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Abstract

This study explores whether urban greening through tree planting is an economically viable climate change adaptation
measure in Northern Europe’s climate. The analysis was conducted by modelling how increased tree canopy cover affects
the urban heat island (UHI) effect and, in turn, reduces heatwave-related mortality among vulnerable populations. Using
modelling data from 2022 to 2100 for three Finnish cities—Helsinki, Turku, and Oulu—the results suggest that, in some
cases, tree planting can be an economically viable adaptation measure to reduce heat-related deaths. This requires that green-
ing is applied in the most densely populated areas of the city. Among the three cities, greening proves most economically
viable in Helsinki, which has the highest population density of the three study cities. Conversely, it is not an economically
viable adaptation option in Oulu, the study’s northernmost and least densely populated city. The effectiveness of greening in
economic terms varies depending on the city, the specific climate change scenario, and the intensity of the greening effort.
As a result, the net present value (NPV) of tree planting may be either positive or negative. Therefore, any greening initiative
should be carefully evaluated within its local context.
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Introduction

Some of the most urgent adaptation needs in cities relate to
managing extreme temperatures. The majority of the global
population now lives in urban areas, and this proportion is
expected to continue rising (UN 2018). Cities form their
specific local climate, whose one feature is the urban heat
island (UHI) phenomenon (Cleugh and Oke 1986; Cotton
and Pielke 1995; Cheval et al. 2024; Srivastava et al. 2024).
UHI contributes to increased cooling demand and exacer-
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throughout the night (Chen et al. 2025), leading to prolonged
exposure that can last for several days or even weeks. This
continuous exposure can result in significant public health
impacts and substantial health-related costs (Beugin et al.
2023; Kiarsi et al. 2023). For instance, the prolonged heat-
wave of 2003 caused over 70,000 premature deaths across
Europe (Robine et al. 2008).
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Also, in cold-climate countries in northern Europe,
where heatwaves have not historically been seen as major
health threats, these events significantly increase mortality
among vulnerable groups, such as the elderly and those with
chronic illnesses (Kollanus et al. 2021). In Finland, each
major heatwave in recent decades (2003, 2010, 2014, and
2018) has resulted in an estimated 200 to 400 excess deaths
(Kollanus and Lanki 2014; Toikkanen 2019). With rising
global temperatures and ageing populations, heat-related
health impacts are expected to increase worldwide (Huang
et al. 2015; Gasparrini et al. 2017; Guo et al. 2018). Beyond
increased mortality, rising daily temperature causes an
excess risk of various diseases, as evidenced by a rise in res-
piratory hospital admissions. Common heat-related diseases
include asthma, pneumonia, myocardial infarction, cerebro-
vascular diseases, and a range of pre-existing chronic health
conditions, including endocrine, genitourinary, and nervous
system diseases, and mental health disorders (Fouillet et al.
2006; Haines et al. 2006; Sohail et al. 2020).

In cities, health risks are typically mitigated by various
cooling measures such as indoor air conditioning and district
cooling. These measures also effectively reduce mortality
in high-latitude cities (Hyyrynen et al. 2025). The overall
temperature conditions in cities, including the UHI effect,
can be managed by increasing green infrastructure (Balany
et al. 2020; Knight et al. 2021; Manso et al. 2021; Apritasari
et al. 2022; Cornu et al. 2024; Taylor et al. 2024). However,
under certain conditions, which remain understudied, green
infrastructure can have unintended effects. For example,
green roofs and walls may increase indoor air temperatures
in the heating season due to the insulation effect, or retain
indoor heat during the cooling season by their heat-trapping
effect (Apritasari et al. 2022; Susca et al. 2022). Trees may
also trap heat under certain conditions, raising local air tem-
peratures (Gunawardena et al. 2017).

Beyond their impact on heat, urban greening solutions
can have multiple other benefits including greenhouse gas
mitigation, improved air quality, increased flood resilience,
and enhanced well-being, and they are broadly accepted
(Silvennoinen et al. 2017; Ai et al. 2023; Jabbar et al. 2022;
Sari et al. 2023), which makes them attractive to munici-
palities. While nature-based solutions and greening strate-
gies have gained popularity, their effectiveness in reducing
heat-related health impacts is still not fully understood due
to their complexity (Straka & Sodoudi 2019; Graga et al.
2022).

For example, Kim et al. (2018) found that in high-rise
urban areas in the USA, green roofs had only a modest effect
on mitigating UHI whereas increased coverage of grass and
trees was more effective, especially in hot climates. Quan-
titatively, Sadeghi et al. (2022) report that urban trees can
reduce peak ambient temperature by 0.1-4 °C (averaging
1.5 °C), whereas the respective effect of green roofs is
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0-3 °C (averaging 0.6 °C). The selection of tree species is
crucial to maximizing cooling benefits (Lanza and Stone
2016). Based on a case study of Sydney, Sadeghi et al.
(2022) also demonstrated that using multiple greening
measures together is more effective than implementing any
single measure. One positive side effect of this cooling is
a reduction in heatwave-related health risks. For example,
Sadeghi et al. (2022) estimated that planting 2 million trees
across a 200 km? area and installing 474 km? of moderately
irrigated green roofs in Sydney could prevent approximately
11.7 premature deaths per day during a heatwave.

Research on adaptation impact modelling has emerged
only recently and there are yet few examples of integrated
analyses on specific adaptation measure impacts on climate
risk (see, e.g. Oswald et al. 2020). So far, research on realis-
tic adaptation options, their potential, and impacts has been
principally qualitative (see, e.g. Baker et al. 2012) (e.g. adap-
tation pathways, scenarios) or simply pointing out associ-
ated challenges (McClure and Baker 2018). The endeavours
in developing adaptation indicators to guide and monitor
adaptation policies nationally and globally are thus lacking
appropriate methodologies, particularly in terms of what is
cost-effective as a policy. Cost—benefit analysis (CBA), a
systematic method for comparing the costs and benefits of
a project, is particularly useful in urban planning due to the
scale, duration, and complexity of these initiatives.

We address the question of whether greening of a city by
tree planting is an economically viable climate adaptation
measure for Northern European cities. To our knowledge, a
similar research setting has not been previously conducted in
high-latitude urban environments. We present a novel inte-
grated modelling approach that assesses adaptation impacts
both at the city level and in the most densely populated
urban areas. We focus on one climate change adaptation
measure—increasing the tree canopy cover by tree plant-
ing—to decrease the UHI and to reduce the mortality of
vulnerable people in three Finnish cities during a heatwave
until the end of the twenty-first century. This approach pre-
sents a novel take on adaptation by modelling the costs and
mortality in different policy and climate scenarios through
the following research questions:

1. What are the key differences in the economic viability of
various tree planting strategies between the three coastal
Finnish cities—Helsinki, Turku, and Oulu?

2. How does economic viability compare between two
greening strategies; one applied across the entire city
master plan area (untargeted), and one focused only on
the most densely populated areas (targeted)?

3. How does the intensity of greening influence economic
viability?

4. How does the economic viability of greening depend on
the rate of future warming, as presented by different cli-
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mate scenarios (Representative Concentration Pathways,
RCPs)?

Materials and methods

We followed a five-step process to model the development
of heat-related risk in Finland through the end of the twenty-
first century. We developed projections for (1) the annual
number of heatwaves, (2) the population in vulnerable age
groups (65-74 and > 75 years), (3) baseline mortality, and
(4) mortality under an adaptation policy. Finally (5), we
calculated the costs and benefits of the adaptation policy in
terms of the economic value of saved lives. The adaptation
policy we assessed involved increasing urban green infra-
structure through tree planting. Tree canopy cover mitigates
the urban heat island (UHI) effect, which in turn reduces
heat-related health risks and mortality. Our target cities—
Helsinki, Turku, and Oulu—are among Finland’s six larg-
est, together housing about 20% of the national population
(Table 1, Fig. 1). The cities differ in population density:
Helsinki is high-density, Turku is medium-density, and Oulu
is low-density (Statistics Finland 2023; Kuntaliitto 2024).
We focused only on the two oldest age groups, as statisti-
cally significant increases in heatwave-related mortality have
been observed exclusively in these age groups (Kollanus
et al. 2021).

Daily average temperature scenarios were obtained from
the Finnish Meteorological Institute’s PLUMES (Pathways
linking uncertainties in model projections of climate and
its effects) project (Finnish Meteorological Institute 2019,
2024). The project concentrated on improving the key uncer-
tainties in climate change impact, adaptation, and vulner-
ability analysis in the agriculture and human health sectors
in Finland. The daily average temperature dataset used in
this study includes observed daily averages from 1981 to
2010 and modelled daily projections from 2011 to 2100,
interpolated on a 10-km grid using topographic and hydro-
logical features. It covers four periods: 1981-2010 (observed
only), and three future intervals (2011-2040, 2041-2070,
2071-2100) with increasing warming depending on

greenhouse gas (GHG) scenarios. From 1981 to 2010,
the temperatures associated with different GHG scenarios
remain identical. From 2011 to 2040, the conditions mimic
the previous 30 years’ weather, albeit with generally ele-
vated temperatures compared to the observational data
from that period. This pattern continues in the subsequent
periods of 2041-2070 and 2071-2100, with the degree of
warming intensifying in accordance with the anticipated
climate change, particularly in warmer climate scenarios.
The climate projections represented the ensemble mean of
13 downscaled CMIP5 models, and for each city, a data on
10-km grid cell that represents the city centre was used. The
downscaling was implemented with a delta change method
(see M2 in Réisdnen and Rity 2013). The respective 10-km
resolution dataset is not available from CMIP6 models that
suggest slightly higher summer temperatures in Finland
compared to the CMIP5 models. This difference was not
considered significant enough to alter our conclusions based
on CMIP5 models (Ruosteenoja and Jylha 2021).

We defined heatwaves based on Kollanus et al. (2021):
at least four consecutive days with average temperatures
exceeding the 90th percentile of May—August 2000-2014.
Recognizing that future climate scenarios are inherently sto-
chastic, we followed Hyyrynen et al. (2025) by fitting a lin-
ear trend to the 2022-2100 simulated temperature data. This
provided annual heatwave frequency estimates for each city
and climate scenario, which served as the lambda parameter
for a non-homogeneous Poisson distribution, from which
the number of annual heatwave occurrences was drawn in
10,000 Monte Carlo simulations.

Tree planting was selected as the adaptation policy based
on prior studies and consultations with the target cities’ offi-
cials. The cooling effect of greening was quantified using a
multiple linear regression model. This model was calibrated
with temperature data from 70 TURCLIM local climate
observation network (TURCLIM 2024) observation sites
in Turku, using explanatory variables related to land cover,
topography, and water proximity. The model was trained on
a 1-week heatwave period with an average temperature of
23.4 °C, which is 5.9 °C above the July 1991-2020 aver-
age (Jokinen et al. 2021), reflecting typical conditions of

Table 1 Basic information of

o o City Location (lat/long)* Population** Population density Land area/total
the case cities Helsinki, Turku, (persons/km?)## area (km?)*##+
and Oulu

Helsinki 60.17° N/24.94° E 664,028 3097 214.42/715.48
Turku 60.45° N/22.27° E 197,900 806 245.63/306.36
Oulu 65.02° N/25.47° E 211,848 71 2972.44/3817.74

*Coordinates of the city centre
*%31,12.2022, Statistics Finland

***Population/land area

*#%%].1.2023, National Land Survey of Finland (2023)
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Finland

Sweden

Fig. 1 Locations and aerial views of the case cities, Helsinki (top right), Turku (bottom left), Oulu (bottom right). Copyrights of the aerial
images: Jussi Hellsten/Helsinki Partners; Turun kaupunki, Suomen Ilmakuva; Oulun kaupunki/Lentokuva Vallas Oy

concern for health-based UHI mitigation. Although UHI
is often strongest at night, average daily temperature was
used to represent total heat exposure as it reflects the ther-
mal conditions and potential heat stress throughout the day.
Prior studies confirm that average temperature correlates
with mortality (Kollanus et al. 2021; Ruuhela et al. 2021).
According to our model, a 20 percentage point increase in
tree canopy cover would reduce daily UHI by about 1 °C.
We estimated mortality risk in the vulnerable age groups
using observed increases in heatwave-related mortality:
6.7% (95% C1=2.9-10.8%) for ages 65-74, and 12.8% (95%
CI=9.8-15.9%) for ages > 75 (Kollanus et al. 2021). Fol-
lowing Hyyrynen et al. (2025), we converted these relative
increases into absolute risks using annual mortality statistics
from Statistics Finland. Statistics Finland’s (2021) database
provides historical data on the population in vulnerable age
groups from 2004 to 2021, along with projections for 2022 to
2040. To extend these trends to the year 2100, we employed
ARIMA models to generate forecasts. For each age group
in every city, we applied a series of ARIMA models, evalu-
ated them using the Akaike Information Criterion (AIC) as
introduced by Akaike (1974), selected the best-fitting model,
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and used it to project population growth in the vulnerable
age groups up to 2100.

In this study, the threshold temperature of the 90th per-
centile during May—August that divides the days for poten-
tial heatwave days and for normal non-heatwave days was
determined for all target cities separately based on their
daily average temperatures of May—August 2002-2018. The
threshold temperature was 20.7 °C for Helsinki, 20.6 °C for
Turku, and 19.3 °C for Oulu, respectively. The threshold
temperatures for Helsinki and Turku corroborate with the
threshold temperatures used for southern and southwestern
Finland (20.9 °C and 20.0 °C, respectively) by Kollanus
et al. (2021), whereas the threshold temperature of Oulu
corroborates with those for the Western and inland Finland
and Northern Finland (19.5 °C and 18.7 °C). Using these
thresholds, we identified 209 potential heatwave days. Of
these, 135 in Helsinki and Turku, and 109 in Oulu met the
4 consecutive day criterion. To demonstrate the impact
of cooling on heatwave days, a 1 °C drop in daily average
temperature would reduce the number of heatwave days by
30.4% (135 —94) in the case of the Turku example above.
In our study, the impact of greening on heatwave-related
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Table2 Low and high greening potential areas for each case study
city determined based on the master plans

City Low greening potential area High greening
(km?)* potential area
(km?)*
Helsinki 126.52 114.43
Turku 97.80 125.49
Oulu 2784.54 257.06

*The numerical values presented in this table are according to the
city plans, which do not exactly correspond with the real land areas
(cf. Table 1). Such mismatches include, e.g. shorelines and islands,
and various areas not included in the master plan. Especially in the
case of Helsinki, large shore areas, effectively covered by water on
the data scale, cause an overestimate in the greening potential area

Table3 The three greening options with different intensity levels
used in the master plan-based approach

City Intensity option 1  Intensity option 2  Intensity
(L, H, A) (L,H, A) option 3 (L,
H, A)
Helsinki 10, 20, 14.75 15, 30, 22.12 20, 40, 29.50
Turku 10, 20, 15.62 15, 30, 23.43 20, 40, 31.24
Oulu 10, 20, 10.85 15, 30, 16.27 20, 40, 21.69

The values represent the percentage point increase in tree canopy
cover. L low greening potential area, H high greening potential area,
A average greening potential

mortality is estimated by this diminished amount of heat-
wave days, but in practice our adaptation policy reduces the
heat burden also during the days on which the threshold
temperature is not exceeded as a consequence of the adapta-
tion policy.

We implemented our adaptation policy using two
approaches: a master plan—based approach (referred to as
‘untargeted’) and a population density—based approach
(referred to as ‘targeted’). In the untargeted approach, we
evaluated the realistic potential to increase tree canopy
cover in various areas identified in the cities’ master plans.
The feasibility of this approach was discussed with land
use planning experts from the case study cities. Each city
was first divided into areas of either high or low green-
ing potential. For both categories, we applied three differ-
ent levels of greening intensity (see Tables 2 and 3). Since
the master plans and urban structures of the target cities
differ, the classification into high and low greening poten-
tial areas was tailored to each city. In Helsinki and Turku,
high-potential areas include those designated for green and
recreational uses and related land functions; all other areas
were classified as low potential. In Oulu, four urban devel-
opment zones—city centre, city corridors, city zone, and
expansion zone—were classified as high greening poten-
tial areas, with all remaining areas considered low potential

areas. The greening intensity levels were determined based
on the expected effectiveness and practical feasibility of the
measures.

In the targeted greening measure, the focus was on the
most densely populated continuous 9 km? area in each city,
identified using population data from the end of 2021 (Sta-
tistics Finland 2021) (Fig. 2). The population densities in
these areas—calculated using only land area—were 10,861,
6223, and 3870 persons per km? for Helsinki, Turku, and
Oulu, respectively. This approach was based solely on popu-
lation density; the physical suitability of the land for increas-
ing tree canopy cover was not evaluated. Within the targeted
areas, four uniform greening intensity levels were consid-
ered: 10, 20, 30, and 40 percentage point increases in tree
canopy cover. Each intensity level was applied evenly across
the entire 9 km? area. To estimate the number of vulnerable
individuals affected by the greening, we used the proportion
of the population living in the targeted areas relative to the
total city population as a scaling factor. This assumes that
the share of vulnerable age groups in the targeted areas is
proportional to their share in the overall city population.

Cost estimates for tree planting, maintenance, and
removal were based on the KAM ‘19 guide (Tajakka 2019),
validated by a Turku tree expert. According to the guide’s
fixed costs for the rooting period, the cost of planting a
single tree was estimated at €2384.02 for park trees and
€3543.60 for street trees. For our analysis, we assumed half
of the planted trees as park trees and half as street trees. We
assumed an average tree canopy diameter of 9 m, equating
to a canopy coverage area of 63.62 m? per tree. Based on
this, a 10-percentage point increase in tree canopy cover
within a 1 km? area would require the planting of approxi-
mately 1572 trees. Given that our analysis extends through
the year 2100, we accounted for a scenario in which 50% of
the planted trees would need to be removed and replanted
during this period. The cost of removing a tree, estimated at
€2942 per tree, was also derived from the KAM °19 guide.
All cost estimates were adjusted to reflect 2025 price levels.

Our estimates of fatalities in the absence of adaptation,
i.e. under the baseline scenario, were based on the IPCC’s
framework for assessing climate risk (Ara Begum et al.
2022). We calculated the annual number of fatalities by
multiplying the number of heatwaves by the population in
each vulnerable age group and by the corresponding age
group-specific mortality risk associated with heatwaves.
This yielded the projected number of deaths under the
baseline scenario. Using the same approach, we also esti-
mated fatalities under each greening, or adaptation, scenario.
In these cases, the only variable adjusted was the annual
frequency of heatwaves, which was reduced based on the
selected level of greening intensity.

We defined the benefits of the adaptation measures as
the reduction in fatalities, i.e. lives saved, compared to the
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Fig.2 The 33 km? areas with the highest population density in Hel-
sinki (left), Turku (middle), and Oulu (right). The areas were used in
modelling the targeted greening measure. Background map: CORINE

baseline scenario. The saved lives were then monetized to
allow comparison with the associated costs, using the value
of a statistical life (VSL). The VSL represents the monetary
value placed on a uniform reduction in mortality risk across
a population, equating to the prevention of one statistical
death. It should not be interpreted as the amount an indi-
vidual is willing to pay to save a specific life (Andersson
and Treich 2011). Rather than being a fixed or absolute value
derived from market data, the VSL reflects the trade-offs
between money and risk that represent the preferences of a
specific population sample (Viscusi and Aldy 2003). Econo-
mists estimate VSL using empirical data on real-world mar-
ket decisions involving implicit trade-offs between money
and risk (Viscusi and Aldy 2003). Governments can use
VSL estimates as reference points when evaluating the ben-
efits of policies aimed at reducing mortality risks.
According to a review by Hultkrantz and Svensson
(2012), the average VSL estimate for Sweden is €3.7 million.
However, Swedish authorities recommend a lower figure of
€2.4 million per person, which we adopted in our analysis.
Similarly, Kauppi and Kitti (2020), who assessed the will-
ingness to pay for reduced health risks in traffic in Finland,
estimated the VSL at €2.4 million—approximately €2.9 mil-
lion in current (2025) value. This estimate is transferable to
the health sector. Nonetheless, it is essential to recognize
that transferring VSL estimates across contexts must account
for variations in population preferences and valuations of
life-saving measures (Viscusi and Aldy 2003). Moreover,
VSL is inherently uncertain. Therefore, we conducted a
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sensitivity analysis to evaluate how our results respond to
different VSL assumptions.

We also used the VSL to estimate health costs—also
referred to as ‘health damage costs’ or ‘the health costs
of inaction’. According to the World Health Organization
(WHO 2013, page 6), these costs represent ‘the costs asso-
ciated with climate change in the absence of planned adap-
tation or mitigation responses’. The purpose of assessing
health costs in the context of climate change is to inform
decision-makers about the consequences of inaction and to
support advocacy efforts by emphasizing the significance
of health impacts and the need to prevent or reduce them
(WHO 2013). In our framework, this is most clearly cap-
tured by the value of health damage in the baseline sce-
nario, i.e. the scenario in which no adaptation measures are
implemented.

Using the estimated costs and benefits, we calculated the
annual net benefits for each level of greening. To determine
the overall economic viability of each adaptation policy, we
computed the net present value (NPV) by summing the dis-
counted annual net benefits over the entire planning horizon
(2022-2100). A baseline discount rate of 3% was applied,
and we also conducted a sensitivity analysis to examine
how different discount rates affect the results (Basu and
Ganiats 2016). To address uncertainties in future heatwave
occurrences, we employed Monte Carlo (MC) simulations,
which produced distributions of NPVs rather than single-
point estimates. From these distributions, we calculated the
expected NPV as the average outcome. These calculations
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were performed for each climate change adaptation (CCA)
policy across the three climate scenarios RCP2.6, RCP4.5,
and RCP8.5 (Moss et al. 2008) and for each city under
study. A positive NPV indicates that a policy is economi-
cally viable, whereas a negative NPV suggests it should not
be pursued based on economic grounds. Our framework
closely aligns with that of Ryan and Stewart (2017), com-
bining MC simulations and cost—benefit analysis to evalu-
ate multiple CCA strategies. It explicitly incorporates the
uncertainties and unknowns typically involved in climate
adaptation planning. This is especially important given the
substantial uncertainties surrounding climate-related risks,
which make proactive adaptation challenging. Unlike many
earlier studies that have focused on climate risks and adap-
tive capacity, our approach emphasizes the evaluation of the
actual impacts of CCA policies, offering critical insights for
policymakers.

Results

No greening

Model simulations with zero adaptation intensity, i.e. with-
out any greening measures, show clear variation in the pro-

jected number of annual heatwaves across different RCP sce-
narios and cities (Fig. 3a—c). As climate change progresses

towards the end of the century, the differences between
RCPs become more pronounced. RCP8.5 results in a sig-
nificantly higher number of heatwaves annually compared to
RCP2.6 and RCP4.5, while the difference between RCP2.6
and RCP4.5 remains relatively modest.

The more substantial increase in heatwaves between
RCP4.5 and RCP8.5, as opposed to the smaller difference
between RCP2.6 and RCP4.5, can be attributed to how daily
average temperatures shift relative to the heatwave threshold.
Between RCP2.6 and RCP4.5, the threshold moves along
the flatter part of the temperature distribution curve. How-
ever, between RCP4.5 and RCP8.5, the shift occurs on a
steeper part of the curve, resulting in a larger increase in the
frequency of days exceeding the threshold. The projected
heatwave frequency increases quite similarly in Helsinki and
Turku, whereas Oulu shows a noticeably smaller increase in
heatwaves under RCP8.5 compared to the other two cities.

In the baseline situation, the costs of inaction were calcu-
lated by multiplying the number of fatalities in vulnerable
age groups by the value of a statistical life (VSL). These
costs are highest under the most severe climate scenario,
RCP8.5, and lowest under the mildest, RCP2.6 (Fig. 3d-f).
Among the cities, Helsinki bears the highest costs of inac-
tion due to its larger share of vulnerable populations. Oulu
has the lowest costs, corresponding with its lower projected
frequency of heatwaves. In Turku and Oulu, the costs of
inaction increase in a strictly convex manner over time, i.e.
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Fig.3 Projections (2022-2100) of the heatwave frequency and the associated costs of inaction in Helsinki, Turku, and Oulu under climate sce-

narios RCP2.6 (RCP =Representative Concentration Pathways), RCP4.5, and RCP8.5

@ Springer



95 Page 8 of 15

Regional Environmental Change (2025) 25:95

the rate of increase accelerates. In Helsinki, however, the
increase is initially concave, meaning the rate of growth
slows over time. This trend in Helsinki is driven by demo-
graphic changes and climate dynamics. Although both the
number of heatwaves and the size of the vulnerable pop-
ulation initially rise, over time the size of the vulnerable
population begins to decline due to ageing patterns, which
moderates the increase in fatalities and thus slows the rise
in associated costs. In contrast, in Turku and Oulu, the vul-
nerable population continues to grow steadily, and since
heatwaves have a relatively smaller impact on population
structure compared to Helsinki, the costs of inaction increase
more sharply in a convex pattern.

Untargeted greening

In Helsinki, untargeted greening based on the master plan
yields negative net present values (NPVs) under RCP2.6, but
positive NPVs under RCP4.5 and RCP8.5 for the first and
second greening intensity levels. However, at the third inten-
sity level under RCP4.5, the NPV turns negative (Fig. 4a).
In the most extensive greening scenario, the benefits exceed
the costs only under the warmest climate scenario, RCP8.5.

In Turku and Oulu, master plan—based greening results in
negative NPVs across all RCPs and greening intensity levels
(Fig. 4b, c¢). In Turku, however, the NPV is close to zero
for the lowest intensity level under RCP8.5, suggesting that
greening is an almost recommendable adaptation policy. In
contrast, Oulu consistently shows the lowest NPVs among
the three cities, regardless of the climate scenario or green-
ing intensity. This is primarily due to the lower population
density and lower expected frequency of heatwaves in Oulu,
making cooling-oriented adaptation less economically jus-
tifiable there. Overall, greening as an adaptation strategy
proves economically viable only in Helsinki—and only
under the more severe climate scenarios—when benefits are
measured solely by the value of reduced mortality.

Targeted greening

When greening is targeted to the most densely populated
area, in Helsinki, the NPVs are positive across all green-
ing intensity levels and climate scenarios, indicating that
this adaptation measure is economically viable (Fig. 5a).
Under RCP4.5 and RCP8.5, the NPVs increase with the
intensity of greening, while under RCP2.6, the NPVs

a) Helsinki - untargeted greening b) Turku - untargeted greening x104  ¢) Oulu - untargeted greening
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[EENRCP4.5
—IRCP85 ( 1
3000+ r T
© m o
z | s =S
> <1000 S -2F
o [ o
z z z
0 =
-3000 1 2 3 -2500 1 2 3 4 1 2 3

Adaptation intensity

Adaptation intensity

Adaptation intensity

Fig.4 The net present values (NPV) for the master plan—based untargeted greening in Helsinki, Turku, and Oulu for climate scenarios RCP2.6
(RCP=Representative Concentration Pathways), RCP4.5, and RCP8.5, and for three adaptation intensity levels

a) Helsinki - targeted greening

b) Turku - targeted greening
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Fig.5 The net present values (NPV) for the population density—based targeted greening in Helsinki, Turku, and Oulu for climate scenarios
RCP2.6 (RCP=Representative Concentration Pathways), RCP4.5, and RCP8.5, and for four adaptation intensity levels
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begin to decline after the third intensity level. This sug-
gests that net benefits from greening only continue to
grow with intensity under the warmer climate scenarios.
Therefore, targeted greening clearly emerges as a rec-
ommendable strategy, with its net benefits increasing in
warmer climate conditions.

In Turku, targeted greening is economically viable
only under the warmest climate scenario, RCP8.5, where
the NPV rises with the level of greening (Fig. 5b). In
contrast, in Oulu, targeted greening results in negative
NPVs across all RCPs and intensity levels. However, the
losses are smaller than those associated with untargeted
greening (Fig. 5c¢). Additionally, in Oulu, targeting results
in more pronounced relative differences in NPVs across
climate scenarios and greening intensities, compared to
the untargeted approach.
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Sensitivity analysis

Several parameters in the analysis are subject to uncertainty,
including the discount rate, adaptation costs, the value of a
statistical life (VSL), and the probability of mortality dur-
ing heatwaves. To address these uncertainties, we conducted
a sensitivity analysis to examine how variations in these
parameters affect the results. Using Helsinki as an exam-
ple, we evaluated the impact of each parameter on NPVs
across different RCP scenarios at greening intensity level 2,
under the targeted greening measure. The sensitivity analysis
reveals that the discount rate and VSL significantly influence
the NPVs (Fig. 6a, b). NPVs are substantially higher with
a 1% discount rate, and the NPV consistently declines as
the discount rate increases. For example, under untargeted
greening with the highest adaptation intensity in RCP4.5, the
NPV would shift from negative to positive if the discount
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Fig.6 Sensitivity of the results to the choice of discount rate, the value of saved lives (VSL), the adaptation costs (tree planting, mainte-

nance and removal), and the probability of mortality

@ Springer



95 Page 10 of 15

Regional Environmental Change (2025) 25:95

rate were reduced from 3 to 1%. This indicates that the
choice of discount rate can directly affect the policy recom-
mendation; determining whether greening is considered a
cost-effective adaptation measure. Similarly, NPVs increase
with higher VSL estimates. A sufficiently high VSL can turn
a negative NPV into a positive one, highlighting the criti-
cal role of VSL assumptions in shaping policy conclusions.
In contrast, adaptation costs have only a limited effect on
NPVs, as most tree replacement costs occur far in the future
and are therefore heavily discounted (Fig. 6¢). The mortality
probability during heatwaves also has a considerable impact
on NPVs: the lower the probability of death, the smaller
the benefit of adaptation, and consequently, the lower the
NPV (Fig. 6d). Like the VSL and discount rate, changes in
mortality probability can also reverse the sign of the NPV,
underscoring its importance in determining the economic
viability of greening as an adaptation strategy.

Discussion

In this study, we employed a novel approach to model the
tree planting, maintenance and removal costs, and heatwave-
related mortality under two climate change adaptation
scenarios: targeted and untargeted greening. Our analysis
indicates that increasing tree canopy cover through tree
planting in the most densely populated area of Helsinki is
economically viable across all three climate scenarios exam-
ined (RCP2.6, RCP4.5, and RCP8.5). This is because the
economic value of reduced mortality outweighs the costs
of planting and maintaining trees. However, when greening
is applied across the entire city master plan area, its eco-
nomic viability depends on both the climate scenario and
the level of adaptation intensity. Under RCP2.6, greening
is not economically viable at any intensity level, whereas
under the most extreme scenario, RCP8.5, it proves viable
regardless of intensity. In Turku, increasing tree canopy
cover is an economically viable adaptation measure only
when implemented for the most densely populated area
under the RCP8.5 scenario. In Oulu, which is a smaller,
more northern, and less densely populated city, increasing
tree canopy cover is not an economically viable adaptation
measure under any RCP scenario regardless of the imple-
mentation measure and intensity. Because heatwave defini-
tions are based on city-specific threshold temperatures, the
NPV differences between the cities are primarily explained
by the differences in population density, both citywide and
in densely populated areas. McDonald et al. (2024) found
that in the USA, tree planting and maintenance costs often
exceed the benefits derived from reduced mortality, mor-
bidity, electricity use, and increased carbon sequestration
except in areas with low existing tree cover. This aligns with
our findings: even if greening is not economically viable

@ Springer

citywide, targeted greening can be economically justified
when benefits from reduced mortality are considered. In
assessing the economic viability of the greening, it is good
to notice that people are often willing to pay for adaptation
infrastructure (Derkzen et al. 2017). Incorporating this will-
ingness to pay for the greening infrastructure into the benefit
side would yield higher NPVs and more favourable policy
recommendations for greening. Similarly, including other
benefits identified by McDonald et al. (2024) would further
increase the NPVs of this study.

We used a rather moderate estimate for the value of sta-
tistical life (VSL), set at 2.9 M€. Hultkrantz and Svensson
(2012) reviewed empirical studies and suggested an average
of 3.7 M€, while Keller et al. (2021), in a review of 120 stud-
ies, reported a median midpoint estimate of 6.4 M€ for the
health sector. Our sensitivity analysis showed that the out-
comes are quite responsive to the VSL used; a higher VSL
could shift NPVs from negative to positive, altering policy
implications. Thus, our results may somewhat underestimate
the cost-effectiveness of greening as an adaptation measure
for reducing heat-related mortality. Moreover, we recog-
nize that monetary metrics in the context of human life are
controversial (Ackerman and Heinzerling 2004), and many
aspects of health and well-being cannot easily be monetized.
Nevertheless, using a standardized monetary metric facili-
tates the evaluation of different policies, thereby allowing
policymakers to distribute resources more effectively. Mon-
etizing non-marketed goods also enhances transparency and
public understanding of policy prioritization (Andersson and
Treich 2011). Still, it is important to remember that green
infrastructure has numerous unquantified benefits such as
recreation and aesthetic value that are not captured by using
VSL alone. Consequently, the positive NPV of this study
can be considered conservative estimates.

One source of uncertainty in our methodology stems from
the model-based estimate of UHI mitigation resulting from
increased tree canopy. We estimate that a 10 percentage
point increase in canopy cover would lower temperatures
by slightly less than 0.5 °C. This is more than estimated by
Tungman et al. (2023) for European cities at the city scale
but less than the values reported by Marando et al. (2019)
for the functional urban areas of European cities. However,
our estimate aligns with Tungman et al. (2023) when con-
sidering that their value concerns the whole summer season,
whereas ours concerns the heatwaves, during which spatial
temperature differences are typically greater (see Suomi and
Meretoja 2021).

Additional uncertainties relate to assumptions about the
impact and evolution of UHI. Typically, UHI is strongest
at night and weakest—or even negative—during the day.
We assumed that the best way to capture diurnal variation
and cumulative heat load is to use a heatwave as the refer-
ence period and to estimate greening’s cooling effect based



Regional Environmental Change (2025) 25:95

Page110f15 95

on daily average temperatures. Previous studies have vali-
dated average temperature as a good indicator of heat-related
mortality (Nayhd 2007; Ruuhela et al. 2021; Ragettli et al.
2023). Different temperature metrics might have yielded dif-
ferent conclusions. Forecasts for UHI intensity under climate
change are inconsistent; there is evidence of intensification
(Sachindra et al. 2016) and, on the other hand, weaken-
ing (Scott et al. 2018). Wilby et al. (2003) and Sachindra
et al. (2016) predict an intensification of UHI in the future,
whereas Oleson et al. (2011) predict that summertime UHI
will weaken slightly in the future supposing that a city does
not grow, and it has an identical urban/rural atmospheric
forcing. Overall, there is strong consensus on the predic-
tions that heatwaves become more intense, and the UHI,
for its part, increases heat burden (Dodman et al. 2022).
For this study, we assumed constant baseline UHI intensity
throughout the study period, which we consider as a realistic
assumption, even if the city-specific areas dominated by UHI
will probably grow because of urban growth.

Other sources of uncertainty include estimates of mor-
tality probability, future interest rates, tree planting, main-
tenance and removal costs, the chosen VSL, the climate
change scenarios used, and the dynamics of population and
urban development. Sensitivity analysis illustrates how var-
iations in the first four parameters influence NPVs. Using
three RCP scenarios helps capture the range of possible
warming trajectories and thus highlights the uncertainty
inherent in climate modelling. Urban expansion, likely to
increase areas with high UHI mitigation potential, is one
probable aspect of future city development.

Beyond economic analysis, greening should also be
evaluated from broader perspectives. Urban greenery has
been linked to better mental and physical health (Ulmer
et al. 2016; Barton and Rogerson 2017), better air quality
(Ai et al. 2023), and better preparedness for urban floods
(Silvennoinen et al. 2017). Monetizing these benefits would
further raise NPVs and likely shift policy recommendations
more in favour of greening. However, some of these associa-
tions have been questioned, and further research is needed
(Nguyen et al. 2021; Venter et al. 2024). Potential disad-
vantages of greening or trees should also be acknowledged.
Tree pollen may worsen allergies, pest infestations can
lead to tree loss with associated health effects, and stressed
trees may emit volatile organic compounds (VOC) that may
enhance the formation of ozone and particulates in certain
circumstances (Donovan et al. 2013, 2015; Salmond et al.
2016; Wolf et al. 2020). These complexities underline the
importance of city-specific planning and implementation of
greening measures.

Another consideration is the dual nature of UHI. In high-
latitude regions during winter, UHI is principally seen as
beneficial due to lower heating demand (Oke 1987; Taha
1997; Giridharan and Kolokotroni 2009). UHI areas may

also offer more suitable habitats for certain animal species
(Parris and Hazell 2005; Jochner et al. 2012) and provide a
longer growing season for plants. From a health perspec-
tive, UHI may have mild benefits during spring, winter, and
autumn (Huang et al. 2023). Due to these seasonal differ-
ences, the studies on the impacts of greening on UHI and
health are focused on summer and warm conditions (Chun
and Guldmann 2018). Increasing tree canopy cover has
probably also the most significant UHI mitigation effect in
summer, when solar radiation is the key driver of UHI. Dur-
ing other seasons, the microclimatological effect of greening
is less clear and may vary depending, e.g. on the tree species.
Should greening weaken the UHI during the cold season,
this may lead to increased energy demand for heating, which
is worth acknowledging in the assessment of pros and cons
of greening (see, e.g. Santamouris 2014; Taleghani et al.
2014; Skelhorn et al. 2018). Especially in high latitudes in
mid-winter, reduced radiative cooling due to tree canopy is,
however, probably an energetically more relevant phenom-
enon than the combined effect of increased evapotranspira-
tion and reduced solar heat storage due to the shadowing
effect of trees, and consequently, trees may even strengthen
the UHI in winter.

Although green infrastructure and nature-based solutions
are generally favoured by the public (Badura et al. 2021),
our findings highlight the need for a deeper understanding
of greening as an adaptation measure (see also Matthews
et al. 2015; Byrne et al. 2015). Differences between cit-
ies underscore the importance of local context in adapta-
tion planning. Place-based approaches have been shown to
enhance acceptance of adaptation measures (Groulx et al.
2014). Finally, city planning involves balancing multiple,
sometimes conflicting, objectives. For example, greening
efforts may compete with housing needs. Addressing these
trade-offs requires collaboration among city stakeholders
and transparent dialogue that includes citizens (Erlwein
et al. 2023).

Conclusion

Based on our analysis—distinct in its focus on high-latitude
cities and its novel approach to modelling adaptation—the
economic viability of tree planting as an adaptation measure
to reduce heat mortality risk is clearly highest in densely
populated urban areas, when benefits are measured by the
economic value of lives saved. In contrast, cities with low
population density show lower or even negative viability.
The differences in economic outcomes between cities appear
to be more closely tied to population density than to climatic
variations related to their latitude.

Additional factors influencing economic viability include
the implementation strategy for greening and the future
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climate scenario. Untargeted greening based on the master
plan is rarely an economically viable adaptation measure.
However, in densely populated cities, economic viability
improves under warmer climate scenarios. Targeted green-
ing—focused on the most densely built areas—is economi-
cally viable across all climate scenarios in high-density city,
and also in medium-density city under the warmest scenarios.
The relationship between greening intensity and economic
viability is less straightforward, except in low-density cities,
where the viability is negatively correlated with greening
intensity both in the master plan—based and targeted greening.

Ultimately, these findings underscore the complexity of
evaluating adaptation costs and benefits over time, especially
in the face of uncertain climate trajectories and evolving
urban dynamics such as population ageing and densification.
When planning strategies to address urban heat, tree planting
can complement other adaptation measures and offer co-ben-
efits, including enhanced biodiversity and improved human
well-being. Thorough assessments of adaptation options
are essential to inform decision-making in contexts where
multiple, and often competing, priorities must be balanced.
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