the ERA5 395 

reanalysis dataset of the European Centre for Medium-Range Weather Forecasts (ECMWF), 396 

accessed via the Copernicus Climate Change Service (C3S) 58. The dataset includes air 397 

temperature (2 m), relative humidity, surface pressure, 10 m wind speed, and downwelling 398 

shortwave and longwave radiation. These hourly fields provided boundary conditions for 399 

the vegetation cooling model. Background air temperature was characterized using 400 

predicted daily high-resolution air temperature data (100 m × 100 m) for Switzerland by 401 

Flückiger et al. 59 402 

Terrestrial surface data. Vegetation structure and land surface parameters were extracted 403 

from multiple satellite and national sources. The Leaf Area Index (LAI) (300 m resolution) 404 

was obtained from the Copernicus Global Land Service 60. Canopy height data (1 m 405 

resolution, 2020) were provided by the Swiss National Forest Inventory. Land cover and 406 

fractional vegetation surfaces were derived from the Swiss Habitat Map61, which also 407 

provided delineations of inland water bodies (features < 0.1 km² excluded). Cultivated and 408 

agricultural surfaces were excluded from the fractional canopy cover calculation. Tree 409 

canopy cover at 10 m resolution was defined by applying a 1 m minimum height threshold 410 

to the Vegetation Height Model, isolating woody from herbaceous cover.  411 

Demographic data. Person-level geo-coded demographic data (STATPOP; one record per 412 

resident, with residential coordinates at 1 m precision) were obtained from the Swiss 413 

Federal Statistical Office (STATPOP 2018), comprising age, gender, marital status, 414 

nationality, and residence permit type for all residents 62. Because the individual-level 415 

income data is highly confidential in Switzerland, we use a micro-neighborhoods index, 416 

Socioeconomic position (SEP) to reflect the relative economic position. The SEP was derived 417 

from the Swiss Neighborhood Index of Socioeconomic Position (Swiss-SEP 2015), an area-418 

based deprivation indicator defined for 1.54 million micro-neighborhoods, each centered on 419 

a residential building and comprising the 50 nearest households by road-network distance. 420 

The index combines median rent, educational attainment, occupational class, and 421 

household crowding via principal component analysis, standardized to 0-100 63. SEP was 422 
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assigned to each individual via nearest-neighbor spatial join in EPSG:2056 coordinates and 423 

categorized into national quartiles. All data were accessed under a data-sharing agreement 424 

with the Swiss Federal Statistical Office and handled in compliance with Swiss data-425 

protection regulations. Municipalities classified as rural (“ländlich”) according to the Swiss 426 

Municipal Typology 64 were excluded to focus on urban and peri-urban areas, yielding a total 427 

analytical population of 7,358,605 residents in 1,165,052 micro-neighborhoods. 428 

Reference year. All analyses use 2018 as the reference year. STATPOP 2018 was the most 429 

recent release available when the study was designed, and 2018 was also a warm but not 430 

extreme Swiss summer, slightly exceeding the upper bound of the ±1 s.d. range around the 431 

1990-2024 long-term mean (Fig. S2). Using the same year for the demographic and 432 

meteorological inputs ensures that the population distribution and the modelled cooling 433 

supply refer to the same period. Canopy height (2020) and Swiss-SEP (2015) were the 434 

nearest available releases; both describe attributes that change slowly relative to the study 435 

period. 436 

Modeling of urban green cooling supply 437 

Cooling benefits were quantified using the Greening Cooling Services Index (GCoS), which 438 

integrates evapotranspirative (ECoS) and radiative (RCoS) components. In this study, we 439 

used the GCoS approach that was first established for Berlin 57 and then applied to many 440 

European cities 49. The ET component was independently validated in a Swiss urban context 441 

(Basel) using eddy covariance tower measurements, achieving R² = 0.85-0.89 across two 442 

tower sites (obs = 1,652-1,697 half-hourly measurements per site, 2019/2021).  GCoS is 443 

derived from the SCOPE (Soil Canopy Observation, Photosynthesis and Energy fluxes) model, 444 

a process-based approach that simulates canopy radiative transfer, heat fluxes, and energy 445 

balance 65. Leaf area index and canopy height (see Terrestrial surface data) entered SCOPE 446 

as pixel-level inputs, driving the evapotranspirative and radiative components respectively; 447 

fractional canopy cover, computed as the proportion of 1 m sub-pixels exceeding the 1 m 448 

height threshold within each 10 m cell, was applied in the second modelling stage to scale 449 

simulated fluxes to the vegetated proportion of each cell. GCoS represents the combined 450 

relative cooling potential of vegetation, expressed as a unitless index (0-1) standardized to a 451 

24-hour mean for each 10 m pixel. As a bounded relative index, GCoS captures the spatial 452 

pattern of vegetation cooling supply rather than absolute air-temperature reduction. 453 
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Because of Switzerland's substantial topographic variation, the hottest day in 2018 was 454 

identified independently for each canton based on daily mean air temperature, and the 455 

corresponding date's meteorological data were used as model input to calculate GCoS for 456 

that canton (Table S3). Following the parameterization of ref.49, stomatal conductance and 457 

soil moisture parameters were held constant in space and time at their default values, and 458 

irrigation was not represented. GCoS therefore represents potential cooling supply under 459 

non-water-limited conditions and may overestimate realized cooling where vegetation 460 

experiences soil-moisture stress. Because these parameters are spatially uniform, they shift 461 

the absolute level of GCoS but not its relative spatial distribution, on which all comparisons 462 

reported here are based. 463 

Multi-scale extraction of cooling exposure 464 

Cooling benefits accessible to each resident were extracted using a moving-window 465 

approach at multiple spatial extents. For each resident, cooling benefits (GCoS values) were 466 

extracted at the residential address and averaged within circular buffers from 20 m to 1,000 467 

m in 20 m steps (50 radii), capturing cooling at both immediate residential and broader 468 

neighborhood scales. Cooling values were subsequently aggregated to 1 km² cells, 469 

municipalities, cantons, and biogeographic regions for multi-scalar analyses. 470 

Classification of sociodemographic groups  471 

Sociodemographic indicators were classified as follows: (1) Age: 0-25, 26-44, 45-64, 65-79, 472 

and 80+ years; (2) Residence permit: four groups reflecting legal residency status: Swiss 473 

citizens, permanent residents (C permit), long-term residents (B permit, residence permit 474 

for work and study more than 1 year), and short-term residents (L permit, short-term less 475 

than 1 year); (3) Gender: male and female; (4) Civil status: married, single, divorced, and 476 

widowed; (5) SEP: four groups derived by categorizing the continuous Swiss-SEP score (0-477 

100) into national quartiles: Low (Q1), Lower-Middle (Q2), Upper-Middle (Q3), and High 478 

(Q4). Nationality was additionally classified as Swiss citizen, EU/EFTA national, or non-479 

EU/EFTA national. We computed pairwise Spearman rank correlations across all indicator-480 

group combinations at the individual level (Fig. S3). The nationality was excluded from the 481 

main analysis owing to high correlation with residence permit type. Group definitions differ 482 

between the two analyses in the socioeconomic dimension by design. The scaling analysis 483 
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(Fig. 3) contrasts the extremes of the SEP distribution, high (Q4) versus low (Q1), to 484 

characterize the steepest social gradient in cooling supply. For between-group comparisons 485 

of inequality (Fig. 4d-e), SEP was instead split at the median into upper (Q3-Q4) and lower 486 

(Q1-Q2) halves, so that the compared groups are mutually exclusive and jointly cover the 487 

full population, a condition for interpreting Gini and Theil as population-level distributional 488 

measures. Residence permit groups (settled: Swiss citizens and C-permit holders; 489 

temporary: B and L permit holders) are identical across both analyses. 490 

Log-linear cooling gradient and saturation distance 491 

Log-linear cooling gradient. To visualize how group-level cooling benefits vary with 492 

neighborhood extent, we fitted a log-linear model of the form !""#$%&'(%()$*(,) = / +493 

1 · #%(,) to group-median cooling benefit at 50 focal radii (20-1,000 m in 20 m steps), where 494 

r is the focal radius in meters. The model was fitted by ordinary least squares. Fitted curves 495 

are shown in Fig. 2c. 496 

Cooling saturation distance. The saturation distance (r95) was derived from an exponential 497 

saturation model fitted independently to the group-median cooling profile. For each 498 

sociodemographic group, the model 499 

Cooling	benefit(,) = > ⋅ (1 − exp(−' ⋅ ,)) (1) 500 

was fitted by nonlinear least squares to the group-median cooling benefit at radii larger 501 

than 20 m (i.e., 40-1000 m in 20 m steps; up to 50,000 individuals per group), where a is the 502 

asymptotic maximum cooling and b is the rate parameter. The saturation distance was then 503 

derived analytically as: 504 

,!" =
− ln(1 − 0.95)

' = ln(20)
' (2) 505 

Group differences in r95 were assessed by a permutation test, and bootstrap standard errors 506 

were estimated as described above. r95 values are shown in Fig. 2b; standard errors are 507 

reported in Table S4. Full model parameter estimates per sociodemographic group are 508 

provided in Table S4. 509 
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Multiple regression analysis 510 

To disentangle independent sociodemographic association with cooling, we estimated a 511 

pooled ordinary least squares (OLS) regression of individual-level tree-induced cooling at a 512 

focal radius of 100 m on all five sociodemographic indicators simultaneously. Categorical 513 

variables were dummy-coded with the following reference groups: age 65-79 years, Swiss 514 

citizens (permit type), high SEP, male (gender), and married (civil status). The model was 515 

estimated on n = 7,064,396 individuals with complete records across all indicators, after 516 

excluding missing, “Not specified”, and “Other” in residence permit categories. Regression 517 

coefficients, 95% confidence intervals, and significance (t-test) were reported for each non-518 

reference level. Model fit was assessed with R² and the F-statistic. Results are presented as 519 

a forest plot (Fig. S5). The full regression table (β, SE, 95% CI, t, p, R², F-statistic) is provided 520 

in Table S5. 521 

Group comparisons and bootstrap significance testing 522 

To test for statistically significant differences in cooling benefit between sociodemographic 523 

groups, we used two complementary procedures depending on the outcome. For cooling 524 

magnitude at a specific focal radius (Fig. 2a), pairwise differences between each group and 525 

its reference were assessed by bootstrap resampling under the null hypothesis (2,000 526 

resamples drawn with replacement; maximum 50,000 individuals per group): the focal and 527 

reference groups were pooled before each draw, and the two-sided p-value was taken as 528 

the proportion of null differences in group medians whose absolute value equalled or 529 

exceeded the observed absolute difference. For the saturation distance r95 (Fig. 2b), a 530 

permutation test was used: individuals from each group and its reference were pooled and 531 

randomly re-split into two groups of the original sizes; r95 was recomputed for each pseudo-532 

split (500 permutations); the p-value was the proportion of absolute permutation 533 

differences that equaled or exceeded the observed absolute difference. Fewer iterations 534 

were used for r95 because each iteration requires re-fitting the exponential saturation 535 

model. For both procedures, p-values are reported as (r+1)/(B+1), which bounds the 536 

smallest resolvable value at 0.0005 for cooling magnitude (B = 2,000) and 0.002 for r95 (B = 537 

500). Bootstrap standard errors for r95 were estimated separately from 200 within-group 538 

resamples (std of valid r95 estimates). All comparisons used the same reference groups for 539 
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each indicator: age 65-79 years, Swiss citizens (permit type), high SEP, male (gender), and 540 

married (civil status).  541 

Density-stratified analysis 542 

To test whether sociodemographic disparities in cooling are confounded by residential 543 

density, we stratified individuals into three density tertiles (Low, Medium, and High) based 544 

on the focal population at the 100 m residential scale. Focal population was computed for 545 

each 100 m grid cell as the sum of residents in the cell and its four cardinal neighbors (north, 546 

south, east, west). Cells with fewer than five residents were excluded. Tertile boundaries 547 

were defined globally across all urban and peri-urban individuals. Within each stratum, 548 

group medians and interquartile ranges of cooling at 100 m were computed, and pairwise 549 

bootstrap significance tests (n = 2,000 resamples; maximum 50,000 individuals per group) 550 

were performed against the same reference groups used in the national analysis. Results are 551 

presented in Fig. S6. The same Group comparisons and bootstrap significance testing were 552 

applied within each density stratum in the density-stratified analysis (Fig. S6). Median 553 

cooling and bootstrap p-values per group × density stratum are provided in Table S6. 554 

Scaling law analysis of cooling  555 

We modelled the scaling of vegetation cooling benefits with population size using log-log 556 

ordinary least squares (OLS) regression: 557 

I = /J# (3) 558 

where Y is the mean individual cooling benefit (or inequality metric) at a given focal radius, 559 

N is the population count, α is a normalization constant, and β is the scaling exponent. The 560 

scaling exponent β represents the elasticity of the outcome with respect to population; a 561 

negative β indicates that cooling (or inequality) declines with increasing urban density or 562 

city size. Analyses were conducted at two spatial levels. At the 1 km² cell level, N is the cell 563 

population count, equivalent to population density (persons km⁻²). At the municipality level, 564 

N is the total municipal population. Spatial units with fewer than 20 persons were excluded. 565 

Group-specific scaling models were estimated for three stratifications: (1) Distributional: Y 566 

was the 10th percentile (P10) and 90th percentile (P90) of individual cooling within each 567 

spatial unit; (2) SEP: Y was the mean cooling of residents in the top (high SEP) or bottom 568 
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(low SEP) national quartile of Swiss-SEP scores; (3) Residence permit: Y was the mean 569 

cooling of settled residents (Swiss citizens and C permit holders) or temporary residents (B 570 

and L permit holders). Group-specific models were restricted to spatial units containing at 571 

least 5 persons in each group. To formally test whether scaling exponents differ between 572 

social groups, we applied a within-unit ratio regression:  573 

ln LI$I%
M~ ln(J) (4) 574 

where the slope P1 = 1$ − 1%. 575 

All models were estimated with heteroskedasticity-consistent HC3 robust standard errors (R 576 

packages sandwich and lmtest). Scaling analyses at both spatial levels (1 km² and 577 

municipality) were repeated at 10 focal radii from 100 to 1,000 m in 100 m intervals to 578 

assess robustness across spatial extents. 579 

Inequality and equity typology analysis 580 

Inequality metrics. Cooling inequality within each spatial unit was quantified using two 581 

complementary metrics. The Gini index measures overall dispersion in individual cooling 582 

exposure and was computed using the sorted-ranks formula: 583 

Q$%$ = 1 + 1
% − L

2
(%%R)MS(% + 1 − $)

&
T(&) (5) 584 

where x₍ᵢ₎ is individual cooling exposures sorted in ascending order, μ is the mean cooling 585 

exposure, and n is the population size. The Theil index, an entropy-based alternative to the 586 

Gini, was computed 587 

as:588 

Uℎ($# = $
) ∑ +!"# ," -)+!"#,

(6) 589 

where xᵢ is the cooling exposure of individual i and μ is the population mean. Both metrics 590 

were computed at the individual level within each spatial unit (1 km² cell and municipality) 591 

across all focal radii. 592 

Concentration Index. The Concentration Index (CI) assesses whether cooling is 593 

systematically distributed in favor of socially advantaged or disadvantaged residents. We 594 

used the two-group rank-based formulation: 595 

!X = Y2(Z$,$R$ +Z%,%R%)[
R − 1 (7) 596 
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	 597 

where the population is divided into two groups, a socially advantaged group (group 1) and 598 

a socially disadvantaged group (group 2), defined separately for each indicator: upper 50% 599 

versus lower 50% SEP, permanent versus temporary residents, and the 65-79 versus 80+ age 600 

groups. Here w₁ and w₂ are the population shares of each group (w₁ + w₂ = 1), μ₁ and μ₂ are 601 

their mean cooling exposures, and μ is the overall mean cooling. The fractional ranks are 602 

assigned as ,₂ = Z₂/2 (disadvantaged group, ranked below) and ,₁ = Z₂ + Z₁/2 603 

(advantaged group, ranked above), placing the disadvantaged group at the lower end of the 604 

social rank distribution. A positive CI indicates that cooling is disproportionately 605 

concentrated among the advantaged group (pro-advantaged); a negative CI indicates higher 606 

cooling benefits among the disadvantaged group (pro-disadvantaged). A minimum of 5 607 

individuals per group was required for CI computation. 608 

Municipal-level equity diagnostics. Each municipality was characterized by its Gini index 609 

(overall cooling dispersion) and CI (social bias in cooling). Municipalities were classified into 610 

four quadrants by whether their Gini exceeded the cross-municipality mean and whether 611 

their CI was positive (pro-advantaged) or negative (pro-disadvantaged). High Gini combined 612 

with positive CI (upper-right quadrant) indicates that cooling is both unevenly distributed 613 

and concentrated among advantaged residents (least equitable); low Gini combined with 614 

negative CI (lower-left quadrant) reflects more equitable, pro-disadvantaged conditions. The 615 

same classification was applied at the 1 km² cell level to produce a national equity typology 616 

map. 617 

Data availability 618 

The vegetation and land-surface datasets used for modeling tree-induced cooling include 619 

the 1 m Vegetation Height Model from the National Forest Inventory (NFI, last accessed 30 620 

October 2024; the old website is closed, and currently the dataset is available at 621 

https://www.envidat.ch/dataset/vegetation-height-model-nfi). The Leaf Area Index (LAI, 622 

300 m) is from the Copernicus Global Land Service 623 

(https://land.copernicus.eu/en/products/vegetation/leaf-area-index-300m-v1.0). Habitat 624 

and land-cover data were derived from the Habitat Map of Switzerland 625 

(https://www.envidat.ch/#/metadata/habitat-map-of-switzerland). Meteorological 626 

variables used in the rSCOPE model were sourced from the ERA5 reanalysis produced by the 627 

https://www.envidat.ch/dataset/vegetation-height-model-nfi
https://land.copernicus.eu/en/products/vegetation/leaf-area-index-300m-v1.0
https://www.envidat.ch/#/metadata/habitat-map-of-switzerland
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Copernicus Climate Data Store (CDS; https://cds.climate.copernicus.eu/). Hourly variables 628 

included 2 m temperature, 10 m wind speed, surface pressure, total precipitation, 629 

downward shortwave and longwave radiation, and relative humidity. ERA5 data were 630 

accessed via the ecmwfr interface in R. All ERA5 data were retrieved for the full year 2018, 631 

cropped to the Swiss domain, and reprojected to match the model coordinate reference 632 

system. The outcome datasets of cooling benefits from urban vegetation generated in this 633 

study are deposited in the ETH Zurich Research Collection (https://www.research-634 

collection.ethz.ch/entities/researchdata/022ab0f4-18ef-4c3a-a7d3-3e206daaafbd, under 635 

embargo). The biogeographical regions of Switzerland were obtained from the Swiss 636 

Geographic Catalogue 637 

(https://www.geocat.ch/geonetwork/srv/eng/catalog.search#/metadata/fc110d43-cfbc-638 

4029-a73c-f24bd67c9689). Individual- and micro-neighborhood- level demographic data 639 

were obtained from Swiss Federal Statistical Office 640 

(https://www.bfs.admin.ch/bfs/en/home/statistiken/bevoelkerung/erhebungen/statpop.ht641 

ml). All demographic datasets above were accessed under a data-sharing agreement with 642 

the Swiss Federal Statistical Office, in compliance with the Swiss Federal Act on Data 643 

Protection (FADP) and applicable data confidentiality regulations. The record linkage was 644 

performed by the FSO, and the matched dataset was made available to the researchers in 645 

an anonymized/pseudonymized format and cannot be shared. 646 

Code availability 647 

Vegetation cooling was simulated with the SCOPE model as implemented in the rSCOPE R 648 

package (v1.0)66. All subsequent processing and analysis were performed in Python and R. 649 

Processing of the 1 m national canopy height data, individual-level cooling extraction, and 650 

the bootstrap and permutation procedures were run on the ETH Zurich Euler high-651 

performance computing cluster. Although the underlying individual-level records cannot be 652 

shared under the data agreement with the Swiss Federal Statistical Office, the analysis code 653 

will be deposited in a public repository (Zenodo) and made openly available upon 654 

publication. 655 

https://cds.climate.copernicus.eu/
https://www.research-collection.ethz.ch/entities/researchdata/022ab0f4-18ef-4c3a-a7d3-3e206daaafbd
https://www.research-collection.ethz.ch/entities/researchdata/022ab0f4-18ef-4c3a-a7d3-3e206daaafbd
https://www.geocat.ch/geonetwork/srv/eng/catalog.search#/metadata/fc110d43-cfbc-4029-a73c-f24bd67c9689
https://www.geocat.ch/geonetwork/srv/eng/catalog.search#/metadata/fc110d43-cfbc-4029-a73c-f24bd67c9689
https://www.bfs.admin.ch/bfs/en/home/statistiken/bevoelkerung/erhebungen/statpop.html
https://www.bfs.admin.ch/bfs/en/home/statistiken/bevoelkerung/erhebungen/statpop.html
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Fig. S1. Study area overview. (a) Classification of Swiss municipalities into Rural (grey), Peri-
urban (orange), and Urban (red) categories based on the Swiss Federal Statistical Office 
urbanization typology. Study municipalities are overlaid on the full Swiss municipal 
boundary layer; cantonal borders are shown in dark grey. (b) Biogeographic zones of 
Switzerland, comprising six regions: Central Plateau, Jura, Northern Alps, Western Central 
Alps, Eastern Central Alps, and Southern Alps. 

 

Fig. S2. Historical summer (June-August) mean temperature across Switzerland from 1990 
to 2024. Averaged across nine MeteoSwiss National Basic Climatological Network (NBCN) 
homogenized station records (Basel/Binningen, Bern/Zollikofen, Geneva/Cointrin, Lugano, 
Lucerne, Zürich/Fluntern, Sion, Neuchâtel, and St. Gallen). The dashed line indicates the 
1990-2024 long-term mean (19.2 °C); the shaded band denotes ±1 standard deviation. The 
study year 2018 (red bar) slightly exceeds the upper bound of the ±1 standard deviation 
range, indicating a warm but not extreme summer relative to the recent climatological 
baseline. 
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Fig. S3. Pairwise Spearman rank correlation matrix among the five sociodemographic 
indicators used in the main analysis (age, gender, civil status, residence permit type, and 
socioeconomic position). Nationality and residence permit type show the highest inter-
indicator correlation, motivating the exclusion of nationality from the main analysis. 
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Fig. S4. Observed medians and interquartile ranges at each focal radius, before fitting. 
Dots represent medians, shades represent the distribution from 25th (lower) to 75th 
(upper). 
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Fig. S5. Multiple regression of individual-level cooling benefit (cooling benefits at 100 m 
focal radius) on five simultaneously included sociodemographic predictors. Forest plot of 
regression coefficients (β) with 95% confidence intervals for each non-reference group. 
Reference groups are shown in parentheses. Significance: *** p < 0.001, ** p < 0.01, * 
p < 0.05, ns not significant. 
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Fig. S6. Density-stratified sociodemographic disparities in cooling benefit at a focal radius 
of 100 m. Groups are compared within three population density strata (Low, Medium, High) 
defined by tertiles of focal population at the 100 m scale. Points indicate group medians; 
horizontal bars denote interquartile ranges. Significance stars show bootstrap pairwise tests 
versus the reference group within each stratum (*** p < 0.001, ** p < 0.01, * p < 0.05, ns 
not significant). The consistency of group rank orderings across strata confirms that the 
observed disparities are not artefacts of density confounding.   
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Fig. S7. Urban scaling of cooling inequality measured by the Theil index. a-b, Spatial 
distribution of the Theil index at the 1km2 level (a) and municipality level (b), computed at a 
100 m focal radius. c, Scaling exponent (β) of the Theil index against population size, 
estimated separately at the 1 km² cell (filled circles) and municipality (open circles) levels 
across focal radii from 100 to 1,000 m (100 m steps); the dashed horizontal line indicates β = 
0; shaded ribbons show 95% confidence intervals. d-e, Pairwise comparison of subgroup 
Theil values at the 1 km² cell level, shown at focal radii of 100 m (dark) and 1,000 m (light), 
for permit type groups (d) and SEP groups (e); solid lines show ordinary least squares 
regression fits with reported slope and R² values. 
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Fig. S8. Pairwise comparison of cooling inequality (Gini index) between social groups at 
focal radii of 100 m and 1000 m at municipality level. a, Gini index for temporary residents 
versus permanent residents. b, Gini index for residents in the bottom 50% versus the top 
50% of socioeconomic position (SEP). Dashed lines indicate the 1:1 equality line; solid lines 
show ordinary least squares regression fits with reported slope and R² values. Points above 
the 1:1 line indicate higher cooling inequality for the group on the y-axis. 
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Fig. S9. Municipal-level characterization of cooling inequality and equity for the elderly 
population (aged 65-79 versus 80+) across Swiss urban and peri-urban municipalities. Left 
panel: each point represents one municipality in Gini-CI space; the Gini index (y-axis) is 
derived from individual-level 100 m focal cooling and the Concentration Index (CI; x-axis) is 
computed from 1 km² cells weighted by the population share of residents aged 80 and 
above. Negative CI values indicate cooling concentrated among the 65-79; positive CI values 
indicate pro-elderly (aged 80+) cooling. Dashed lines mark the mean Gini (horizontal) and CI 
= 0 (vertical); insets show the percentage of municipalities in each quadrant. In the figure, 
"high" and "low" inequality refer to Gini values above and below this cross-municipality 
mean, corresponding to above- and below-average inequality in the main text. The 
regression line shows the fitted linear relationship with 95% confidence interval. Right 
panel: geographic distribution of municipalities colored by Gini-CI quadrant classification; 
red = upper-left quadrant (above-average inequality, pro-privileged); green = lower-right 
quadrant (below-average inequality, pro-vulnerable). Canton boundaries are shown in 
white. Annotated examples illustrate contrasting municipal profiles: Lugano (Ticino) in the 
pro-privileged, above-average inequality quadrant; Frauenfeld (Thurgau) in the pro-
vulnerable, below-average inequality quadrant. 
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Fig. S10. National distribution of cooling equity typology at the cell scale (1 km²). Each cell 
is classified into one of four quadrants defined by its Gini index (internal inequality in 
cooling exposure; horizontal threshold = national mean) and Concentration Index (CI; 
vertical threshold = 0). Positive CI indicates cooling is concentrated among 
socioeconomically advantaged residents (pro-advantaged); negative CI indicates the 
reverse. in the figure, "high" and "low" inequality refer to Gini values above and below this 
cross-municipality mean, corresponding to above- and below-average inequality in the main 
text. Panels show classifications based on (a) socioeconomic position (SEP), (b) residence 
permit status, and (c) age group (residents aged 80+ versus 65-79). Only cells with ≥ 20 
residents and valid Gini estimates are shown. Canton boundaries shown in white. 
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Table S1. Pairwise bootstrap significance tests for group differences in cooling benefit at a 
focal radius of 100 m. For each sociodemographic indicator, each non-reference group is 
compared to the reference group (italicized) by pooling the two groups and resampling 
under the null hypothesis (2,000 resamples; max 50,000 individuals per group). The p-value 
is the proportion of null differences whose absolute value equals or exceeds the observed 
absolute difference. 

Indicator Group n Observed Δ 
GCoS 

p-value 

Age group 65–79 (ref.) — — — 

Age group 0–25 50,000 -0.009 <0.001 

Age group 26–44 50,000 -0.026 <0.001 

Age group 45–64 50,000 -0.006 <0.001 

Age group ≥80 50,000 -0.004 <0.001 

Residence permit Swiss citizen (ref.) — — — 

Residence permit Long-term (B) 50,000 -0.032 <0.001 

Residence permit Permanent (C) 50,000 -0.020 <0.001 

Residence permit Short-term (L) 50,000 -0.086 <0.001 

Gender Male (ref.) — — — 

Gender Female 50,000 0.001 0.439 

Civil status Married (ref.) — — — 

Civil status Divorced 50,000 -0.011 <0.001 

Civil status Single 50,000 -0.012 <0.001 

Civil status Widowed 50,000 -0.005 <0.001 

Socioeconomic position High (ref.) — — — 

Socioeconomic position Low 50,000 -0.072 <0.001 

Socioeconomic position Lower-middle 50,000 -0.050 <0.001 

Socioeconomic position Upper-middle 50,000 -0.031 <0.001 
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Table S2. Urban scaling exponents (β) for cooling inequality (Gini and Theil indices) at cell 
level (1 km²) and municipality level across focal radii (100–1000 m). β estimated by OLS 
regression of log(index) on log(population) with HC3 robust standard errors. 95% CI = 
heteroscedasticity-robust confidence interval; R² = coefficient of determination; p = two-
sided p-value; n = number of spatial units. 

Radius 
(m) 

Scale Index β 95% CI R² p n 

100 Cell (1 km²) Gini 0.126 [0.112, 0.141] 0.052 <0.001 8055 

200 Cell (1 km²) Gini 0.153 [0.142, 0.164] 0.126 <0.001 8053 

300 Cell (1 km²) Gini 0.177 [0.167, 0.187] 0.142 <0.001 8055 

400 Cell (1 km²) Gini 0.201 [0.186, 0.217] 0.118 <0.001 8058 

500 Cell (1 km²) Gini 0.210 [0.196, 0.224] 0.124 <0.001 8059 

600 Cell (1 km²) Gini 0.210 [0.198, 0.222] 0.165 <0.001 8057 

700 Cell (1 km²) Gini 0.216 [0.203, 0.230] 0.143 <0.001 8058 

800 Cell (1 km²) Gini 0.224 [0.209, 0.240] 0.115 <0.001 8060 

900 Cell (1 km²) Gini 0.218 [0.204, 0.232] 0.137 <0.001 8058 

1000 Cell (1 km²) Gini 0.215 [0.201, 0.228] 0.135 <0.001 8058 

100 Municipality Gini 0.083 [0.068, 0.099] 0.104 <0.001 1021 

200 Municipality Gini 0.139 [0.121, 0.158] 0.196 <0.001 1021 

300 Municipality Gini 0.192 [0.171, 0.213] 0.263 <0.001 1021 

400 Municipality Gini 0.229 [0.207, 0.251] 0.302 <0.001 1021 

500 Municipality Gini 0.256 [0.233, 0.278] 0.314 <0.001 1021 

600 Municipality Gini 0.274 [0.249, 0.299] 0.316 <0.001 1021 

700 Municipality Gini 0.287 [0.261, 0.313] 0.307 <0.001 1021 

800 Municipality Gini 0.293 [0.266, 0.320] 0.295 <0.001 1021 

900 Municipality Gini 0.293 [0.266, 0.321] 0.279 <0.001 1021 

1000 Municipality Gini 0.293 [0.264, 0.321] 0.267 <0.001 1021 

100 Cell (1 km²) Theil 0.209 [0.192, 0.225] 0.094 <0.001 8053 

200 Cell (1 km²) Theil 0.277 [0.259, 0.294] 0.120 <0.001 8055 

300 Cell (1 km²) Theil 0.327 [0.307, 0.347] 0.141 <0.001 8057 

400 Cell (1 km²) Theil 0.355 [0.335, 0.374] 0.154 <0.001 8057 

500 Cell (1 km²) Theil 0.371 [0.352, 0.391] 0.167 <0.001 8057 

600 Cell (1 km²) Theil 0.389 [0.367, 0.410] 0.153 <0.001 8060 

700 Cell (1 km²) Theil 0.394 [0.372, 0.416] 0.156 <0.001 8059 

800 Cell (1 km²) Theil 0.393 [0.372, 0.414] 0.159 <0.001 8057 

900 Cell (1 km²) Theil 0.392 [0.371, 0.413] 0.150 <0.001 8058 

1000 Cell (1 km²) Theil 0.386 [0.365, 0.406] 0.146 <0.001 8058 

100 Municipality Theil 0.172 [0.140, 0.204] 0.114 <0.001 1021 

200 Municipality Theil 0.270 [0.234, 0.306] 0.193 <0.001 1021 

300 Municipality Theil 0.366 [0.325, 0.407] 0.256 <0.001 1021 
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Radius 
(m) 

Scale Index β 95% CI R² p n 

400 Municipality Theil 0.431 [0.390, 0.473] 0.288 <0.001 1021 

500 Municipality Theil 0.480 [0.436, 0.524] 0.301 <0.001 1021 

600 Municipality Theil 0.514 [0.466, 0.562] 0.299 <0.001 1021 

700 Municipality Theil 0.538 [0.487, 0.589] 0.292 <0.001 1021 

800 Municipality Theil 0.552 [0.500, 0.605] 0.281 <0.001 1021 

900 Municipality Theil 0.554 [0.499, 0.609] 0.267 <0.001 1021 

1000 Municipality Theil 0.556 [0.500, 0.613] 0.257 <0.001 1021 
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Table S3. Canton-specific peak heat dates used for SCOPE model simulations. For each of 
the 22 Swiss cantons, the most extreme summer heat day in 2018 was identified as the date 
with the highest canton-averaged mean air temperature (Ta mean, ERA5 reanalysis at 100 m 
resolution). Hourly SCOPE simulations were run for each canton on its respective peak heat 
date to derive the Greening Cooling Services (GCoS) index. Appenzell Innerrhoden and 
Appenzell Ausserrhoden were merged for date detection due to their small size and 
geographic proximity. 

Canton Peak Heat Date Ta mean (°C) 

Appenzell* 05 Aug 2018 23.3 

Bern 04 Aug 2018 25.4 

Fribourg 03 Aug 2018 25.2 

Geneva 05 Aug 2018 25.7 

Glarus 05 Aug 2018 20.1 

Graubünden 05 Aug 2018 17.4 

Jura 04 Aug 2018 25.9 

Lucerne 03 Aug 2018 25.8 

Neuchâtel 03 Aug 2018 24.5 

Nidwalden 05 Aug 2018 18.1 

Obwalden 05 Aug 2018 18.9 

Schaffhausen 03 Aug 2018 25.8 

Schwyz 05 Aug 2018 23.7 

Solothurn 04 Aug 2018 26.2 

St. Gallen 05 Aug 2018 24.3 

Thurgau 31 Jul 2018 27.1 

Ticino 31 Jul 2018 25.1 

Uri 05 Aug 2018 17.2 

Valais 05 Aug 2018 20.9 

Vaud 05 Aug 2018 24.8 

Zug 05 Aug 2018 23.7 

Zurich 03 Aug 2018 26.9 
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Table S4. Parameters of the exponential saturation model fitted to focal median cooling 
(GCoS) per sociodemographic group. a = asymptotic cooling plateau; b = rate constant (m⁻¹, 
reported ×10⁻³); r₅₀ = half-saturation distance (m); r₉₅ = distance at which 95% of asymptotic 
cooling is reached (m); SE(r₉₅) = bootstrap standard error (200 within-group resamples); Δr₉₅ 
= r₉₅(group) − r₉₅(reference); p = permutation test (500 permutations). The permutation test 
uses 500 iterations, which resolves p-values no smaller than 0.002; p-values are therefore 
reported at a resolution of 0.01. Reference groups are italicized. 

Indicator Group a b (×10⁻³) r₅₀ (m) r₉₅ (m) SE(r₉₅) Δr₉₅ 
(m) 

p-
value 

Age group 65-79 (ref.) 0.4906 39.5680 17.520 75.710 0.520 — — 

Age group 0-25 0.4870 36.3100 19.090 82.510 0.540 6.790 <0.01 

Age group 26-44 0.4723 33.7910 20.510 88.660 0.630 12.950 <0.01 

Age group 45-64 0.4881 36.8250 18.820 81.350 0.570 5.640 <0.01 

Age group ≥80 0.4839 39.9590 17.350 74.970 0.530 -0.740 0.336 

Residence permit Swiss citizen (ref.) 0.4913 36.4890 19.000 82.100 0.580 — — 

Residence permit Long-term (B) 0.4596 33.4050 20.750 89.680 0.710 7.580 <0.01 

Residence permit Permanent (C) 0.4687 37.0980 18.680 80.750 0.540 -1.350 0.078 

Residence permit Short-term (L) 0.4431 17.9870 38.540 166.550 1.570 84.450 <0.01 

Gender Male (ref.) 0.4840 35.5080 19.520 84.370 0.620 — — 

Gender Female 0.4834 36.8920 18.790 81.200 0.620 -3.160 <0.01 

Civil status Married (ref.) 0.4900 36.8650 18.800 81.260 0.560 — — 

Civil status Divorced 0.4790 36.4330 19.030 82.230 0.590 0.960 0.226 

Civil status Single 0.4790 35.4970 19.530 84.390 0.580 3.130 <0.01 

Civil status Widowed 0.4833 37.9360 18.270 78.970 0.530 -2.290 <0.01 

Socioeconomic position High (ref.) 0.5102 46.0500 15.050 65.050 0.390 — — 

Socioeconomic position Low 0.4633 30.0380 23.080 99.730 0.790 34.680 <0.01 

Socioeconomic position Lower-middle 0.4800 33.4400 20.730 89.580 0.620 24.530 <0.01 

Socioeconomic position Upper-middle 0.4919 38.1800 18.150 78.460 0.520 13.410 <0.01 
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Table S5. Multiple regression of individual-level cooling benefit (GCoS at 100 m focal radius) 
on five sociodemographic indicators simultaneously. Categorical variables are dummy-
coded; reference groups are italicised. β = regression coefficient; SE = standard error; 95% CI 
= confidence interval; t = t-statistic; R² = coefficient of determination; F = F-statistic for 
overall model fit. 

Indicator Group β SE 95% CI [lower, 
upper] 

t p-value 

Age group 65–79 (ref.) 0.000 — — — — 

Age group 0–25 0.018 0.000 [0.017, 0.018] 98.46 <0.001 

Age group 26–44 -0.009 0.000 [-0.009, -0.008] -57.34 <0.001 

Age group 45–64 -0.001 0.000 [-0.001, -0.000] -4.76 <0.001 

Age group ≥80 -0.004 0.000 [-0.004, -0.003] -16.05 <0.001 

Residence permit Swiss citizen (ref.) 0.000 — — — — 

Residence permit Permanent (C) -0.015 0.000 [-0.016, -0.015] -136.01 <0.001 

Residence permit Long-term (B) -0.028 0.000 [-0.028, -0.028] -184.25 <0.001 

Residence permit Short-term (L) -0.072 0.000 [-0.073, -0.071] -176.79 <0.001 

Gender Male (ref.) 0.000 — — — — 

Gender Female 0.000 0.000 [0.000, 0.001] 5.92 <0.001 

Civil status Married (ref.) 0.000 — — — — 

Civil status Single -0.024 0.000 [-0.024, -0.024] -199.95 <0.001 

Civil status Divorced -0.015 0.000 [-0.015, -0.014] -93.53 <0.001 

Civil status Widowed -0.010 0.000 [-0.011, -0.010] -45.43 <0.001 

Socioeconomic position High (ref.) 0.000 — — — — 

Socioeconomic position Upper-middle -0.026 0.000 [-0.026, -0.026] -209.40 <0.001 

Socioeconomic position Lower-middle -0.042 0.000 [-0.043, -0.042] -343.87 <0.001 

Socioeconomic position Low -0.059 0.000 [-0.059, -0.059] -498.82 <0.001 
Model: n = 7,064,396; intercept = 0.4814; R² = 0.0594; adj. R² = 0.0594; F(14, 7064381) = 31,860.4, p < 0.001 
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Table S6. Density-stratified comparison of cooling benefit (GCoS) at a focal radius of 100 m. 
Individuals are stratified into low, medium, and high population density tertiles. For each 
stratum, non-reference groups are compared to the reference group by bootstrap 
resampling (2,000 resamples). GCoS = Green Cooling Services index; IQR = interquartile 
range [25th, 75th percentile]. 

Density 
stratum 

Indicator Group n Median 
GCoS 

IQR [P25, P75] p-value 

Low Age group 65–79 (ref.) 332,836 0.476 [0.402, 0.545] — 

Low Age group 0–25 657,125 0.474 [0.398, 0.546] 0.172 

Low Age group 26–44 533,326 0.462 [0.385, 0.537] <0.001 

Low Age group 45–64 708,721 0.474 [0.399, 0.545] 0.117 

Low Age group ≥80 120,932 0.475 [0.400, 0.544] 0.287 

Low Residence permit Swiss citizen (ref.) 1,917,353 0.474 [0.401, 0.545] — 

Low Residence permit Long-term (B) 126,656 0.458 [0.375, 0.540] <0.001 

Low Residence permit Permanent (C) 272,208 0.459 [0.380, 0.536] <0.001 

Low Residence permit Short-term (L) 20,966 0.416 [0.321, 0.504] <0.001 

Low Gender Male (ref.) 1,180,549 0.471 [0.395, 0.544] — 

Low Gender Female 1,178,430 0.472 [0.397, 0.544] 0.262 

Low Civil status Married (ref.) 1,070,650 0.474 [0.400, 0.545] — 

Low Civil status Divorced 176,371 0.465 [0.389, 0.539] <0.001 

Low Civil status Single 1,002,381 0.470 [0.394, 0.544] 0.003 

Low Civil status Widowed 109,404 0.467 [0.393, 0.538] <0.001 

Low Socioeconomic 
position 

High (ref.) 546,051 0.518 [0.459, 0.577] — 

Low Socioeconomic 
position 

Low 647,715 0.431 [0.355, 0.515] <0.001 

Low Socioeconomic 
position 

Lower-middle 606,049 0.452 [0.382, 0.526] <0.001 

Low Socioeconomic 
position 

Upper-middle 559,164 0.478 [0.412, 0.544] <0.001 

Medium Age group 65–79 (ref.) 309,940 0.431 [0.365, 0.491] — 

Medium Age group 0–25 626,726 0.427 [0.362, 0.489] <0.001 

Medium Age group 26–44 628,255 0.419 [0.351, 0.483] <0.001 

Medium Age group 45–64 637,551 0.427 [0.362, 0.487] <0.001 

Medium Age group ≥80 134,263 0.430 [0.361, 0.490] 0.721 

Medium Residence permit Swiss citizen (ref.) 1,706,000 0.428 [0.363, 0.489] — 

Medium Residence permit Long-term (B) 191,938 0.417 [0.345, 0.485] <0.001 

Medium Residence permit Permanent (C) 400,323 0.420 [0.353, 0.484] <0.001 

Medium Residence permit Short-term (L) 20,079 0.369 [0.290, 0.446] <0.001 

Medium Gender Male (ref.) 1,152,632 0.424 [0.358, 0.486] — 

Medium Gender Female 1,190,184 0.426 [0.361, 0.488] 0.042 

Medium Civil status Married (ref.) 974,460 0.428 [0.364, 0.489] — 
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Density 
stratum 

Indicator Group n Median 
GCoS 

IQR [P25, P75] p-value 

Medium Civil status Divorced 207,474 0.424 [0.356, 0.486] <0.001 

Medium Civil status Single 1,040,331 0.423 [0.356, 0.486] <0.001 

Medium Civil status Widowed 120,232 0.424 [0.355, 0.485] <0.001 

Medium Socioeconomic 
position 

High (ref.) 512,042 0.467 [0.415, 0.517] — 

Medium Socioeconomic 
position 

Low 698,280 0.388 [0.322, 0.455] <0.001 

Medium Socioeconomic 
position 

Lower-middle 574,012 0.413 [0.350, 0.474] <0.001 

Medium Socioeconomic 
position 

Upper-middle 558,482 0.437 [0.378, 0.494] <0.001 

High Age group 65–79 (ref.) 256,100 0.412 [0.328, 0.483] — 

High Age group 0–25 630,011 0.406 [0.323, 0.477] <0.001 

High Age group 26–44 765,188 0.384 [0.298, 0.461] <0.001 

High Age group 45–64 572,809 0.400 [0.314, 0.474] <0.001 

High Age group ≥80 116,138 0.410 [0.324, 0.483] <0.001 

High Residence permit Swiss citizen (ref.) 1,458,917 0.405 [0.322, 0.476] — 

High Residence permit Long-term (B) 294,414 0.376 [0.287, 0.455] <0.001 

High Residence permit Permanent (C) 514,050 0.398 [0.314, 0.472] <0.001 

High Residence permit Short-term (L) 33,845 0.302 [0.189, 0.397] <0.001 

High Gender Male (ref.) 1,153,425 0.396 [0.310, 0.470] — 

High Gender Female 1,192,951 0.401 [0.316, 0.474] <0.001 

High Civil status Married (ref.) 852,843 0.409 [0.326, 0.479] — 

High Civil status Divorced 218,578 0.398 [0.310, 0.474] <0.001 

High Civil status Single 1,172,003 0.390 [0.303, 0.465] <0.001 

High Civil status Widowed 101,873 0.407 [0.322, 0.480] 0.788 

High Socioeconomic 
position 

High (ref.) 409,614 0.408 [0.325, 0.481] — 

High Socioeconomic 
position 

Low 841,383 0.387 [0.302, 0.463] <0.001 

High Socioeconomic 
position 

Lower-middle 571,118 0.400 [0.312, 0.474] <0.001 

High Socioeconomic 
position 

Upper-middle 524,261 0.407 [0.323, 0.477] 0.139 

 

 


