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A global economic assessment of city policies to
reduce climate change impacts
Francisco Estrada1,2*, W. J. Wouter Botzen2,3 and Richard S. J. Tol2,4,5,6,7

Climate change impacts can be especially large in cities1,2.
Several large cities are taking climate change into account
in long-term strategies3,4, for which it is important to have
information on the costs and benefits of adaptation5. Studies
on climate change impacts in cities mostly focus on a limited
set of countries and risks, for example sea-level rise, health
and water resources6. Most of these studies are qualitative,
except for the costs of sea-level rise in cities7,8. These impact
estimates do not take into account that large cities will
experience additional warming due to the urban heat island
e�ect9,10, that is, the change of local climate patterns caused
by urbanization. Here we provide a quantitative assessment
of the economic costs of the joint impacts of local and
global climate change for all main cities around the world.
Cost–benefit analyses are presented of urban heat island
mitigation options, including green and cool roofs and cool
pavements. It is shown that local actions can be a climate
risk-reduction instrument. Furthermore, limiting the urban
heat island through city adaptation plans can significantly
amplify the benefits of international mitigation e�orts.

The city scale is especially relevant for climate policy11. Although
cities cover around 1% of the Earth’s surface12, they produce about
80% of gross world product, consume about 78% of the world’s
energy and produce more than 60% of all CO2 emissions13–15.
Moreover, 54% of the world’s population live in cities, and this is
expected to grow to about 66% by 205014,16. When designing climate
policy at the city level, the variety of risk mitigation measures at
global and local levels have to be evaluated and compared2,3, noting
that cities typically have little control over energy and agricultural
policies, key elements of greenhouse gas emission reduction. While
the benefits of global mitigation strategies have been discussed, the
benefits of improving local climate under global climate change
(GCC) are largely unknown. Compared with global efforts, some
local actions to improve urban climate offer the advantages of being
politically easier to implement and of having short-term benefits.

Changes in long-term climate normals at the city level are
to a large extent determined by human intervention at different
scales: changes in the atmospheric concentrations of radiative
active substances affect global and regional climate1; the conversion
of natural land to urban land affects local-scale climate17. The
economic impacts of climate change are commonly considered to
be nonlinear functions of temperature. Therefore, the joint impacts
of the urban heat island (UHI) and GCC—as well as the benefits
of mitigation efforts—are likely to be greater than the sum of
the parts. The UHI occurs when vegetation and water bodies are
replaced by materials such as concrete and asphalt, which have
higher heat capacities and thermal conductivity. This urbanization

process alters the local energy balance and produces changes in
the local climate, such as higher temperatures, and changes in
precipitation and wind patterns. According to the Environmental
Protection Agency18, the most important negative impacts of the
UHI are increased energy use for cooling, higher emissions of air
pollutants, human health risks and discomfort, and lower water
quality. The UHI effect can exacerbate heat waves, which, among
other impacts, have been shown to cause economic losses because
of reduced labour productivity19. The impacts of GCC in cities are
likely to be amplified by those of the UHI. These local impacts can
be limited by city level adaptation policies20, such as cool pavements,
cool and green roofs and expanding vegetation in cities18,21–23.

Figure 1 shows an estimate of the UHI effect for the 1,692 largest
cities in the world for the period 1950–2015 (seeMethods). Between
1950 and 2015, 27% of cities and 65% of the urban population
warmed more than the world average (about 0.6 ◦C) as denoted
by the black line in Fig. 1. Moreover, during this period, about
60% of the urban population experienced warming twice as large
as the world.

Figure 2 shows the cumulative distributions of changes in local
temperature (2015, 2050 and 2100 relative to 1900) exclusively due
to GCC and for combined local and global climate change (see
Methods). This illustrates the importance of the UHI in enhancing
the effects of GCC. For the most populated cities (that is, the
top 5%), the effects of UHI add 1.72 ◦C, 2.08 ◦C and 2.35 ◦C to
the temperature increase due to GCC in 2015, 2050 and 2100,
respectively. These estimates are 0.70 ◦C, 0.84 ◦C and 0.93 ◦C for the
median cities. About 20% of these cities could experience a total
warming higher than 4 ◦C in 2050 and about 25% could warmmore
than 7 ◦C by the end of this century.

The percentage of city gross domestic product (GDP) that would
be lost for the median city in 2050 due to GCC alone is relatively
small: 0.9% and 0.7% for theRCP8.5 andRCP4.5 emission scenarios,
respectively (Supplementary Table 1). At the end of the century
these impacts increase to 3.9% and 1.2%. As an illustration of the
size of the economic impacts of GCC, the accumulated costs of
climate change during this century comprise between 1.29%/0.59%
(RCP8.5) and 0.60%/0.37% (RCP4.5) of the sum of all the cities’ net
present value of GDP between 2015 and 2100, using a 3% and a
7% discount rate, respectively (Table 1; Methods). However, these
estimates neglect local climate change.

The accumulated impacts due to changes in local climate alone
would be about half of those produced under the RCP8.5 (Table 1),
and about the same size if a higher discount rate is used (Methods).
These large impacts underline the importance of UHI mitigation
strategies in large cities. The main threat to cities is that the UHI
will amplify the impacts of GCC. Once the effects of the UHI are
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Figure 1 | Estimates of the UHI e�ect on the annual mean temperature for
the 1,692 largest cities in the world for the period 1950–2015. Three
cumulative density functions are shown: the black line represents the
approximate observed increase in the global mean temperature between
1950 and 2015; the orange line shows the number of cities for di�erent
increases in temperature; the red line shows the number of people for
di�erent increases in temperature and the blue line shows the
population-weighted mean temperature.

considered, the percentages of GDP lost for themedian city are 1.4%
and 1.7% in 2050 and 2.3% and 5.6% in 2100 for the RCP4.5 and
RCP8.5, respectively (Supplementary Table 1). For theworst-off city,
losses could reach up to 10.9% of GDP by 2100. The accumulated
total costs of the urban impacts of global and local climate change for
all cities during this century could be about 2.6 times those without
UHI effects (Table 1). Moreover, even for the lowest emissions
scenarios (350 ppm/RCP3PD), the accumulated costs would be 30%
larger than those of the RCP8.5 when theUHI is ignored. The effects
of uncontrolled UHI could more than offset the avoided impacts in
large cities achieved by global mitigation efforts.

Another consequence of the joint effect of global and local
climate change is that if local action to reduce the effects of the
UHI is not implemented, GCCmitigationwould be significantly less
effective in reducing climate impacts. While a 350 ppm stabilization
scenario would reduce the accumulated impacts of GCC (RCP8.5)
by about 75%, when the effects of the UHI are added it would reduce
them only by half.

Table 2 shows a cost–benefit analysis of four different local
policies for combating the UHI: A—Large-scale cool roofs and
cool pavements; B—Moderate-scale cool roofs and cool pavements;
C—Moderate-scale green and cool roofs and cool pavements;
D—Small-scale green and cool roofs and cool pavements (Methods
and Supplementary Table 2). The results depend on the range of

10987654321
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Fr
ac

tio
n

2015 2050 2100

°C

Figure 2 | Cumulative density functions of temperature changes of the
1,692 most populated cities in the world. The continuous lines show the
estimated temperature increase for 2015 (black), 2050 (orange) and 2100
(red) under the RCP8.5 emissions scenario. Dashed lines include the
estimated temperature increase from the UHI e�ect.

GCC scenarios (Methods). All of the strategies for mitigating the
UHI produce a global positive net present value, even when GCC
is not considered. Importantly, reducing the UHI is a desirable
investment under all global warming scenarios, and substantially so
under the worst. This is illustrated by the ratio of avoided impacts
(benefits) to costs, which in all cases reaches its highest value
under the RCP8.5 scenario. In this sense, investing in mitigating
the UHI constitutes a risk-reduction instrument that will give the
largest payoff when the worst outcomes occur, such as when no
international greenhouse gases emissions reduction is implemented.
Moreover, cities have control over measures for reducing the UHI
through local planning and climate adaptation initiatives.

Of the options considered for mitigating the UHI, Policy B
has the largest benefit–cost ratio (BCR)—that is, what Policy B
would payoff for each dollar invested—ranging from US$6.00
without GCC to US$15.24 under RCP8.5. The aggregated costs
of implementing this policy are 1.5% of the global urban product
(GUP) and it could reduce the total accumulated losses between
9.7% to 18.3% depending on the GCC scenario. Policy A produces
the largest net benefits of all policies considered. However, its costs
are about twice as large as those of Policy B, leading to a lower
BCR. Policies C and D have the lowest BCR. For example, between
US$1.59 and US$3.96 for Policy D. Policy D yields lower BCR
than other policies due to the inclusion of relatively expensive
green roofs. Although the aggregate BCR values are larger than
one, the distributional aspects of implementing policies C and D

Table 1 |Accumulated economic impacts of global climate change (GCC) and urban heat island (UHI) separately and combined
under di�erent emission scenarios.

RCP8.5 RCP6 RCP4.5 550ppm 450ppm RCP3PD 350ppm

GCC $3.21× 1013 $1.68× 1013 $1.49× 1013 $1.43× 1013 $1.05× 1013 $8.24× 1012 $7.71× 1012

[38.9%] [28.8%] [26.9%] [26.4%] [22.3%] [19.3%] [18.6%]

UHI $1.54× 1013 $1.54× 1013 $1.54× 1013 $1.54× 1013 $1.54× 1013 $1.54× 1013 $1.54× 1013

[18.6%] [26.4%] [27.9%] [28.5%] [32.7%] [36.2%] [37.1%]
(0.48) (0.92) (1.03) (1.08) (1.47) (1.87) (2.00)

Total $8.26× 1013 $5.84× 1013 $5.53× 1013 $5.41× 1013 $4.71× 1013 $4.26× 1013 $4.15× 1013

(2.57) (3.48) (3.71) (3.78) (4.49) (5.17) (5.38)

Figures in brackets represent the present value of losses due to GCC/UHI as a percentage of the present value of the total losses. Figures in parenthesis represent the present value of the losses due to
UHI/Total as a fraction of the present value of the losses produced by GCC alone. The symbol $ denotes US dollars. A 3% discount rate was used. Figures are rounded to three significant digits.
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Table 2 |Costs and benefits of urban heat island reduction policies under di�erent baseline scenarios.

Policy A Policy B Policy C Policy D

Costs $1.18× 1012 $5.64× 1011 $1.80× 1012 $1.44× 1012

3.12% GUP 1.49% GUP 4.75% GUP 3.81% GUP
Net present value
RCP8.5 $1.60× 1013 $8.03× 1012 $9.16× 1012 $4.28× 1012

19.3% TL 9.72% TL 11.1% TL 5.18% TL

RCP6 $1.34× 1013 $6.79× 1012 $7.56× 1012 $3.47× 1012

23.0% TL 11.6% TL 13.0% TL 5.94% TL

RCP4.5 $1.32× 1013 $6.69× 1012 $7.43× 1012 $3.40× 1012

23.9% TL 12.1% TL 13.4% TL 6.15% TL

NGCC $5.18× 1012 $2.82× 1012 $2.44× 1012 $8.53× 1011

33.6% TL 18.3% TL 15.8% TL 5.52% TL

Benefit–cost ratio
RCP8.5 $14.5 {$5.37, $9.12} $15.2 {$6.0, $9.25} $6.09 {$2.35, $3.73} $3.96 {$1.59, $2.37}
RCP6 $12.3 {$5.37, $6.95} $13.1 {$6.0, $7.05} $5.2 {$2.35, $2.85} $3.4 {$1.59, $1.81}
RCP4.5 $12.1 {$5.37, $6.76} $12.9 {$6.0, $6.86} $5.13 {$2.35, $2.77} $3.35 {$1.59, $1.76}
NGCC $5.37 $6.0 $2.35 $1.59

Cities with net losses
RCP8.5 6 (0.35%) 6 (0.35%) 135 (7.98%) 685 (40.5%)
RCP6 20 (1.18%) 12 (0.71%) 399 (23.6%) 808 (47.8%)
RCP4.5 20 (1.18%) 18 (1.06%) 462 (27.3%) 817 (48.3%)
NGCC 788 (46.6%) 701 (41.4%) 1,140 (67.4%) 1,250 (73.8%)

Net benefits for the
median city
RCP8.5 $2.01× 109 $1.05× 109 $8.64× 108 $2.06× 108

[$1.39× 108, $6.8× 1010] [$7.2× 107, $3.4× 1010] [−$1.89× 108, $3.8× 1010] [−$3.52× 108, $1.82× 1010]

RCP6 $1.52× 109 $7.97× 108 $5.67× 108 $9.66× 107

[$5.71× 107, $5.73× 1010] [$3.23× 107, $2.89× 1010] [−$2.62× 108, $3.3× 1010] [−$4.45× 108, $1.51× 1010]

RCP4.5 $1.46× 109 $7.65× 108 $5.19× 108 $7.17× 107

[$4.55× 107, $5.68× 1010] [$2.8× 107, $2.87× 1010] [−$2.74× 108, $3.26× 1010] [−$4.68× 108, $1.49× 1010]

NGCC $4.06× 107 $7.0× 107
−$1.92× 108

−$1.98× 108

[−$2.41× 108, $2.3× 1010] [−$1.01× 108, $1.22× 1010] [−$1.19× 109, $1.19× 1010] [−$1.51× 109, $5.41× 109]

GUP, global urban product. NGCC, a no global climate change scenario. TL, the net present value of the benefits of the di�erent policies as a fraction of the present value of the total losses. Numbers in
parenthesis show the percentage of cities with net losses and numbers in brackets show the benefits for the cities in the 2.5th and 97.5th percentiles. The symbol $ denotes US dollars. Figures in braces
show the benefit–cost ratio decomposed into the contribution of local policy and interaction e�ects of global and local climate change, in that order. Policies: A—Large-scale cool roofs and cool
pavements; B—Moderate-scale cool roofs and cool pavements; C—Moderate-scale green and cool roofs and cool pavements; D—Small-scale green and cool roofs and cool pavements. Figures are
rounded to three significant digits.

need to be considered, because the number of cities with net
losses increases substantially under these options.However, the BCR
excludes indirect benefits of green roofs such as reduced pollution
and health risk and storm water retention1. Including these indirect
benefitsmay yield higher net benefits18 andmay reduce significantly
the number of cities with net losses.

The distribution of costs and benefits over the 1,962 cities is not
uniform. For no or small warming theUHImitigation policies could
imply losses for a number of cities. In the case of Policy B the number
of cities with net losses ranges from 1 (0.35% of the total number of
cities) in the case of the RCP8.5 scenario to 18 (1.06%) under the
RCP4.5 scenario. Under a no global warming scenario, about 42% of
the cities would have net losses from implementing Policy B. These
estimates are similar for Policy A, while policies that include green
roofs (C and D) lead to net losses for more cities.

Supplementary Table 3 presents the reduction in urban economic
damages that would be obtained from implementing different sta-
bilization scenarios in comparison with the baseline emission sce-
narios RCP8.5, RCP6 and RCP4.5. As expected, the largest benefits
(about 50% avoided impacts) occur for the combination of the base-
line scenario RCP8.5 and the substantial international mitigation
under 350 ppm/RCP3PD. A 450ppm stabilization scenario would
have similar results. For the rest of the baseline scenarios (RCP6,
RCP4.5), the avoided impacts are much smaller.

UHI mitigation offers comparable or larger reductions in urban
economic impacts than would be obtained from some combina-
tions of reference and policy greenhouse gases emission scenarios
(Supplementary Table 4). Under the reference scenario RCP8.5, the
UHI mitigation policies would provide at most about half of the
benefits of the different stabilization scenarios. However, for the
baseline scenarios RCP6 and RCP4.5, any of the UHI mitigation
policies would offermuch larger benefits than the 550 ppm stabiliza-
tion scenario, which represents weak climate policy (between 1.74
and 12 times larger).

The largest benefits for reducing the impacts of climate change
are attained when both global and local measures are implemented
together (Supplementary Table 5). In particular, lower levels of
international mitigation action are needed to achieve the reduction
in impacts that would otherwise be attained only by the most strin-
gent stabilization goals. For example, the combination of Policy A
and a 550 ppm stabilization scenario would bring larger benefits
than those of the RCP3PD/350 ppm scenarios in the absence of local
UHI mitigation measures, while policies B and C plus a 450 ppm
stabilization effort would produce higher benefits than those of the
RCP3PD/350 ppm scenarios (Table 3 and Supplementary Table 3).
The implementation of international actions to stabilize the atmo-
spheric concentrations of greenhouse gases would make investing
in local measures to control the UHI effect more attractive as it
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Table 3 | Change in urban impacts from global stabilization
scenarios and local urban heat island mitigation policies.

RCP8.5 RCP6 RCP4.5

550ppm
Policy A −51.60% [1.50] −31.50% [4.34] −27.60% [13.50]
Policy B −43.10% [1.25] −19.50% [2.69] −15.00% [7.32]
Policy C −45.50% [1.32] −22.80% [3.15] −18.50% [9.04]
Policy D −40.20% [1.17] −15.40% [2.13] −10.70% [5.22]
450ppm
Policy A −59.00% [1.37] −42.00% [2.17] −38.80% [2.60]
Policy B −51.10% [1.19] −30.90% [1.59] −27.00% [1.81]
Policy C −53.30% [1.24] −34.00% [1.75] −30.30% [2.03]
Policy D −48.50% [1.13] −27.00% [1.39] −23.00% [1.54]
RCP3PD
Policy A −64.00% [1.32] −48.70% [1.80] −46.00% [2.00]
Policy B −56.20% [1.16] −38.00% [1.41] −34.50% [1.51]
Policy C −58.30% [1.20] −41.00% [1.52] −37.70% [1.64]
Policy D −53.60% [1.11] −34.40% [1.27] −30.70% [1.34]
350ppm
Policy A −64.80% [1.30] −50.20% [1.73] −47.40% [1.90]
Policy B −57.40% [1.15] −39.80% [1.37] −36.40% [1.46]
Policy C −59.50% [1.19] −42.70% [1.47] −39.50% [1.58]
Policy D −54.90% [1.10] −36.20% [1.25] −32.60% [1.31]

Figures represent the percentage of reduction in impacts achieved by the implementation of
the selected global and local policies with respect to the impacts produced under the di�erent
reference scenarios. Numbers in brackets express avoided damages of both local and global
policies as a fraction of the avoided losses that would be obtained from stabilization scenarios
alone. Policies: A—Large-scale cool roofs and cool pavements; B—Moderate-scale cool roofs
and cool pavements; C—Moderate-scale green and cool roofs and cool pavements;
D—Small-scale green and cool roofs and cool pavements. Figures are rounded to three
significant digits.

would have a higher return on investment as revealed by the BCR
(Supplementary Table 5). The decomposition of the BCR shows
that the pure benefits of only local policy (that is, those of NGCC;
Table 2) are the same irrespective of global policy. The interaction
effects of joint implementation are positive and large, and therefore
make local investment in reducing UHImore attractive when global
policy more strongly reduces greenhouses. This result is largely due
to nonlinearity of climate impacts. Moreover, UHI mitigation is
often profitable evenwithoutGCC (Table 2) and there are important
co-benefits such as improved air quality, health and amenities.

This study provides the first attempt to quantify the effects and
interactions of global and local climate as well as of local and
global climate policy. Studies that neglect local warming effects are
likely to significantly underestimate climate impacts, since we find
that local warming as a result of the UHI significantly increases
temperatures as well as economic losses in addition to global
warming. City-level adaptation strategies to limit local warming
are shown to have important economic net benefits for almost all
cities around theworld. Furthermore, some of these local adaptation
strategies are politically easier to implement than global or national
mitigation policies. However, actions at global and local levels are
complementary since we show that the largest benefits of these
local measures are obtained when both local and global actions
are taken. The benefits of local climate policy can significantly
enhance the benefits of global mitigation agreements. Adaptation
policies to reduce the UHI effects also reduce a significant part of
the expected impacts in the case global mitigation efforts are not
successful, which implies that they can be viewed as a risk-reduction
instrument that acts as an insurance for bad climate outcomes.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
The basic features of the model that produces the estimates presented in this paper
are described in the following paragraphs. As it is the case for most global-scale
models aimed to provide first economic estimates of the consequences of complex
environmental problems, assumptions and stylized specifications are necessary. All
estimates presented here are indicative, but provide a valuable insight into the joint
effect of local and global climate change.

Global climate change projections were obtained by means of the MAGICC
software. The SCENGEN multi-model pattern scaling was used to obtain the
temperature changes for the geographical coordinates where the cities in this study
are located. We use the MAGICC/SCENGEN models (http://www.magicc.org)
version 5.3 for the WRE550, WRE450 and WRE350 stabilization scenarios and
version 6 for three baseline emissions scenarios24,25—high (RCP8.5), medium–high
(RCP6) and medium–low (RCP4.5)—and one stabilization scenario—RCP3PD.
The reason for using two versions of MAGICC is that the first three scenarios are
not available in version 6. All temperature trajectories were modified to start in
year 2015 (instead of 2000; Supplementary Fig. 1) to have a common temperature
value in the first year of the analysis.

Most UHI studies26,27 focus on quantifying various aspects of maximum
instantaneous urban-to-rural temperature differences. These results are difficult to
link to seasonal or annual temperatures. However, empirical methods have been
developed to estimate the effect of urbanization on mean seasonal and annual
temperatures (in terms of average, minimum, maximum and range)28. One of the
existing applications of this method has been to remove the effects of increasing
population (urbanization) in large-scale studies of climate change29. Here we use
this empirical method to estimate and project the increase in temperature in the
1,692 cities due to the UHI. The general form of the equation for estimating the
increases in urban temperature9,10,28 is a×Popb, where a is a parameter estimated
by the least-squares method and b is a fixed parameter. The parameter values are
taken from Table 5 in ref. 28, which are calibrated for cities with population greater
than 100,000. That study28 provides different parameter values for this equation for
average, minimum and maximum temperature for seasonal and annual values. We
use the annual average values because those are input values for the DICE damage
function. The parameter values used in this study are a=0.00174 and b=0.45.

The urban population data used in this paper come from the United Nations
World Urbanization Prospects30 (1950–2030), which covers all urban
agglomerations with 300,000 inhabitants or more in 2014. The UN urban
population data were extended to 2100 using the country-level growth rates of the
A2 population scenario. The GDP scenarios (1990 US$) are based on the
A2 country level socioeconomic projections. The A2 population and GDP
scenarios used are available at http://ciesin.columbia.edu/datasets/downscaled. The
aggregated cities GDP represents about 80% of global output15. This proportion
was used to approximate the contribution of cities to country GDP, and the
resulting aggregated output was then scaled to individual cities using the
proportion of the population in each city within a country. Note that both the
population and GDP projections, which are based on the A2 scenario, are a
consistent realization of the SSP3 storyline25 and can be combined as the driver of
the baseline emissions scenarios RCP8.5, RCP6 and RCP4.5 (refs 25,31).

The estimates of the urban impacts of local and global climate change presented
here are based on an adjusted impact function based on the DICE model, which is
one of the most widely used integrated assessment models of the economic impacts
of climate change32. The DICE impact function estimates economic losses caused
by temperature increase. It has been estimated32 that 2.5 ◦C warming would lead to
a welfare loss of 1.5% of GDP. Judging from their sectoral impacts, 60% of the
welfare losses are urban impacts, and 40% are rural. Agricultural impacts are
excluded. The sectors considered in this study can be summarized into
six categories: human settlements, health, non-market amenity impacts, other
market impacts (including energy and water systems, construction, outdoor
recreation), sea-level rise and catastrophic impacts. Welfare losses are quadratic
in warming.

Let D(t) denote total impact at time t , DU denote urban impact and DR denote
rural impact. Then D(t)=DU(t)+DR(t). Let T (t) denote global warming, and
U (t) denote the UHI effect.

The original study32 ignored the urban heat island effect, U (t)=0. Their
impact function is

D(t)=1.5
(T (t)

2.5

)2

=DR(t)+DU(t)=0.6
(T (t)

2.5

)2

+0.9
(T (t)

2.5

)2

Introducing the urban heat island effect, the impact function becomes

D(t)=DR(t)+DU(t)=0.6
(T (t)

2.5

)2

+0.9
(T (t)+U (t)

2.5

)2

That is, once the urban heath island is considered, impacts are always higher than
found by ref. 32. As has been discussed in the literature, the currently available
impact functions for estimating the economic effects of climate change may

underestimate the true impacts of this phenomenon. Several categories of climate
change effects are not included in these estimates and this is the case of all
quantitative global climate change economic impact studies (for a review, see
ref. 33). Results of climate impacts may, therefore, be seen as lower bounds.
However, the impact functions from integrated assessment models are the best
available tools for estimating the aggregated impacts of climate change. Until now,
and to the best knowledge of the authors, no similar functions have been developed
for UHI effects that could be used to complement that of DICE. In spite of the
limitations expressed above, the use of DICE impact function provides relevant
insights and estimates that allow a better understanding of the joint effects of local
and global climate change and policy, their interactions, and the importance of
benefits from local adaptation measures as risk-reduction instruments. Moreover,
this paper shows that the local adaptation policies are already cost-effective with
the standard, perhaps conservative, DICE impact function. This implies that the
main conclusions of this paper are not affected even if the DICE impact function
underestimates the impacts of local and global warming and related benefits of
adaptation measures that limit the UHI effect. For the results presented in this
paper a 3% discount rate was used. Here we present a sensitivity analysis of the
results using a 7% discount rate, which shows that our main conclusions are robust
to using this higher discount rate34. All costs and benefits are expressed in
1990 US dollar values. The correspondence between tables using a 7% and 3%
discount rate is as follows: Table 1, Supplementary Table 6; Table 2, Supplementary
Table 7; Table 3, Supplementary Tables 9; 3, 8; 4, 10; 5 and 11.

Results show that the main conclusions in this study are robust to a much
higher discount rate. A higher discount rate makes the present values of impacts
from global and local climate change smaller, which could justify investing less in
global/local mitigation efforts34. (Supplementary Tables 6 and 7). However, there
are important differences regarding when large impacts from global and local
climate change will manifest themselves as well as the moment the benefits of
global and local mitigation actions are going to be felt. The impacts of global
climate change are gradual and the most significant ones are expected to happen in
the later part of this century. Similarly, the benefits of global mitigation efforts
would occur towards the end of the present century. With a high discount rate,
these impacts and benefits have a small contribution to the corresponding present
values. On the contrary, in the case of large cities, significant impacts of UHI are
already occurring and UHI reduction policies can produce benefits in the short
term. Consequently, a higher discount rate makes investing in global mitigation
policies relatively less attractive than in local policies to reduce UHI.

The present value of the impacts of UHI is less sensitive to the discount rate
chosen than that of the impacts from global climate change. With a 3% discount
rate the present value of the accumulated impacts of UHI is about 48% of that of
the RCP8.5 scenario, while with a 7% discount rate, the present values of the
impacts due to UHI and of those of the RCP8.5 scenario have approximately the
same magnitude (Table 1 and Supplementary Table 6). At the global aggregation
level and for almost all global climate change scenarios, all local policies considered
here produce benefits larger than their costs of implementation, even when a 7%
discount rate is applied (Supplementary Table 7). However, the number of cities
that have net losses from implementing the local policies increases considerably.
For policies A and B, the number of cities with net losses increases to about 50%,
while for policies C and D this number can reach up to around 60% and 70%,
respectively. Under the NGCC scenario the number of cities with net losses can be
as high as 90%.

Using a 7% discount rate, the largest reduction in urban economic impacts that
can be attained by global mitigation efforts alone is about 30% (RCP8.5/350 ppm
combination; Supplementary Table 9). These benefits can be greatly increased
when local and global policies are implemented jointly (Supplementary Table 9). A
500 ppm stabilization scenario plus any of the local policies analysed here can
produce similar or larger benefits than those that would be obtained by
implementing a 350 pmm stabilization scenario, independently of the reference
scenario that is chosen. Furthermore, the benefits of jointly implementing local and
global measures are more than proportional due to interaction effects
(Supplementary Table 10). The BCRs of all local policies become much more
attractive than when no global mitigation scenario is implemented and the number
of cities with net losses decreases significantly for most of the local policy options
considered. In particular, Policy B produces the largest BCR values and the
percentage of cities with net losses for this policy is between 0.59% and 39.24%,
depending on the combination of reference and stabilization scenarios
(Supplementary Table 11).

A variety of measures have been proposed to reduce the UHI effect, including
expanding urban forest and plant coverage, green roofs, cool roofs and pavements
that reflect solar energy and release heat quickly18. These measures can be
implemented by the local authorities, as private initiatives that may be incentivized
by policy, or made compulsory, for example, through building codes and zoning
regulations18. In addition to limiting city-wide air temperatures, the UHI
mitigation measures can have other beneficial effects. For example, green roofs can
cool the house and outside temperature, lower energy costs, reduce storm water
runoff and have aesthetic value. Apart from generating positive externalities, the
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resulting energy savings of cool and green roofs and increased vegetation are an
important direct benefit for homeowners22,35. Here we focus on the potential
reductions in air temperature of which several estimates have been reported by the
Environmental Protection Agency (EPA) and other studies and on their benefits in
terms of avoided climate impacts. According to the literature21, the range of the
maximum temperature reduction that can be achieved by adopting different
measures is between 1.2 ◦C and 3 ◦C. The highest value of 3 ◦C results from a
combination of expanding vegetation, cool pavements and cool roofs23. The EPA18

estimates that improving pavement reflection between 10% and 35% results in a
reduction of air temperature by 0.6 ◦C and a 50% adoption of cool roofs on houses
reduces city-wide average (all day) air temperatures with about 0.2 ◦C. An
alternative to cool roofs are green roofs, which can significantly reduce city-wide
air temperatures, especially if these roofs are well irrigated. In particular, creating
green roofs on 50% of the available surfaces in a city is estimated to reduce air
temperatures in the entire city between 0.1 to 0.8 ◦C and an additional temperature
reduction of between 0.5 ◦C and 1.0 ◦C can be achieved through irrigation of these
roofs18. Below we present a sensitivity analysis regarding the effects over our
cost–benefit analysis of using the lower and upper bounds of temperature
reduction values of green roofs provided by the EPA. Air temperatures can be
reduced by expanding tree and plant coverage in a city. In particular, peak
temperatures can be 5 ◦C cooler in tree groves compared with open terrain,
suburban areas with tree coverage are 2 ◦C to 3 ◦C cooler than air over ground, and
sport fields are 1 ◦C to 2 ◦C cooler than bordering areas18. These estimates suggest
that expanding tree and plant coverage can reduce the UHI effect, but it is difficult
to translate these into an estimate of how much city-wide area temperatures can be
reduced by this measure. For this reason, the expansion of tree coverage is not
included as a mitigation strategy in our analyses. Four strategies for mitigating the
UHI are considered: Policy A, 50% change of the cities’ total roof area to cool roofs
(liquid applied coating) and 100% change of the paved area to cool pavement (hot
mix asphalt with light aggregate); Policy B, 20% change to cool roofs and 50% to
cool pavement; Policy C, 10% change to green roofs, 25% change to cool roofs and
50% change to cool pavement; Policy D, 10% change to green roofs, 10% to cool
roofs and 20% to cool pavement. For this study, UHI reduction policies are
assumed to be implemented immediately. This assumption may be unrealistic in
practice but it is made to illustrate the potential of UHI reduction measures in the
context of local and global climate change. The city area was estimated as a
function of the average population density (7,506.25 inhabitants km−2) in the
largest urban areas in the world (http://www.demographia.com/db-worldua.pdf).
Based on Akbari12, the proportion of roof and paved surfaces is assumed to be 25%
and 35% of the total city area, respectively.

The estimates of the cooling effect and costs of some of the most popular
options for mitigating the UHI were obtained from the EPA18. Supplementary
Table 2 presents a summary of the options, cooling effect (including the
percentage of city area) and costs used for this paper. It is assumed that these costs
are expressed as 1990 US dollar values. The costs of changing to cool roofs could be
close to zero if a cool colour is selected whenever a roof is changed. However, since
in this study it is assumed that the implementation of the UHI reduction measures
occurs in the initial year, we use the reference cost reported by the EPA. The
UHI is restricted in our analysis to non-negative values (that is, mitigation
measures can at most reduce the UHI warming to zero). Since the cooling
effect of different UHI mitigation options is typically given for a particular
percentage of city area (for example, 50% of the city roof surface is converted to
green roofs), we linearly interpolate these values for other percentages of
implementation. As such, the estimates are more reliable for the percentage values
reported by the EPA18 and reproduced in Supplementary Table 2. These estimates
correspond to Policy A. The benefits of adopting different UHI mitigation options
are analysed in the context of global emissions trajectories based on the baseline
and mitigation scenarios mentioned above. This set of emissions scenarios
represents a wide range of possible future climates with different associated levels
of mitigation effort.

The effects on our cost–benefit analysis of using the lower and upper bounds of
temperature reduction from green roofs provided by the EPA are also explored (see
Supplementary Table 2). All estimates use a 3% discount rate. The policies
considered for this sensitivity analysis are C and D; both include 10% change to
green roofs. Supplementary Tables 12 and 13 report the costs and benefits of
implementing these policies for the lower/upper bound values for temperature
reductions from green roofs and different global emissions scenarios.

The main results of this sensitivity analysis are: policies C and D produce BCR
values larger than one regardless of the temperature reduction value that is assumed
for green roofs; however, even under the upper temperature reduction value from
green roofs, policies C and D still produce the lowest BCR values of the policies
considered in this study. If the upper (lower) bound of temperature reduction value
for green roofs is used, the BCR values for Policy C are at most about US$0.80
(RCP8.5) larger (smaller) than the BCR obtained using the average temperature
reduction. These differences are smaller for the RCP6 and RCP4.5 scenarios, due to
smaller interaction effects. In the NGCC scenario, these differences amount only to
about US$0.30. In the case of Policy D, if the upper (lower) bound of temperature
reduction value for green roofs is used, the BCR values are at most about US$1.00
(RCP8.5) larger (smaller) than the BCR obtained using the average temperature
reduction. These differences are smaller for the RCP6 and RCP4.5 scenarios. Under
the NGCC scenario these differences are about US$0.40.

The number of cities with net losses is very sensitive to the temperature
reduction value that is assumed for green roofs. For Policy C and the RCP8.5
scenario, the lower bound estimate for green roofs temperature reduction produces
an increase of about 86% more cities with net losses with respect to the estimates
produced with the average value. Using the upper bound value instead, the number
of cities with net losses decreases by about 30%. For the RCP6 and RCP4.5, the
upper/lower bound values for green roofs temperature reduction produce a change
in the number of cities with net losses of about 50% and 40%, respectively,
compared with the average temperature reduction value. For policies C and D,
these differences are smaller than 10% under the NGCC scenario.

The sensitivity analysis shows that the inclusion of green roofs produces lower
BCR values than other policies based on cheaper UHI reduction options. However,
the benefits provided by green roofs are not fully taken into account in these
calculations. The BCR values do not include indirect benefits, such as reduced
pollution, health risk and storm water retention. If these additional benefits were
included, the BCR values could be closer to those of policies A and B.

Data availability. The urban population data and the population and GDP
projections were downloaded from https://esa.un.org/unpd/wup/cd-rom/
WUP2014_XLS_CD_FILES/WUP2014-F12-Cities_Over_300K.xls and
http://ciesin.columbia.edu/datasets/downscaled. Alternatively, the data set is
available at https://doi.org/10.6084/m9.figshare.4789072.
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