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Abstract
Cities face multiple growing climate-related risks. Identifying adaptation strategies and quanti-
fying their effectiveness and limits is hence crucial. Street green space (SGS) receives significant
attention in the urban heat adaptation space due to its potential to reduce heat load and provide
additional ecosystem benefits. Yet, the majority of existing studies assessing the effectiveness of
SGS are either global or very local, and typically rely on remotely-sensed surface temperature and
green space density metrics. Limited evidence spanning across different urban and climate con-
texts exists. Here, we empirically estimate the heat stress reduction potential of SGS across global
and local climate zones in 133 cities worldwide using air temperature and wet-bulb globe tem-
perature (WBGT) daily outputs from UrbClim, a 100 m resolution urban microclimate model,
combined with a high-resolution SGS indicator, the green view index (GVI). We quantify a SGS
cooling efficiency interquartile range of [−0.03,−0.01]

◦C
GVI for maximumWBGT, with substan-

tial variation across global climate and local climatic zones. We design reality-bounded scenarios to
explore possible evolutions of SGS until 2050. Combining these scenarios with the estimated cool-
ing efficiencies, we show that ambitious yet locally feasible SGS expansion could offset 3%–11%
(cities interquartile range) of the projected increase in maximumWBGT under a current policies
climate change scenario, and 2%–7% under SSP5-(8.5), compared to a 2008–2017 climatology.
These results highlight that SGS expansion is an effective yet insufficient strategy to adapt to the
growing urban heat stress across cities worldwide. Conversely, reduced SGS from administrative
inaction or climate impacts on vegetation health may worsen urban heat. These findings inform
about the global adaptation potential and limits of urban street green, and can support policy-
makers in framing SGS expansion programs into a broader portfolio of actions to tackle growing
urban heat and its adverse consequences.

1. Introduction

Heat is a major climate hazard, particularly in cit-
ies (Rohat et al 2018, 2019, Li et al 2025), where the
majority of the human population lives (Dodman

et al 2022) and the urban heat island effect (UHI)
increases temperatures (Oke 1982, Liu et al 2020).
Vegetation is an important nature-based solution
(Wong et al 2021, Jiang et al 2025) against urban
heat. It provides shading and latent cooling through

© 2026 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-9326/ae5c20
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ae5c20&domain=pdf&date_stamp=2026-4-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2607-2195
https://orcid.org/0000-0001-7881-9102
https://orcid.org/0000-0003-4695-9754
https://orcid.org/0000-0002-9958-5066
https://orcid.org/0000-0001-8471-848X
https://orcid.org/0000-0002-0285-5542
mailto:falchetta@iiasa.ac.at
mailto:s.lohrey@vu.nl
https://doi.org/10.1088/1748-9326/ae5c20


Environ. Res. Lett. 21 (2026) 084012 G Falchetta et al

evaporation. Aerodynamically, vegetation increases
the roughness length, increasing mixing with upper
layers. Both effects generally lower temperatures,
depending on moisture availability and neighbour-
ing building height and density (Georgescu et al 2014,
Wong et al 2021, Jiang et al 2025, Li et al 2025).
Yet, substantial knowledge gaps remain on the extent
to which vegetation along streets can reduce urban
heat stress across highly different climates and urban
forms (Klimenka et al 2025, de León et al 2025).
Further, it is unclear whether expanding street-level
vegetation to feasibility-bounded levels is sufficient
for offsetting the additional heat projected under
future climate change scenarios.

Street green space (SGS), defined as pedestrian-
level vegetation along streets (Liu et al 2023), is a sub-
component of urban green space, focusing specific-
ally on greenery that shapes human exposure in the
public street environment. SGS has been shown to
reduce street-level temperatures, even when account-
ing for other variables, e.g. sky-view factors (Chan
et al 2024). Crucially, street-based SGS metrics may
differ substantially from remote sensing measure-
ments (Teeuwen et al 2024), in which typically larger
areas such as parks and gardens can play a dominant
role (Taubenböck et al 2021). Assessing the cooling
potential of SGS is a complex research objective, since
it is influenced by interactions of radiation and shad-
ing effects, differing albedos, materials’ heat retain-
ing capabilities and latent cooling through evapo-
transpiration, as well as vegetation impacts on aero-
dynamic roughness and thus wind speed (Rahman
et al 2020). Shading—generally an important heat-
reduction strategy (Turner et al 2023)—contributes
the major share of cooling from trees (Shashua-Bar
and Hoffman 2000), next to evapotranspiration (Li
et al 2019, Rocha et al 2022). Vegetation provides
further ecosystem and public health services, for
example positive impacts on mental health (Lee and
Maheswaran 2011, Nutsford et al 2013, Callaghan
et al 2021). Importantly, cooling of the local micro-
climate also affects local morbidity and mortality
(Gasparrini et al 2015, Friesen and Taubenböck 2025,
Wang et al 2025, Wu et al 2025).

Estimates on the cooling efficiency (CE) of trees in
cities—the sensitivity of a heatmetric to the change in
a vegetation metric—differ widely. Most differences
depend on the type of metric used, especially sur-
face or air temperature, but also the spatial scale stud-
ied (Lauwaet et al 2024), the urban form (Kirschner
et al 2023), climate zones (Zhan et al 2024), or biomes
(Rahman et al 2020, Wang et al 2020, 2022). In addi-
tion, study outcomes depend on whether all urban
green areas—including parks or large backyards—or
only SGSs are included.Most existing studies focus on
the surface UHI (SUHI) (Voogt and Oke 2003, Tran
et al 2006, Peng et al 2012, Zhou et al 2018, Mentaschi
et al 2022) to assess urban heat effects, as this metric
is easy to obtain from global remote sensing datasets.

The SUHI is much larger in magnitude than the UHI
for air temperature—within-city differences of 10–
15K have been reported for SUHI (Mentaschi et al
2022). In analogy, tree cooling efficiencies reported
for surface temperature are also much larger in mag-
nitude than those for air temperature (Du et al 2024).
An overall CE of surface temperature by urban green
between 1.5◦C and 5◦C has recently been suggested
(Li et al 2024b), with low-density cities in the Global
North showing much higher cooling through urban
green. The CE is generally smaller in hot and humid
climates than in drier ones (Wang et al 2020, Li et al
2024a).

Air temperature is typically a more appropri-
ate metric for understanding heat load on humans
than surface temperature (Budd 2008, Chakraborty
et al 2021, Xiang et al 2023, Anders et al 2025), des-
pite the large body of SUHI-based research. Thus,
heat indices that include heat and radiation effects—
such as the wet-bulb globe temperature (WBGT)—
provide a more refined understanding of the heat
mitigation potential of trees on the pedestrian scale.
Fewer studies investigate such heatmetrics, as they are
more challenging to infer than surface temperature
for urban microclimates (Anders et al 2025, Anders
and Maronga 2025). Most studies report air temper-
ature reductions by 1◦C−2◦C in parks (Shashua-Bar
and Hoffman 2000, Bowler et al 2010) compared to
the city, while in-situ measurements in direct vicin-
ity to the tree have shown a reductions up to 11◦C in
physical equivalent temperature (Rahman et al 2020).
Much lower values are reported for larger scales,
such as neighbourhoods, due to spatial averaging
and decreasing CE with increasing distance from the
tree canopy (Du et al 2024, Gobatti et al 2025).
Indeed a spatial-scaling law for heat reduction ana-
lyses has recently been demonstrated: understanding
local cooling efficiencies from small-scale investiga-
tions can be used to extrapolate to the city-wide cool-
ing effect, with clear decreasing return (Wang et al
2024). Similarly, tree CE shows decreasing returns to
density: the more trees are added to a non-vegetated
area, the lower the additional cooling by each tree
(Zhan et al 2024).

In this study, we conduct an evaluation of the
role of SGS in reducing urban heat. We use air
temperature and WBGT to assess heat, while con-
sidering a global pool of 133 cities across cli-
mate zones and urban forms. Our work provides a
number of contributions to the literature: (i) first,
it estimates heterogeneous cooling efficiencies of
SGS at the neighbourhood-level based on granu-
lar microclimate data from the 100m spatial resolu-
tion UrbClim urban climate model (De Ridder et al
2015, Souverijns et al 2026) and the green view index
(GVI), a street-based indicator measuring SGS across
190 cities (Falchetta and Hammad 2025) worldwide.
As opposed to the bulk of previous research, which
mostly relies on greenness as seen from above, we use

2



Environ. Res. Lett. 21 (2026) 084012 G Falchetta et al

Figure 1. Schematic framework of the analysis of the role of street green space for urban heat mitigation conducted in this paper.
Top row: empirical estimation of cooling efficiency coefficients; mid row: design and quantification of street green space scen-
arios; bottom row: evaluation of the joint role of climate change and street green space scenarios for urban heat.

estimates of street-level greenness. Also, our assess-
ment benefits from the use of high spatio-temporal
resolution urban climate model data, allowing to
estimate air temperature and humidity, which have
been show to yield significantly different estimates
of CE compared to the prevalent use of remotely-
sensed land surface temperature (Du et al 2024). (ii)
Second, we introduce and develop a set of scenarios
for potential future evolutions of SGS (Massaro et al
2023), contributing to the literature that calls for new
quantitative research to bridge the scale between the
local particular and the global universal in climate
change assessments of cities (Creutzig et al 2025). (iii)
Third, based on our estimates of cooling efficiencies
and these SGS city-level projections, we evaluate the
future cooling potential of SGS expansion and thus
reduce local heat-related exposure in the face of pro-
jected climate change by 2050, referring to four global
climate change scenarios from the PROVIDE project
(Lamboll et al 2022).

Our study thus contributes to the growing strand
of research quantifying the effectiveness and lim-
its of adaptation strategies against climate change
impacts (Juhola et al 2024, Callahan 2025, Puig et al
2025). The workflow of the analysis is schematic-
ally represented in figure 1. Our findings inform

the design of climate-resilient cities and the reduc-
tion of maladaptive risks by shedding new light on
the heterogeneous efficiency of SGS expansion as a
strategy to tackle growing heat stress across different
global to local climate zones (LCZ).

2. Materials andmethods

2.1. Urban climate model data
The urban microclimate data is obtained from the
UrbClim mesoscale climate model (De Ridder et al
2015) for urban applications. UrbClim is an urban
boundary layer model that calculates meteorological
output variables, such as air temperature, humidity
and land surface temperatures, and allows the com-
putation of urban climate for entire cities. It is able to
downscale large-scale meteorological inputs (in this
case ERA5) to high spatial detail by using detailed
urban boundary layer physics and a high-resolution
description of the land use characteristics obtained
from satellites. The land use parameters that are con-
sidered by UrbClim encompass land cover, impervi-
ousness, building fraction and height, NDVI, anthro-
pogenic heat fluxes, and soil texture. Model setup and
input data are detailed in Souverijns et al (2026).

3
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UrbClim has a spatial resolution of 100m, mean-
ing that atmospheric and surface processes are
resolved at the neighbourhood scale, with each grid
cell representing average conditions over an area of
approximately one hectare. Its outputs are available
hourly for a 10 year historical period (2008–2017).
Our analysis is based on daily values of the vari-
ables considered. In this study, we select 133 cities
worldwide (Lauwaet et al 2024), which are part of
the PROVIDE project (Lamboll et al 2022) and for
which validated UrbClim output exists (Souverijns
et al 2026). Maps of these cities with their climate
zones (figure SI-1) and a schematic illustration of
their urban morphology (figure SI-3) can be found
in the appendix.

We use surface air temperature Ta and wet-bulb
globe temperature Twg to understand the cooling
role of SGS. We consider daily mean, maximum,
and minimum values for both metrics. Ta is a uni-
versal metric, but its ability to describe heat load
on humans is limited. Twg is a more appropriate
heat indicator for this purpose (Yaglou and Minard
1957, Kong and Huber 2022), as it captures the
joint effects from air temperature, relative humidity,
wind speed and solar radiation effects. The UrbClim
model results for all considered cities have been
validated against meteorological observations from
NOAA, providing limited biases (Souverijns et al
2026). It must be noted that this validation is lim-
ited to rural stations. Within different projects, we
also executed validation against urban meteorolo-
gical measurements. This has been executed for both
European (Bilbao, Toulouse, Antwerp, Barcelona,
Brussels, London) and non-European (Colombo,
Niamey and Johannesburg) cities, showcasing in
general an accurate representation of the urban
climate (De Ridder et al 2015).

2.2. Climate change scenarios
We include climate change impacts by using four
scenarios from PROVIDE9 (Lamboll et al 2022): 2020
climate policies (temperature consistent with 2020
submitted Nationally Determined Contributions);
delayed climate action (deep decarbonisation occur-
ring from the 2030 s); shifting pathway (stringent cli-
mate policy to stay well below 1.5◦, although with
possibility of an overshoot); and SSP5-8.5.

2.2.1. Future heat variables
Instead of forcing the UrbClim model with different
realisations of future climate, which would be com-
putationally expensive, the quantile delta mapping
algorithm is applied (Olsson et al 2009, Willems and
Vrac 2011). This method calculates future changes
in different parameters (i.e. air temperature, humid-
ity and land surface temperature) relevant in the

9 https://climate-risk-dashboard.iiasa.ac.at/keyconceptsscenario-
list.

computation of the WBGT. These delta values are
obtained from a set of MESMER-M climate emu-
lations (Souverijns et al 2026). This provides aver-
age monthly difference (deltas) between future val-
ues and the values for the historical climatological
period for each city and scenario in 10 year intervals.
By combining these results with CMIP6 daily val-
ues, also changes in different temperature quantiles
(i.e. extreme temperatures generally change with
higher amounts than average temperatures) are con-
sidered. This approach has been proven to work for
the climatological time-scale in Lauwaet et al (2015)
and is explained in detail in section 4 of Souverijns
et al (2026). The delta changes are applied in the fol-
lowing way:

Ta,future = Ta +∆Ta. (1)

For historical years, UrbClim computes Twg fol-
lowing the iterative approach by Liljegren et al (2008),
Souverijns et al (2026). For future years, we use a
modified version of the seminal equation by Yaglou
and Minard (1957) to compute Twg,future:

Twg,future = 0.7 Tw,future + 0.2 (Ts +∆Ts)

+ 0.1 (Ta +∆Ta) . (2)

For this approach we require the future wet bulb tem-
peratureTw,future whichwe obtain by using the analyt-
ical equation by Stull (2011), valid for most relevant
regimes of T and RH at standard sea-level pressure:

Tw = Ta atan
[
0.151977 (RH+ 8.313659)

1
2

]
+ atan(Ta +RH)− atan(RH− 1.676331)

+ 0.00391838RH
3
2 atan(0.023101 RH)

− 4.686035 (3)

where Ta is dry bulb temperature in ◦C and RH is
relative humidity in %10. Mean relative humidity RH
for historical years can be derived frommean specific
humidity and the pressure at a city’s elevation:

RH= 26.3pq exp

[
−17.67 (Ta − 273.15)

(Ta − 29.65)

]
(4)

where p is air pressure and q specific humidity11.
When Tw = f(T, RH), and with only RHmean avail-
able for future runs, we obtain:

Tw,future,x = f(Tx +∆Tx, RHmean +∆RHmean) , (5)

where x ∈ {mean,min,max}. In analogy, and using
equation (2):

10 We compared the outcomes against the psychometric equations
provided by the R psychrolib package, which is based on the
ASHRAE equations taking into account pressure, and the error
from non-sea level pressure also for higher elevations appeared
small.
11 Weusemean air pressure for the city’s altitude fromhypsometric
equation using the bigleaf (Knauer et al 2018) R package.
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Figure 2. Schematic visualization of selected variables in the assembled sampling point-level dataset for the functional urban area
of Rome, Italy.

Twg,future,x = f(Tw,future,x, Ts,x

+∆Ts,mean, Ta,x +∆Ta,mean) . (6)

We use ∆Ts,mean in all future runs also for Ts,min

Ts,max.

2.3. SGS data and local co-variates
2.3.1. SGS dataset
To derive the local SGS density, we rely on the GVI, a
street vegetation canopy cover density metric ranging
from 0 to 100. We leverage the dataset produced by
Falchetta and Hammad (2025), which provides val-
idated estimates of the GVI for each of the 133 cities
covered by our analysis. Such estimates are produced
by estimating GVI values in a large pool of 10m-
buffered sampling points within the urban bound-
aries of each city in each year between 2016–2023.
This approach, described in detail in Falchetta and
Hammad (2025), leverages a machine learning (ML)
model trained with multispectral remotely sensed
data as well as several climatological variables from
ERA5 to estimate coordinate point-level GVI val-
ues. The model is trained on ground-truth provided
by Seiferling et al (2017), who calculate coordin-
ate point-level GVI using google street view imagery
for a pool of world cities. Table SI-4 describes the
distribution of the estimated SGS levels for each of
the 133 cities covered by our analysis, stratified by
LCZ. In this sense, the GVI metric is an estimate of
greenness as ‘seen by the pedestrian’. It does how-
ever not distinguish either between different spe-
cies, or vegetation types (e.g.trees and bushes or
grassy areas), or irrigated vs. non-irrigated urban
green.

2.3.2. Urban form and Köppen-Geiger climate (KGC)
zones
We assign LCZ and KGC classifications to each
sampling point and city. KGC provides an estab-
lished way to represent general climate zones (Peel
et al 2007). We use the main climate zones tropical
(A), arid (B), temperate (C), and continental (D).
The LCZ characterizes the local urban built envir-
onment according to buildings’ height and sparsity
(Stewart and Oke 2012, Demuzere et al 2022).
Throughout the paper, we also refer to LCZ as
urban form.

2.3.3. Additional spatial covariates for regression
analysis
For each sampling point containing information on
the local value of GVI and of heat metrics, we intro-
duce additional information on factors potentially
affecting heat metrics: the average buildings height
from the GHS-BUILD-H product (Florczyk et al
2019a), a binary variable indicating the presence
of water bodies (European Union Copernicus Land
Monitoring Service Information 2022), the average
terrain elevation from the Amazon Web Services
Terrain Tiles (2025), and the local population dens-
ity from the Global Human Settlement Layers GHS-
POP product (Florczyk et al 2019b). The result-
ing dataset upon which the analysis is conducted is
depicted in figure 2 for the functional urban area of
Rome, Italy.

2.4. SGS future scenarios
We develop three different scenarios to explore plaus-
ible futures of SGS. These scenarios are based on
observed lower and upper bounds across the entire
dataset, stratified by LCZ and climate zone KGC

5
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Table 1. Assumptions for different SGS scenarios. Reference SGS refers to the Universe of SGS observations for the
corresponding LCZ / KGC combination.

Scenario Percentile Description

Decreased Provision 25th Decrease of current vegetation median to 25th percentile of reference SGS

Moderate Ambition 75th Assumes growth of SGS to the 75th percentile of reference SGS.

High Ambition 90th Assumes growth of SGS to the 90th percentile of reference SGS.

(table 1). We use the median (50th percentile) of
the historical observations (2016–2023) across each
observation point as baseline level of street green. The
historical SGS observations show year-to-year vari-
ations, largely reflecting inter-annual weather variab-
ility rather than structural changes in urban green
infrastructure (Falchetta and Hammad 2025). We
define plausible upper and lower limits of urban
greening by using the observed variation across all
observed points. Specifically, we use the 90th and
10th percentile of all point-based SGS observations
for each LCZ and KGC (figure SI-15), respectively.
The resulting statistics shows that lower limits of
SGS are comparable across climate zones and land
cover zones, with totals in open and sparse settlement
patterns larger than in more compact urban forms.
Upper limits however depend more strongly on cli-
mate zones; themaximumobserved SGS in dry KGCs
is much lower than in tropical climates, temperate or
continental ones (also see figures SI-16 and SI-17 in
the supporting information.)

From these assumptions and observational
inputs, we develop three scenarios of SGS develop-
ment from the present to 2050: (Decreased Provision),
Moderate Ambition andHighAmbition (table SI-5). In
the Decreased Provision scenario, we assume declin-
ing urban green to the 25th percentile of all observed
2016–2023 values within the corresponding KGC and
LCZ combination and all cities in the analysis. This
mirrors adverse climate change impacts on urban
vegetation health (Esperon-Rodriguez et al 2024).
In the Moderate Ambition scenario, we model the
growth of SGS to the 75th percentile of the corres-
ponding KGC and LCZ combination, and to the 90th
percentile for the High Ambition scenario.

Figure 3 illustrates the three scenarios of SGS for
three selected LCZs in Vienna, Austria. Furthermore,
figure SI-17 in the appendix shows the distribu-
tion of scenarios across all cities covered by our
analysis, and projected values can be found in
table SI-5.

2.5. Estimation of heterogeneous cooling
efficiencies
Cooling efficiencies are estimated through city-
specific fixed effects regression models of SGS on
urban heat metrics produced by the UrbClim urban
microclimate model (De Ridder et al 2015, Lamboll
et al 2022), with a spatial resolution of 100m and a
daily temporal resolution. Using sampling points in

each of 133 cities and taking into account the city-
specific KGC zone, as well as location-specific urban
form (LCZ), the empirical strategy relies on spatio-
temporal variation in local climate conditions.

In UrbClim, greenness is derived fromMODIS &
Landsat NDVI images in the form of monthly aver-
ages for the 2008–2017 period, while GVI is aggreg-
ated as the median value across all available years
(2016–2023) to capture persistent street-level green-
ness patterns. The temporal mismatch between the
two is not a concern due to the focus on cross-
sectional within-city spatial variation in GVI of the
regressionmodels, as well as the fact that the observa-
tion period-median GVI provides a reasonable proxy
for long-run street greenness at each location12, con-
sistent with the spatial scale and climatological nature
of the heat metrics considered.

2.5.1. Fixed-effects regression analysis
To estimate within-city spatial associations between
SGS and heat indicators in each LCZ while account-
ing for observed local characteristics, we estimate a
pool of spatially-granular regression models at the
sampling point-level within each of the 133 cities
covered by our analysis. Specifically, we estimate city-
and LCZ-specific regression models using a two-way
fixed-effects (month and year) specification of the fol-
lowing functional form:

HMilcmt = SGSilc ×monthm + ζilc +monthm

+ yeart + ϵilcmt (7)

where, for each sampling point i, LCZ l, city c,
month m, and year t, HM is—depending on the
specification—a heat metric; month is a categorical
variable for each of the 12months of the year; SGS
is the continuous variable measuring the GVI index
of the density of SGS, ζ is a vector of sampling
point-specific time-invariant co-variates (including
building heights, population density, water bodies
presence, and elevation). Hence, for each city and
LCZ existing in that city, the regression models
seek to evaluate month-specific marginal association
between SGS and HM, rather than an average city-
wide or year-round effect.

We also estimate a set of LCZ-specific pooled
specifications that combine sampling points from all

12 The inter-annual variation in GVI is largely driven by image
acquisition timing and weather-related phenology rather than by
structural changes in urban tree stock (Falchetta and Hammad
2025).
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Figure 3. Illustrative example of the scenarios of street green space (SGS) evolution in Vienna, Austria for three important land
cover zones. Percentages give the relative occurrence of each LCZ over the total city area. The violin plots represent the distri-
bution and median values of the inter-annual variability in the historical observed SGS (2016–2023). Horizontal lines separate
quartiles. We use the median as baseline. Moving towards 2050, the dashed, dotted, and dash-dotted lines illustrate the Decreased
Provision, Moderate Ambition, and High Ambition scenarios, respectively.

cities, adding city-by-month and city-by-year fixed
effects to control for city-specific seasonality and
interannual variation in HM, and hence estimating
average LCZ-specific marginal associations across the
entire pool of cities covered by the analysis:

HMilcmt = SGSilc × LCZilc + ζilc + cityc ·monthm

+ cityc · yeart + ϵilcmt. (8)

Finally, we also conduct a set of robustness tests on
the pooled sample—described and reported in the SI
Append (tables SI-6–SI-23).

Note that a causal interpretation of the estimated
coefficients would require strong additional assump-
tions. First, conditional on the included covariates
and month and year fixed effects, SGS would need
to be as-good-as randomly assigned across sampling
points (no unobserved confounding factors). Second,
the functional form would need to be correctly spe-
cified (including any relevant non-linearities and
interactions). Third, measurement error in SGS and
heat metrics would need to be limited or at least
not systematically correlated with omitted determin-
ants. Finally, spatial spillovers would need to be neg-
ligible at the scale of analysis; in practice, cooling
from vegetation can propagate beyond the immediate
pixel, and the 100m UrbClim resolution implies that
each observation already represents spatially averaged
conditions rather than micro-scale role of individual

trees. In our analysis for brevity, we retain the term
“CE” as commonly used in the urban climate liter-
ature, while emphasising that our estimates are best
interpreted as conditional spatial associations.

2.5.2. Cooling efficiencies calculation
We use the outcome regression coefficients to cal-
culate the LCZ- and month-specific CE of SGS. CE
quantifies the extent to which a given area of green
spaces in a city can reduce temperatures. Although
there is no standard accepted definition, it is meas-
ured as the slope or the functional form of the rela-
tionship between temperature and vegetation cover
through regression analysis (Li et al 2024a), after cor-
recting for those confounding factors. In a context
of linear modelling, CE can be expressed as the mar-
ginal response of a heat indicatorHM as measured in
month t, in city c and in LCZ l from amarginal change
in SGS:

CEclm =
∂HMclt

∂SGScl
. (9)

Note that in a context of non-linear modelling, C
E is not a constant, but it will be expressed as a func-
tion of the level of SGS, hence for any given level x of

SGS, it will be given by ∂f(HM,SGS=x)
∂SGS .

7
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2.5.3. Calculation of heat metrics change in SGS and
climate change scenarios
To calculate the change in each heat metric HM in
each climate change scenario, LCZ, month, SGS scen-
ario, and year, we estimate the following:

∆HMclmst = CEclm · (SGSclt − SGSclt=2020) . (10)

The net average city-level effect is obtained by
weighting the estimated temperature change values
by the share of urban area covered by each LCZ class
l and aggregating:

∆HMcmst =
∑

HMcmlst · shareclst. (11)

Finally, it is possible to derive the temperature
reduction potential of increasing SGS as:

offsetcmst =−∆HMcmkt

∆CCcmst
(12)

where ∆CCcmkt are the projected impacts of anthro-
pogenic climate change on heat metrics in every city
c, monthm, climate change scenario k, and year t.

3. Results

3.1. SGS: CE by climate zone and urban form
We show estimates of the cooling efficiency (CE),
i.e. the change of a heat metric in response to a
change in SGS. We focus on results for maximum
wet-bulb globe temperatu Twg,max, as this is argu-
ably the most relevant metric for heat exposure.
SGS-specific cooling efficiencies are plotted by KGC
and LCZ (figure 4), and also binned by temperat-
ure (figure 5). These cooling efficiencies are based
on the city-specific regression models, which are pre-
ferred over regression models pooling together data
from all cities due to their aptness to account for
city-specific features affecting the relation of interest.
Supplementary regression tables displaying results for
specifications estimated on the pooled cities sample
are found in tables SI-6–SI-23. Results for additional
heat metrics—minimum, mean, and maximum daily
values forTwg and 2mair temperatureTa—are shown
in the appendix (figures SI-4–SI-8). Figures SI-13–SI-
10 show the same results, but only including CE coef-
ficients which are statistically different from 013.

Across the two different metrics analysed, we find
that SGS is most effective in decreasing Twg,max and
Ta,min. The strong cooling role forTa,min likely reflects
evapotranspiration and shading effects, which reduce
heat storage in concrete and stone surfaces during
the day and limit nocturnal heat release. In contrast,
for some combinations of LCZ and climate zone,

13 Wedecided to show all results—including statistically insignific-
ant coefficients—in the main part of the paper, as lack of statistical
significance is a result in itself, implying that a null effect for the CE
for a given context can be found.

we observe small positive coefficients for Ta,mean and
Ta,max (figures SI-12 and SI-13), indicating a warm-
ing association, although positive coefficients are typ-
ically smaller in magnitude and less frequently stat-
istically significant than negative ones. The estim-
ated cooling efficiencies for Twg,max are predomin-
antly negative (IQR: [−0.03,−0.01] ◦C), with amean
of −0.026 ◦C and a median of −0.019 ◦C. A t-test
shows both differ statistically from zero (p < 0.01),
highlighting the largely prevalent heat stress reduc-
tion role of SGS. This implies, for example, that a 10-
point increase in the local GVI would correspond to
a reduction of roughly 0.1–0.3 ◦C in Twg,max. Higher
temperatures show larger cooling efficiencies overall
for Twg,max (figure 5), as well as for Twg,min (figures SI-
5 and SI-11) and Twg,mean (figures SI-4 and SI-10).
Cooling efficiencies are generally larger in dry and
continental climates and smaller in temperate cli-
mates. In some LCZs and months, SGS is associ-
ated with a warming effect. This is most promin-
ent in tropical and continental climates and in com-
pact urban forms, which also show a wide disper-
sion of coefficients (figure 4). Similar patterns are
found for air temperature, for example for maximum
air temperature in sparsely built LCZs and compact
high-rise zones (figure SI-2). When binning coef-
ficients by T̄wg,max (figure 5), the strongest cooling
occurs when Twg > 30◦C. Further differentiation by
climate zone (figure SI-3) shows that the increase
in CE with average temperature is most pronounced
in temperate and tropical climates, and less so in
dry ones.

The physical mechanisms underlying these het-
erogeneous effects are multiple. Vegetation cools by
shading surfaces, thereby reducing absorbed short-
wave radiation, and by evapotranspiration, which
partitions incoming energy into latent rather than
sensible heat flux. The latter reduces air temperat-
ure but increases humidity. Because Twg incorpor-
ates both air temperature and humidity, this dual
effect partly explains why cooling efficiencies differ
between Ta and Twg . Vegetation also modifies the
aerodynamic properties of the urban boundary layer.
Trees increase surface roughness, potentially reducing
wind speed while enhancing turbulent heat exchange.
In low-rise and sparsely built areas, higher roughness
lengths may partly counteract radiative and evapor-
ative cooling, contributing to the lower or even posit-
ive coefficients observed in some LCZs (figure 4). All
these processes, including shading, moisture availab-
ility, and aerodynamic interactions, are represented in
the UrbClim model.

For air temperature Ta,min, Ta,mean, and Ta,max,
cooling is most pronounced in dry and tropical cli-
mates (figures SI-6–SI-8). In temperate climates, sev-
eral LCZ combinations show small or statistically
insignificant effects when excluding non-significant
estimates (figures SI-12–SI-14). Continental cities
display largely insignificant coefficients for Ta. The

8
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Figure 4. Distribution of the empirically estimated street green space cooling efficiency coefficients for Twg,max across 133 global
cities, by Köppen-Geiger climate zones (columns) and local climate zones (rows). Each coefficient expresses the expected change
response in Twg in response to a one-unit increase in GVI, the SGS metric adopted in this study. Values for other metrics are
reported in the SI appendix.

increase of CE with increasing temperature is less sys-
tematic for Ta than for Twg . In some temperate LCZs,
binning by Ta,max suggests increasing CE at higher
temperatures (figure SI-2), although part of this pat-
tern may reflect binning artefacts.

SGS shows the strongest cooling coefficients in
open and large low-rise urban forms, with effects
more pronounced for Twg than for Ta. Sparsely built
zones display larger variability, while compact land-
use classes show smaller average cooling efficiencies.
CE is generally smaller in areas with lower baseline

temperatures, particularly in temperate and contin-
ental climates, where moisture availability and sea-
sonal dynamics vary more strongly. It should also be
noted that our sample contains a larger number of
temperate cities than other climate zones.

3.2. SGS: effectiveness and limits to reduce future
heat
A core policy question concerns the extent to which
increasing urban green—including SGS—can reduce
future additional heat from climate change. Figure 6

9
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Figure 5. Distribution of the empirically estimated street green space cooling efficiency coefficients for Twg,max across 133 global
cities, by Twg,max interval and local climate zones (facets). Each coefficient expresses the expected change response in Twg,max in
response to a one-unit increase in GVI, the SGS metric adopted in this study.

shows the projected magnitude of climate change
impacts on daily Twg,max around 2050, with the dis-
tribution of each box plot expressing model uncer-
tainty across 25 GCMs, on the left hand side. The
estimated cooling benefit of the three SGS scen-
arios is then shown on the right hand side of
each panel for a pool of four selected cities in dif-
ferent regions and macro-climatic zones. Similar
figures for other heat metrics shown in the appendix
(figures SI-18–SI-22). Table SI-24 provides city-level
projected heat stress change for all cities, heat met-
rics, climate change scenarios and SGS scenarios,
and results described below can be found in that
table.

We find that climate change will increase city-
scale heat stress significantly across the majority of
cities covered by our analysis. For daily Twg,max, we
find that under a current climate policies scenario,
the heat metric will on average (across all days of
the year and inclusive of the range of uncertainty
from 25 GCMs) increase by 0.97 ◦C (IQR: [0.43–
1.52] ◦C), growing up to 1.7 ◦C (IQR: [1–2.3] ◦C)
in a SSP5-8.5 scenario. Exceptions include some cit-
ies (e.g. Tehran or Addis Ababa) where irrespect-
ive of increasing temperatures, projected decreases in
humidity may decrease Twg in certain periods of the
year. Looking at SGS scenarios impact onTwg , we find
that such potential is strongly dependent not only
on the scenario, but also on the specific city. Cities
where SGS expansion might lead to the strongest
cooling benefit in terms of daily maximum Twg

absolute reduction include Bogota, Dhaka, Mexico

City, Reykjavik and Nairobi. On the other hand,
major cities where the High Ambition SGS expansion
scenario show only moderate heat stress reduction
benefits include Oslo, Sarajevo, Murcia, Skopje, or
Cluj-Napoca.

We use our results to investigate the amount of
increased heat from climate change that may be offset
by SGS expansion according to the three SGS scen-
arios. Figure 7 shows a map of the cities assessed in
our studies in terms of the counterbalancing poten-
tial (in %) that the High Ambition scenario might
enable to achieve to contrast the climate change-
induced growth (with respect to the current policies
climate change scenario) in the daily Twg,max around
2050. We find that an ambitious but feasibility-
constrained scenario of SGS expansion to 2050 could
offset 3%–11% [2%–7%] (IQR of the pool of cit-
ies assessed) of the projected rise in Twg,max under
current policies [SSP5-8.5] (compared to the 2008–
2017 climatology). Such range differs when consider-
ing different climatemetrics and different SGS expan-
sion and climate change scenarios. For example, inac-
tion on SGS could lead to further heat stress due to
deteriorating cooling capacity of existing vegetation.
We identify Tokyo, Reykjavik, Singapore, Salvador,
and Glasgow as the cities where SGS expansion has
the largest counterbalancing potential against climate
change.

Figure SI-24 shows how a decomposition of the
(i) climate change signal and (ii) SGS change signal
drivers of change in dailyTwg,max around 2050) for the
High Ambition SGS scenario and the current policies

10
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Figure 6. Estimated ◦C change in daily Twg,max around 2050 in selected cities compared to the 2008-2017 climatology. Whiskers
on the left hand-side of each panel show the projected impact of four global climate change scenarios (inclusive of the range of
uncertainty from 25 GCMs) from the PROVIDE protocol (Lamboll et al 2022) across days of the year; the three bars on the right
hand-side of each panel quantify the potential role of street green space evolution scenarios developed and projected in this paper.
Each city-level value is obtained as the weighted mean by the change in each LCZ within each city, with the fractions of land area
covered by each LCZ class in each city used as weights in the calculation.

climate change scenario around 2050. This additional
analysis reveals that for the top five cities by counter-
balancing potential, we attribute their rank mostly to
their cooling efficiencies estimates being at the upper
tail of the distribution across the cities assessed, while
for the lowest five the driver is stemming from a
more nuanced combination of high expected climate
impacts and low effectiveness of street greenery.

4. Discussion

Our study shows that SGS expansion is effective to
reduce peak wet-bulb globe temperatures, but it is
insufficient as a single strategy to address increasing
heat from climate change. Moreover, we demonstrate
that the CE of SGS is highly dependent on urban

and climate contexts, suggesting that it should not
be considered a one-size-fits-all solution. This find-
ing is consistent with recent ultra-local tree evapo-
transpiration and local microclimate modelling evid-
ence (Gobatti et al 2025). As a consequence, city plan-
ners should consider SGS as an asset in the urban cli-
mate change adaptation portfolio, but not as a pan-
acea against growing urban heat. Keeping a care-
ful eye on within-city distribution of greening to
avoid harshening existing climate justice inequalities
(Anguelovski et al 2019) is important, also noting the
large additional range of benefit SGS provides bey-
ond its microclimate regulation function. Moreover,
we also highlight that inaction in SGS investment
and maintenance could further increase heat stress
due to worsening health conditions and lower CE of
vegetation.
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Our results also provide new knowledge about
the heterogeneous effectiveness of SGS across cli-
mate zones and urban morphology types, underscor-
ing the importance of tailoring adaptation strategies
to context-specific realities. The insights provided by
our KGC and LCZ-specific results can inform future
policies aiming at assessing the city-scale effective-
ness of SGS for urban climate adaptation and on the
transformation of cities into climate-resilient envir-
onments. Such findings can also serve to inform the
global discourse on transformative change of cit-
ies to achieve both adaptation goals (e.g. by redu-
cing health impacts of urban heat or the risk caused
by urban hydrological hazards), as well as energy
use reduction and emission mitigation targets (e.g.
indoor air cooling energy needs (Meili et al 2025)).
This is of particular relevance in relation to air-
conditioning: although effective in drastically redu-
cing personal indoor exposure (Barreca et al 2016,
Sera et al 2020), it drives energy use and greenhouse
gas emissions unless the energy system is decarbon-
ised (Falchetta et al 2024). In contrast to urban green-
ing, air-conditioning increases outdoor temperatures
(de Munck et al 2013, Salamanca et al 2014), and it
raises climate justice concerns because its ownership
and use are highly unequal across socio-economic
groups, even within countries, regions, and cities
(Pavanello et al 2021, Romitti et al 2022, Falchetta and
Cian 2026).

Despite its innovations, our study holds some
key limitations. First, while it would be advantage-
ous to directly model the impact of additional green
in an urban climate model, we were not able to fol-
low this approach due to computational and tech-
nical constraints. The use of microclimate model
outputs present limitations vis-a-vis data collection
via local meteorological stations, in particular when
using complex heat metrics such as Twg , but allows
for a much larger spatial coverage and consistency.
The value of the cooling efficiencies reported here
reflect the spatial resolution of the climate model
(100m); the larger the resolution of a model, the
greater the spatial smoothing of a highly heterogen-
ous temperature field, an intrinsic property of the
model output data (Lauwaet et al 2024), see also the
scaling law identified byWang et al (2024). Therefore,
the 100m resolution captures neighbourhood-scale
thermal variability, it does not allow the explicit
representation of individual trees or their local-
ised shading and evapotranspiration effects, which
are spatially averaged within each grid cell. Hence,
CE coefficient estimates should be interpreted as
reflecting the average marginal cooling association
of SGS at the neighbourhood and LCZ scale, rather
than the microclimatic impact of individual trees
or specific street segments. Other high-resolution
models exist at the CFD-scale, such as PALM
(Maronga 2020) or ENVI-MET (ENVI-met GmbH
2022). However, their computational costs limit

their application to parts of a city (e.g. Anders and
Maronga 2025).

Second, a key concern is residual confounding
factors affecting the results of our regression ana-
lysis, for example aspects of the built environment
and socio-economic sorting that are not fully cap-
tured by our controls. Urban geometry may con-
found SGS-heat relationships beyond what is repres-
ented by LCZ classes and average building height:
street-canyon aspect ratios, building spacing, ori-
entation relative to prevailing winds, and sky-view
factors can alter short-wave and long-wave radiation
trapping as well as ventilation, potentially affect-
ing both daytime maxima and nighttime minima,
in ways that may either reinforce or offset the asso-
ciation attributed to street greenery. Likewise, sur-
face properties such as pavement and roof materi-
als, albedo, thermal inertia, and maintenance prac-
tices (e.g. cool roofs, permeable pavements) may co-
vary with greening intensity and independently influ-
ence heat metrics, such that greener streets in better-
resourced or recently upgraded areas could exhibit
stronger apparent cooling, while greening concen-
trated in already hot, compact, or poorly ventilated
locations could lead to attenuated cooling gradients
or even locally positive associations in some urban
forms and seasons.

Finally, while our study seeks to contribute to
globally-relevant discourses on the systemic role of
cities in the climate change debate, the real-world
feasibility of the proposed transformations remains
a local context-specific matter. Our study attempts
to capture feasible SGS transformations by bench-
marking the scenarios by observed best cases by cli-
mate zone and urban form. However, on specific city-
level, other dependencies include factors such as local
geography, hydrology, soils, specific urban infrastruc-
tures, as well as on governance, financing availability,
public acceptance, and last but not least political lead-
ership and willingness for transformation.

Future work might combine a large pool of
meteorological station data from a global pool of
cities—beyond the limited and Europe-skewed pool
covered by the UrbClim model output data used in
this paper—to ensure consistency of results when
using a wide geographical range of ground truth.
Advances in computational power may soon per-
mit Computational Fluid Dynamics-oriented models
to run at city-scale while resolving eddies, and ML
techniques may also help increase the resolution to
include highly-localized cooling effects while allow-
ing to cover entire cities. In addition, future research
might evaluate the use of our CE parameter estim-
ates in hydrology and ecology-grounded scenarios of
SGS evolution, going beyond the use of the GVI index
as a comprehensive but simplified metric of SGS and
its canopy coverage. One example are recent stud-
ies which evaluates the effect of tree type or spe-
cies (Pattnaik et al 2024), with emerging evidence of
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a significant benefit of mixed-species approaches to
single ones (Li et al 2024a).

5. Conclusion

Irrespective of its limitations, the approach adopted
in our research is in line with recent calls by urban
climate research for the need to scale down climate
and development goals to city-level targets (Bai 2024)
and bridge the scale between the local particular and
the global universal in climate change assessments
of cities (Creutzig et al 2025). This is underlined
by the upcoming IPCC AR7 Special Report on Cities
and Climate Change. It is another strong sign of the
growing relevance of urban-scale research and efforts
to achieve climate action goals. In this context, our
paper represents a contribution to the advancement
of the understanding of the role of SGS in adapting
to increasing heat by using high-granularity urban
climate model output (as opposed to the bulk of
previous studies, which have used remotely-sensed
land-surface temperature), SGS density estimates and
implementing such approach to a global pool of cit-
ies. The ultimate aim is the development of a set
of story-lines and scenarios to project the potential
future evolution of SGS and appraise its potential role
in reducing local temperature and thus heat-related
risk for vulnerable population.

As cities worldwide face higher temperatures,
integrating SGS expansion with complementary
measures—such as improving building materials
and enhancing urban design—will be essential to
safeguard public health and liveability, but it does
not mean cities can do without continuing efforts
to curb anthropogenic greenhouse gas emissions.
By providing empirically grounded evidence across a
wide global sample of cities, this work highlights both
the opportunities and the limits of SGS in adaptation
planning, and ultimately calls for holistic, multi-level
strategies that combine nature-based solutions with
broader systemic climate mitigation and resilience
efforts.
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