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a b s t r a c t
Spatial and temporal characteristics of outdoor heat stress for a redevelopment area in Gothenburg,
Sweden, in a climate change perspective, using mean radiant temperature (Tmrt ) as a proxy for heat
stress is presented. The impact of climate change on Tmrt was evaluated using statistically downscaled
data from a regional climate model. The simulated average Tmrt for the future scenarios was not higher
than for today’s climate, because the increased longwave radiation ﬂuxes caused by higher temperatures
were offset by reduced shortwave radiation ﬂuxes caused by increased cloudiness. The spatial pattern
of Tmrt in the study area during warm and clear weather is primarily governed by the shadow patterns
of buildings and vegetation. The highest average-daytime Tmrt was found at open locations, but because
open areas also have the highest frequency of sunlit occasions, this does not necessarily imply that open
areas are most prone to heat-stress. When considering only occasions during clear and warm weather
situations, the highest Tmrt were usually found close to sun-exposed, south-facing walls. Under these
criteria, denser urban environments have lower heat stress than more open urban environments. The
warmest areas were also found to be the warmest areas in the future as well.
Tree-shadows are an effective measure to reduce daytime Tmrt . Trees was found to have the largest
impact on Tmrt in open areas where vegetation is sparse, especially when the distance to the nearest
“cool” place is used as a measure of heat-stress.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
If the increasing global anthropogenic greenhouse gas emission
rates are not countered by mitigating actions, global mean surface
temperatures are likely to rise by 1.4–4.8 ◦ C by 2100 (IPCC, 2007).
Under such scenarios, heat wave episodes will become more frequent, more intense, and longer lasting (Meehl & Tebaldi, 2004).
Climate change could magnify the urban heat island effect in some
locations (McCarthy, Best, & Betts, 2010), and such changes would
affect urban populations directly by changing human thermal
comfort through heat stress and cold stress. Establishing urbanplanning guidelines to reduce heat and cold stress can help lessen
the negative effects of climate change, and they can take advantage
of the opportunities that climate change presents to help create
healthy and sustainable cities.
A number of predictors can be used to evaluate heat stress. The
most commonly used predictor is the air temperature (Ta ), and this
is sometimes adjusted for humidity to give the apparent tempera-
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ture or for wind speed to give the wind-chill index. Also available
are various thermal indices, such as physiologically equivalent
temperature (PET, Mayer and Höppe, 1987) and the universal thermal climate index (UTCI, e.g. Fiala, Havenith, Bröde, Kampmann, &
Jendritzky, 2012), both of which take into account relevant meteorological parameters (air temperature, air humidity, wind speed,
and mean radiant temperature) as well as thermo-physiological
elements (clothing, activity, age, etc.).
The mean radiant temperature (Tmrt ) is directly inﬂuenced by
urban geometry and surface material, and this makes it a good measure to identify urban hot spots. On clear and calm summer days,
Tmrt is the most important meteorological parameter inﬂuencing
human energy balance and heat load (Ali-Toudert & Mayer, 2007;
Mayer and Höppe, 1987), and Tmrt has been shown to be a good predictor of both heat stress and heat-related mortality (Thorsson et al.,
2014). Tmrt is deﬁned as the ‘uniform temperature of an imaginary
enclosure in which the radiant heat transfer from the human body
equals the radiant heat transfer in the actual non-uniform enclosure’ (ASHRAE, 2001). It describes the radiative exchange between
a person and their environment and includes the effects of air
temperature, surface temperature, and solar radiation. Whereas
intra-urban Ta differences are rather small during the day, Tmrt
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shows large spatial variations over short distances (Emmanuel &
Fernando, 2007; Lindberg & Grimmond, 2011; Mayer, Holst, Dostal,
Imbery, & Schindler, 2008; Thorsson, Lindberg, Bjorklund, Holmer,
& Rayner, 2011). These variations are mainly governed by shadow
patterns generated by trees, buildings, and topography and to a
lesser extent by differences in the thermal and radiative properties
of the surrounding surface materials, i.e., albedo, emissivity, and
heat capacity.
During clear summer days with high solar irradiance, the highest Tmrt is found in areas near sunlit walls at noon or early afternoon.
These locations experience high levels of direct and reﬂected shortwave radiation as well as long-wave radiation from wall surfaces
exposed to the sun (Lindberg, Holmer, Thorsson, & Rayner, 2013).
As a result, Tmrt can be substantially higher than Ta . At night, when
shortwave radiation is absent, Tmrt is similar to Ta .
Global Climate Models (GCMs) are the best tools we currently
have for estimating the effect of increased greenhouse gas concentrations on the global climate. Changes at sub-continental scales are
commonly assessed by using GCM outputs as inputs into higherresolution Regional Climate Models (RCMs). However, even RCM
outputs are biased compared to local climate records, and care is
required when using RCM outputs to estimate the combined effect
of changes in several meteorological parameters on heat stress.
Possible approaches include converting observation-based threshold values into percentiles (Muthers, Matzarakis, & Koch, 2010),
historical-resampling whereby progressively warmer days from
the historical record are selected to represent the climate of the
future (Thorsson et al., 2011), and modifying observed meteorological data based on the changes between a present-day period and
a future period in an RCM simulation (Rayner, Lindberg, Thorsson,
& Holmer, 2014).
Although concerns about future heat stress are focused
on southern of Europe where summer air temperatures are
already high, the predicted increase in heat in Scandinavia must
also be taken seriously (Rocklov & Forsberg, 2008). According to the Swedish government’s report ‘Sweden facing climate
change—threats and opportunities’ (SOU, 2007), the number of
heat-related deaths in the Stockholm area in the summer could rise
by 5% if the air temperature rises by 4 ◦ C during summer. The same
report estimates that the increased costs of heat-related deaths due
to climate change could be D 50–70 billion in Sweden from 2010
to 2100. Although the number of cold-related deaths is expected
to decrease due to milder winters, the risks associated with heat
waves might be greater because the northern populations have had
a long time to adapt to long periods of extreme cold but have yet
to adapt to the occurrence of hot periods (Oudin Åström, Forsberg,
Ebi, & Rocklöv, 2013).
The purpose of this paper is to examine the temporal and spatial
characteristics of outdoor heat stress for a redevelopment area in
Gothenburg, Sweden, in a climate change perspective using Tmrt as
a proxy for heat stress. The speciﬁc objectives are to examine:
- how different urban-planning proposals regarding building density and vegetation cover (trees and bushes) inﬂuence the
temporal and spatial characteristics of Tmrt .
- the impact of climate change on Tmrt in the study area using statistically downscaled data from an RCM.
This study is a part of the larger research project ‘Adapting
cities to climate induced risks’ that aims to develop methods and
knowledge for reducing the risks and effects of extreme weather
under a changed climate (e.g. Jonsson & Lundgren, 2014; Konarska,
Lindberg, Larsson, Thorsson, & Holmer, 2014; Lindberg et al., 2013;
Rayner et al., 2014; Thorsson et al., 2014). The project addresses
the risks of high temperatures, poor air quality, landslides, and
ﬂooding. The project brings together researchers with specialist

expertise within several ﬁelds – including measuring and modeling
outdoor thermal comfort, air quality, natural disaster risk assessment, socioeconomic analysis, multi-criteria analysis, and urban
planning – and includes both stakeholders and practitioners.
2. Methods
2.1. Study area – Frihamnen
The free-port area (Frihamnen) located by the river (Göta älv) in
Gothenburg, Sweden, was selected as the case study area (Fig. 1).
The area will soon be transformed from an industrial dockland into
a modern residential and commercial area. The area is low-lying
and relatively ﬂat and covers around 85 ha (the area inside the red
line in Fig. 1). The area currently consists of three large piers and
adjacent harbors and the surrounding land on two sides.
Two planning strategies focusing on climate adaptation were
used in this study. The ﬁrst, called defense (Fig. 2a), had a larger plot
to area ratio, whereas retreat (Fig. 2b) was a less dense planning
strategy. The two adaptation alternatives describe the strategies
for coping with the threat of ﬂooding, which is already a hazard in
the area today. In the retreat strategy, the three existing piers are
left relatively unmanaged and are intended to be used for recreation, sea and land sports, music, and other large events as well
as to provide green park space. In this proposal, buildings are only
allowed on the adjacent, non-ﬂood-prone land areas. A maximum
of 600,000 m2 of apartment area would be allowed under such
strategy. In the defend planning proposal, the area is protected by a
permanent barrier with an operable gate (i.e., a resistance strategy),
and buildings are also allowed on the piers and in the present-day
harbors. The total area that can be built on is 1,200,000 m2 (Fig. 2b),
which is twice that available in the retreat strategy.
In addition to the retreat and defend planning strategies, three
different vegetation proposals were examined in this study. Vegetation in this context implies objects that can create shade – such
as trees and bushes – and grass and low shrubs are not considered.
The ﬁrst vegetation proposal is for no vegetation at all. The second
proposal is for ‘conventional’ vegetation cover, that is, vegetation
similar to other parts of central Gothenburg. The third vegetation strategy includes abundant vegetation throughout the study
area. The vegetation proposals were generated by expert judgment
(see the acknowledgements). The second and the third vegetation
strategies are shown in Fig. 2. Descriptive data for the different
planning proposals are presented in Table 1.
2.2. Meteorological observations
Hourly air temperature records were obtained from the Swedish
Meteorological and Hydrological Institute (SMHI) for climate stations 7141 (years 1983–1999) and 7142 (years 1999–2006), both
of which are located inside the city of Gothenburg. Missing records
were ﬁlled using observations from Gothenburg City Airport,
approximately 10 km northwest of the city center. Hourly solar
radiation data (global and diffuse components) were obtained for
SMHI station 92513, which is located on the 7-story building Ellysepalatset in Gothenburg at a height of approximately 23 m above
sea level. Global and diffuse solar radiation was measured with a
Kipp and Zonen pyranometer, and direct solar radiation was calculated explicitly from the difference between the global and diffuse
components.
2.3. Climate scenarios
The climate scenarios used in this project were based on outputs
from the ECHAM5/MPI-OM GCM (Roeckner et al., 2003) forced with
the SRES A1B greenhouse-gas emission scenario and downscaled to
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Fig. 1. Overview of Frihamnen in Gotenburg, Sweden. The red line shows the borders of the area of interest in this study. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2. The different planning strategies used in this study. (a) Defend with conventional vegetation cover. (b) Retreat with conventional vegetation cover. (c) Defend with
abundant (increased) vegetation cover. (d) Retreat with abundant (increased) vegetation cover. The colors blue and green represent the location of water and trees, respectively.
The red line shows the borders of the area of interest. DSM = Digital Surface Model, magl = m above ground level. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

25-km resolution with the RCA3 regional climate model (Kjellström
et al., 2005). The SRES A1 scenario describes rapid, global economic
development, and summer temperatures in Northern Europe are

expected to increase by at least 2 ◦ C by 2100 if greenhouse gas emissions follow the SRES A1B scenario (Meehl et al., 2007). The A1B
scenario corresponds to a ‘mid-range’ reference-scenario (that is, a
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Table 1
Surface characteristics for the different planning proposals used in this study.

Building fraction
Water fraction
Tree cover fraction
zH(buildings) (m)
zH(vegetation) (m)

Retreat

Defend

Vegetation strategy

Vegetation strategy

None

Conventional (current)

Abundant

None

Conventional

Abundant

13.8%
57.9%
0.0%
10.8
NA

13.8%
57.9%
3.0%
10.8
12.3

13.8%
57.9%
8.6%
10.8
15.2

26.0%
37.8%
0.0%
9.1
NA

26.0%
37.8%
4.9%
9.1
14.0

26.0%
37.8%
10.8%
9.1
15.2

scenario without deliberate greenhouse-gas mitigation actions) in
the context of more recent scenario modeling (Moss et al., 2010).
The following climate periods were used in this study: the current
climate, the predicted mid-century climate (2040–2069), and the
predicted end of century climate (2070–2099).
The climate-scenario data used as input for the Tmrt modeling
were created from these RCM outputs by combining them with the
meteorological observations of air temperature and 3-component
solar radiation (global, diffuse, and direct) using the method of
Rayner et al. (2014). With this method, change factors were ﬁrst calculated from differences in ranked daily RCM outputs for a future
period and a present-day period. Changes consistent with these
daily factors were then applied to historical hourly meteorological
observations to create future scenarios. A summary of the method
is given here.
For air temperature, the hourly scenarios were created by interpolating the change factors for daily maximum and minimum air
temperature. That is, for each day in the historical record, a changefactor for the daily maximum air temperature was determined from
the ranked changes in the RCM maximum air temperature outputs. Change factors for the minimum air temperatures for each day
were similarly determined. These series of change factors were then
combined, and change factors for every hourly temperature value
in the historical record were derived using linear interpolation.
For three-component radiation, the procedure was more complicated. This was ﬁrstly because the RCM outputs do not separate
solar radiation into direct and diffuse components, and secondly
because change factors need to be derived in such a way that
the modiﬁed global, diffuse, and direct radiation remain selfconsistent. In summary, change factors for daily global radiation
were ﬁrst calculated for each day in the historical record based on
differences in ranked daily incoming shortwave radiation between
the present-day RCM and scenario outputs. The change factor for
daily global radiation was applied to all hourly global radiation
values for that day. To calculate change factors for the hourly diffuse radiation values, the diffuse radiation was estimated from
the global radiation using the method of Reindl, Beckman, and
Dufﬁe (1990) for both the observed and modiﬁed (future) hourly
global radiation. The ratio of these estimates is the change factor to
be applied to the observed historical diffuse radiation. Finally the
direct radiation component for the scenario was determined from
the modiﬁed global and diffuse radiation components.
The estimation of Tmrt in SOLWEIG (see below) is the most sensitive to Ta and shortwave radiation, whereas it is almost unaffected
by air humidity. Thus, the climate scenarios used the unmodiﬁed
observed hourly relative humidity.
2.4. Spatial and temporal modeling of Tmrt
This study used the SOLWEIG model (version 2013a, Lindberg
2012), which simulates the spatial variation of 3-D radiation ﬂuxes
and Tmrt as well as shadow patterns and sky view factors (SVFs)
in complex urban settings. A detailed description of the SOLWEIG
model, including the results from ground-truthing the model in

different urban settings, weather conditions, and regional contexts,
is given in Lindberg, Holmer, and Thorsson (2008) and Lindberg and
Grimmond (2011). A summary follows here.
Spatial variations in Tmrt were calculated using the “full”
SOLWEIG model. In this conﬁguration, SOLWEIG requires the meteorological parameters of air temperature, relative humidity, and
solar radiation (the global and diffuse components) together with a
digital surface model (DSM) and a representative latitude/longitude
for the location. The DSM represented ground and building heights,
with a resolution of 2 m, had an extent of 599 × 683 pixels and was
derived following Lindberg (2005). The effects of trees and bushes
were modeled with vegetation included as a separate DSM layer
(Lindberg & Grimmond, 2011). Albedo and emissivity for buildings
and vegetation were 0.20 and 0.95, respectively (Oke, 1987). The
transmissivity of shortwave and longwave radiation through vegetation was 5% and 0%, respectively (Lindberg & Grimmond, 2011).
Tmrt was calculated for a standing person with the factors specifying the proportion of radiation received from each direction set to
0.22 for east, west, north, and south and to 0.06 for radiation ﬂuxes
from above and below. Absorption coefﬁcients for shortwave and
longwave radiation were 0.7 and 0.97, respectively (Höppe 1992;
VDI, 1998). Nocturnal Tmrt is difﬁcult to estimate because information on cloudiness (which affects the sky emissivity and incoming
longwave ﬂuxes) is lacking. Here, the cloudiness was extrapolated
from late afternoon up until midnight, and cloudiness from midnight to sunrise was assumed to be the value of early morning. In
this study, the methodology of Crawford and Duchon (1999) was
used to estimate incoming longwave radiation. Neither wind ﬁelds
nor variations in ground or building wall materials are considered
in the current version of the model.
A simpliﬁed version of SOLWEIG, called SOLWEIG1D (Lindberg
2012), was used to examine how the radiant ﬂuxes and Tmrt for
a non-speciﬁc (generic) urban location might be affected by climate change. Unlike the full SOLWEIG simulations discussed above,
where SVF and shadow patterns are determined for each pixel in
a DSM, SOLWEIG1D has a single, ﬁxed, user-speciﬁed SVF (here
0.6) that is supposed to represent a typical urban environment. The
location is assumed to be sunlit during the daytime hours, which
would not would be the case in a real-world situation where surrounding objects would block the sun at speciﬁc times of the day
and year when SVF < 1.
2.5. Experimental conﬁguration
SOLWEIG was run for each of the three climate periods (current
climate, 2040–2069, and 2070–2099) with two different planning
strategies (retreat and defend) and three different vegetation proposals (none, current, and abundant). This yielded eighteen model
runs in total. For a given climate scenario, the same meteorological
data were used for all planning options based on the assumption
that daytime intra-urban temperature variations are small. All calculations were executed in MathworksTM Matlab® (version 2012a).
With the computational resources available, it was not possible to
store the results for all model runs for every hour, so statistics were
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Fig. 3. Monthly average air temperature, global radiation (G), and cloudiness represented as the ratio between diffuse and global shortwave radiation (D/G) in Gothenburg
between 10 a.m. and 2 p.m. for the observation period 1983–2005 (Obs.) and scenarios for mid-century (2040–2069) and the end of the century (2070–2099). The climate
scenarios are derived from ECHAM5/MPI-OM GCM forced with the SRES A1B scenario (see text for further explanation).

Fig. 4. Monthly averages of full-diurnal (left) and daytime-only (right) mean radiant temperature (Tmrt ) in Gothenburg for the observed period 1983–2005 (Obs.) and for the
future scenarios 2040–2069 and 2070–2099.

calculated within the model runs (as described below). Maps were
generated and additional spatial analyses were performed using
QGIS version 2.X and ArcGIS version 10.X.
Previous work has shown that high values of Tmrt at a generic
urban location (Tmrt (generic) , see Section 2.4) are associated with
measurable heat-stress effects. Thorsson et al. (2014) showed that
the relative risk of heat-related deaths in Stockholm, Sweden,
increased by 5% for the eldest population (80+ years) when Tmrt
◦
(generic) reached 55.5 C and by 10% when Tmrt (generic) reached
59.4 ◦ C. For all age groups, a 5% risk threshold of 57.1 ◦ C was found.
In this study, we concentrated on the spatial characteristics of Tmrt
when Tmrt (generic) > 55 ◦ C or ≥60 ◦ C, which represent times of ‘moderate’ and ‘severe’ heat stress, respectively.
3. Results
This section presents the observed and projected future changes
in climate (air temperature and global radiation) and Tmrt . The
results are presented ﬁrst for a generic urban location (Section 3.1),
and then the spatial Tmrt results for the various planning strategies
are presented (Section 3.2).
3.1. Climate scenarios for air temperature, global shortwave
radiation, cloudiness, and Tmrt
Fig. 3 shows the monthly averages of hourly air temperature,
daytime cloudiness, and global radiation and how these parameters change in the future under the climate change scenarios

described in Section 2.3. Air temperature increased throughout the
year (Fig. 3, left). The largest changes occurred already by midcentury (2040–69) for most months except for some winter months
(e.g., December and January). For the end of the century scenario
(2070–2099), January had the largest increase in air temperature
(2.9 ◦ C). The increase in air temperature during the summer months
(June, July, and August), when heat stress mainly occurs, was 1.9 ◦ C.
Global radiation decreased, especially during the spring and summer months (Fig. 3, right). Analysis of the raw RCM outputs suggests
that this decrease was due to increased daytime cloudiness. In this
study, cloudiness was indicated as the ratio between the diffuse
and global components of solar radiation.
The changes in Tmrt for the future scenarios are shown in Fig. 4.
These are results for a generic urban location from SOLWIEG1D
(Section 2.4). When averaging over both day and night (Fig. 4, left),
an annual average increase of 1.6 ◦ C in Tmrt was found at the end
of the century. Even though the scenarios showed a signiﬁcant
increase in air temperature during the warmer months (≈2 ◦ C),
the daytime Tmrt did not increase noticeably (Fig. 4, right). A small
increase in daytime Tmrt was found for June (0.8 ◦ C) and August
(0.5 ◦ C). July, which had the highest average daytime Tmrt for the
observed period, did not experience higher daytime Tmrt in the
future scenario. During the middle of the century, an increase of
Tmrt in August was evident compared with today’s climate (1.5 ◦ C).
Increases in daytime Tmrt during the winter months were evident,
and these were mainly due to increased winter air temperatures at
the end of the century.
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ing effect of shadowing on Tmrt could be seen on the northwest
side of building bodies, which shows that Tmrt (generic) > 55 ◦ C also
occurs before and around noon. Under severe heat-stress conditions (Tmrt (generic) > 60 ◦ C), the northwest areas close to building
bodies also showed high Tmrt (Fig. 6e and f) because hours with
Tmrt (generic) > 60 ◦ C almost exclusively occur during the afternoon
hours (2–4 p.m.). Furthermore, a general increase in Tmrt of about
3–6 ◦ C was found compared to moderate heat stress conditions.
These results show that, under heat-stress conditions, high Tmrt
is found in both open areas as well as in courtyards and even some
street canyons. The latter areas are not identiﬁed as areas with high
Tmrt based on the overall daytime averages.

Fig. 5. Difference in average monthly daytime-only mean radiant temperature
(Tmrt ) between observed Tmrt and calculated Tmrt using the 2070–2099 scenario air
temperature with observed shortwave radiation (Tcc Robs ); the observed air temperature with the 2070–2099 scenario radiation (Tobs Rcc ); and the 2070–2099 scenario
(Tcc Rcc ).

To examine the sensitivity of Tmrt to the changes in the components within the climate scenarios used in this paper, Tmrt was
calculated for the hybrid datasets Tcc Robs (which combined the
Ta from the 2070–2099 scenario with the observed solar radiation components) and Tobs Rcc (which combined the observed Ta
and the shortwave radiation components from the 2070–2099
scenario). The differences between daytime Tmrt calculated from
observations and Tmrt calculated with the hybrid datasets and scenario data (Tcc Rcc ) are shown in Fig. 5. The Tmrt calculated using
2070–2099 Ta and observed R (Tcc Robs , blue line in Fig. 5) was
higher than observed for all months, whereas Tmrt calculated using
2070–2099 shortwave radiation and observed Ta (Tobs Rcc , green
line in Fig. 5) was lower than observed throughout the year. The
actual 2070–2099 scenario (Tcc Rcc , red line in Fig. 5) showed smaller
changes in Tmrt than either of the hybrid datasets.
The monthly distribution of hourly values of daytime Tmrt for
the observed period (1983–2005) can be found in Fig. 9 in Lindberg
et al. (2013). The distribution of daytime Tmrt for the end of the century was very similar, and, therefore, not shown. Periods with high
Tmrt – which indicate weather situations associated with heat stress
– continued to occur during the summer months (JJA), mainly from
midday to late afternoon. There were, on average, 17 days per year
with Tmrt > 55 ◦ C in both the observed dataset and the 2070–2099
scenario dataset. There were 0.8 days per year and 1.3 days per
year with Tmrt > 60 ◦ C for the observed and 2070–2099 scenarios,
respectively.
3.2. Spatial characteristics of Tmrt
3.2.1. Average daytime Tmrt and Tmrt during heat-stress
conditions
The average daytime Tmrt for each pixel for the defend and retreat
planning strategies modeled with the current climate with no vegetation are shown in Fig. 6a and b. The highest average daytime
values of Tmrt were found for open and generally sunlit locations.
The corresponding Tmrt averages during moderate heat-stress
conditions (the hours when Tmrt (generic) is ≥55 ◦ C) are shown in
Fig. 6c and d. In contrast to Fig. 6a and b, the spatial patterns
of Tmrt closely resembled the shadow patterns that occur during early afternoon (given that the areas northeast of building
bodies were cooler due to the buildings’ shadows). The reduc-

3.2.2. Tmrt hotspots during heat-stress conditions
Another way to identify areas vulnerable to heat stress within
the study area is to take the average of the highest 10% of Tmrt values during heat-stress conditions (e.g. when Tmrt (generic) ≥ 60 ◦ C).
In this study, we call such ﬁgures “hotspot” maps. The procedure
to generate such maps is to ﬁrst identify all the hours when Tmrt
◦
(generic) ≥ 60 . For each of these hours, the 10% highest Tmrt pixel values are identiﬁed and kept, and all other pixel values are set to zero.
The occasions when pixels are set to zero are included in order to
compare the pixels throughout the time period being investigated.
At the end of a model run, an average of all of the maps is calculated.
The values in hotspot maps are not actual values of Tmrt and should
be interpreted as an ordinal scale (i.e., hot, hotter, and hottest).
Hotspot maps for the defend and retreat planning strategies
assuming the current climate with no vegetation are shown in
Fig. 7. Hotspots are mainly located close to sun-exposed walls facing
southwest.
The spatial distributions of Tmrt during warm and clear weather
situations in future climates when severe heat stress is likely to
occur (e.g. Tmrt (generic) > 60 ◦ C) were almost identical to the observed
climate period (Table 2) and, therefore, are not shown. These results
indicate that the spatial patterns found in the observed data representing today’s climate are applicable to future scenarios based on
the methodology used in this paper.
3.2.3. Effects of vegetation
Fig. 8 shows the effects of the different vegetation proposals on
the spatial distribution of Tmrt for the defend planning strategy. Tmrt
is reduced close to each vegetation unit i.e. where the shadows
from vegetation lie. Thus, vegetation units located in the shadows
of buildings or ground topography do not reduce Tmrt during heatstress conditions.
The reduction of average Tmrt for the conventional and abundant
vegetation proposals (compared with the no-vegetation proposal)
in Fig. 8 shows an almost linear decrease in Tmrt (Table 2) relative
to the vegetation cover ratio (Table 1), whereas the variation (the
standard deviation) increases within the study area (Table 2). For
the defend planning strategy, the reduction in average Tmrt was an
almost linear function of the vegetation cover fraction (Fig. 9, upper
left). However, this was not true for the retreat planning strategy
where there was a much larger difference in Tmrt between the novegetation and conventional vegetation proposals than between
the conventional and abundant proposals. The same pattern was
also found for hours with very high Tmrt (Tmrt (generic) > 60 ◦ C) (Fig. 9,
upper right). Comparing other geometry-related quantities, such
as shadow patterns and number of sunlit hours per year, the same
patterns were seen; vegetation was more effective in more open
settings (Fig. 9, lower part). In fact, Tmrt (upper rows in Fig. 9) can
be modeled quite well as a linear function of SVF and the number
of sunlit hours (not shown).
In order to obtain a clearer picture of the spatial variations
within the study area, a pixel-by-pixel comparison was performed.
Fig. 10 shows the relationships between average daytime Tmrt and
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Fig. 6. Pixel-based average hourly mean radiant temperature (Tmrt ) for (a) daytime occasions for the defend planning strategy, (b) daytime occasions for the retreat planning strategy, (c) Tmrt (generic) > 55 ◦ C (defend), (d) Tmrt (generic) > 55 ◦ C (retreat), (e) Tmrt (generic) > 60 ◦ C (defend), shown as differences from Tmrt (generic) > 55 ◦ C (defend), and (f)
Tmrt (generic) > 60 ◦ C (retreat), shown as differences from Tmrt (generic) > 55 ◦ C (retreat). All ﬁgures are based on calculations with the observed climate and no vegetation. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 7. Spatial variation of mean radiant temperature (Tmrt ) hotspots deﬁned as the 10% highest pixels when Tmrt (generic) > 60 ◦ C for (a) the defend planning strategy without
vegetation and (b) the retreat planning strategy without vegetation. For further explanation of the legend, see the text. Observation data (1983–2006) representing the climate
of today is used. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

SVF as well as shadow pattern for individual pixels for the defend
strategy. There was a positive correlation between daytime Tmrt and

SVF, with the highest Tmrt associated with open areas (Fig. 10a).
In areas with lower SVF, such as street canyons and courtyards,
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Table 2
Basic statistics for the different planning proposals and climate scenarios used in this study. Results are shown as the mean and standard deviation (SD).
DEFEND

Observations

2070–2099

Vegetation strategy

Vegetation strategy

None

Conventional

Abundant

Conventional

Abundant

Mean

SD

Mean

Mean

SD

Mean

SD

Mean

Mean

SD

Tmrt diurnal
Tmrt daytime
Tmrt > 55 ◦ Cdaytime
Tmrt > 60 ◦ Cdaytime
Tmrt > 55 ◦ Chour
Tmrt > 60 ◦ Chour
Tmrt > 55 ◦ C(hours/year)
Tmrt > 60 ◦ C(hours/year)
Shadow(hours/year)
SVFbuildings
SVFbuildings + vegetation

6.9
15.9
26.7
30.8
51.0
55.7
45.9
4.4
2215
0.76
0.76

0.6
2.6
2.7
2.8
7.3
8.5
35.4
6.5
1087
0.19
0.19

7.1
15.5
26.1
30.1
49.5
54.2
34.4
2.9
1953
0.76
0.69

0.7
2.4
2.5
2.6
7.4
8.9
32.8
5.9
1057
0.19
0.20

7.4
15.1
25.4
29.4
47.3
52.1
27.9
2.4
1656
0.76
0.61

1.1
2.3
2.5
2.7
8.1
9.7
32.0
5.5
1091
0.19
0.25

8.8
17.2
28.4
31.8
51.5
55.9
67.1
8.9
2215
0.76
0.76

0.5
2.3
2.7
2.8
6.9
8.1
50.7
12.6
1087
0.19
0.19

9.0
16.8
27.8
31.1
50.1
54.5
50.5
5.9
1953
0.76
0.69

0.7
2.1
2.5
2.6
6.9
8.5
46.9
11.4
1057
0.19
0.20

9.4
16.5
27.1
30.4
47.9
52.4
40.8
4.8
1656
0.76
0.61

1.1
2.0
2.5
2.7
7.6
9.3
45.9
10.7
1091
0.19
0.25

Retreat
Tmrt diurnal
Tmrt daytime
Tmrt > 55 ◦ Cdaytime
Tmrt > 60 ◦ C daytime
Tmrt > 55 ◦ C hour
Tmrt > 60 ◦ C hour
Tmrt > 55 ◦ C(hours/year)
Tmrt >60 ◦ C(hours/year)
Shadow(hours/year)
SVFbuildings
SVFbuildings + vegetation

Mean
7.0
18.6
28.8
32.9
54.1
58.6
90.5
14.9
3337
0.90
0.90

SD

Mean
7.4
17.7
27.7
31.8
51.9
56.4
51.5
5.7
2758
0.90
0.80

SD
0.9
2.3
2.3
2.4
6.4
7.4
38.3
7.2
981
0.15
0.20

Mean
7.7
17.3
27.0
31.1
50.1
54.6
40.5
3.9
2420
0.90
0.72

SD

Mean
8.8
19.6
30.5
33.9
54.8
58.8
90.5
28.2
3337
0.90
0.90

SD

Mean
9.2
18.7
29.4
32.8
52.5
56.6
76.1
11.6
2758
0.90
0.80

SD
0.8
2.0
2.3
2.4
6.0
7.1
54.5
14.1
981
0.15
0.20

Mean
9.5
18.4
28.7
32.1
50.7
54.8
60.5
8.2
2420
0.90
0.72

SD

0.4
2.6
2.2
2.3
5.1
5.8
44.8
10.9
1032
0.15
0.15

SD

None

1.2
2.3
2.5
2.6
7.7
8.7
35.6
5.9
1070
0.15
0.25

0.4
2.3
2.2
2.3
4.9
5.6
44.8
19.7
1032
0.15
0.15

SD

1.2
2.0
2.5
2.6
7.3
8.4
51.4
11.9
1070
0.15
0.25

Fig. 8. (a) The average mean radiant temperature (Tmrt ) for hours with Tmrt (generic) > 60 ◦ C and the defend planning strategy with conventional vegetation. (b) The difference
between (a) and the corresponding calculation with no vegetation. (c) The average Tmrt for hours with Tmrt (generic) > 60 ◦ C and the defend planning strategy with abundant
vegetation. (d) The difference between (c) and the corresponding calculation with no vegetation. All maps are based on today’s climate. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

there was a considerable range of Tmrt due to shading effects. Higher
Tmrt values were conﬁned to south-facing building walls, which are
more exposed to incoming solar radiation during the daytime. The
highest range was found around SVF = 0.6. These locations are found
either close to north-facing walls and experience very low averages

of Tmrt or close to south-facing walls where the average Tmrt could
be very high. Under the conventional vegetation approach, a similar pattern was observed except for the high Tmrt observed in areas
with very low SVF (Fig. 10b). Such high Tmrt was found in sunlit areas
underneath tree canopies due to the blockage of relatively cooler
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3.2.4. Distance to nearest shaded area
Another technique to visualize the spatial distribution of outdoor heat stress vulnerability within an urban neighborhood is
to calculate the pixel-wise distance from high Tmrt (especially
unshaded) locations to the nearest ‘cool’ (low Tmrt ; in shade) area. A
threshold of Tmrt = 57 ◦ C was used to identify ‘warm’ (sunlit) areas.
The maps were calculated using a cost-distance algorithm in ArcGIS
version 10.1. Buildings and water were treated as impenetrable
barriers.
The distance to the nearest shaded area during severe heatstress conditions (Tmrt (generic) > 60 ◦ C) for the retreat planning
strategy is shown in Fig. 11 for three vegetation proposals under
the observed climate. With no vegetation (Fig. 11a), the three piers
had very large distances to shaded areas due to a complete lack of
nearby shaded locations. Within the built-up areas in the northwest and northeast of the study area, higher diversity and lower
distances to shaded areas were found. Comparing the hotspot map
in Fig. 7b with Fig. 11 shows some areas that are both hotspots and
have relatively long distances to cool areas. These are most notably
on the piers but are also near the middle of southwest-facing walls.

Fig. 9. The average effects of vegetation cover fraction. Upper left: average values
of daytime mean radiant temperature (Tmrt ). Upper right: average Tmrt when Tmrt
◦
(generic) > 60 C. Lower left: sky view factor. Lower right: number of hours of sunlit
ground.

sky and increased longwave radiation from the trees. As shown in
Fig. 10c and d, scatterplots between Tmrt and shadow pattern further conﬁrmed the strong effect of shadow on the magnitude of the
average daytime Tmrt (R2 = 0.97). Unlike SVF, low Tmrt values were
found in areas under shadow most of the time. The correlation with
shadow pattern was even stronger (R2 = 0.99) for hours with Tmrt
◦
(generic) > 60 C.

4. Discussions
As shown in Fig. 4, the changes in Tmrt for the future scenarios
are moderate. This is because the increase in air temperature during
the warmer months (≈2 ◦ C) in the future scenarios is counterbalanced by a decrease in solar radiation (an increase in cloudiness).
Increases in daytime Tmrt during the winter months are evident,
mainly due to increased winter air temperatures at the end of the
century.
The sensitivity analysis of outputs from the climate scenarios on
Tmrt shows that both air temperature and global radiation have a
large effect on Tmrt . Sensitivity of Tmrt due to changes in humidity
were not analyzed here because earlier studies demonstrated that
Tmrt is unaffected by changes in humidity (Onomura, Grimmond,
Lindberg, Holmer, & Thorsson, 2015).

Fig. 10. Scatterplots between average daytime mean radiant temperature (Tmrt ) and SVF for (a) the no-vegetation and (b) the conventional vegetation approach. The effect
of shadow pattern on (c) average daytime Tmrt and (d) average hourly Tmrt when Tmrt (generic) > 60 ◦ C based on the defend strategy.
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Fig. 11. Distance to the nearest shaded pixel when Tmrt (generic) > 60 ◦ C using the
observed climate and (a) no vegetation, (b) conventional vegetation, and (c) abundant vegetation. Green circles are the positions and extents of the vegetation units.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

Regarding the spatial variability of Tmrt , this study shows that
the single most effective measure for reducing Tmrt in urban areas
during warm and clear daytime weather situations is providing
shadow to reduce incoming shortwave radiation. This has also been
acknowledged in other studies (e.g. Ketterer & Matzarakis 2014;
Lee, Holst, & Mayer, 2013; Thorsson et al., 2014).
As shown in Fig. 7, Tmrt hotspots are mainly located close to
sun-exposed, southwest-facing walls. This has three main explanations. First, high longwave radiation ﬂuxes originate from the warm
building walls. Second, the cooler sky is partly blocked by the same
buildings. Third, reﬂected shortwave radiation ﬂuxes are greater
close to sunlit building walls. In the open locations, less building
wall and more of the cool sky is visible. Open areas, which were
shown in Fig. 6 to have high average Tmrt , are not usually identiﬁed as hotspots. There are exceptions, however, for the retreat
planning strategy (Fig. 7b) where open areas with SVF ≈ 1 can be
hotspots. This might occur during hot and partly cloudy situations
when the diffuse shortwave radiation from the visible sky increases
Tmrt . This effect can also be seen in the western corner of the study
area in Fig. 7a. However, such locations are rare in the defend strategy, and the warmest areas are usually located close to sunlit walls
that face southwest. The location of Tmrt -related hotspots has also
been identiﬁed by Lindberg et al., 2013.
Because shadow patterns have a very large effect on the spatial
patterns of Tmrt during the warm and clear weather situations when
heat stress is most likely to occur, vegetation (trees and bushes) is
an effective measure to reduce Tmrt (e.g. Shashua-Bar & Hoffman
2000; Lee et al., 2013). As shown in Fig. 8, the reduction of Tmrt is
located very close to each vegetation unit, i.e., where shadows from
vegetation are found. This has also been seen in other studies (e.g.
Lindberg et al., 2013; Thorsson et al., 2014). Although the reduction in Tmrt from each vegetation unit is determined by the size
and shape of the unit, Fig. 9 shows that the reduction in the average of Tmrt over the whole study area from increasing the vegetation
cover fraction also depends on the building density and the fraction
of sunlit area. This indicates that introducing vegetation in areas
with low building density (higher SVF) reduces Tmrt more effectively than introducing vegetation into a dense urban setting. The
scatterplots shown in Fig. 10 show the strong relationship between
shadow and Tmrt . This suggests that optimizing urban geometry
also has a great potential for improving outdoor thermal comfort
by providing shade during heat-stress conditions.
The distance to the nearest shaded cool area during severe
heat stress conditions (Tmrt (generic) > 60 ◦ C) for the retreat planning
strategy, as shown in Fig. 11, can be used to identify areas where
vulnerability to heat stress during clear and warm weather situations might be high and could, therefore, be useful for identifying
areas where measures could be taken for reducing heat stress. It is
often argued that including a diverse range of environments in a
neighborhood can accommodate a range of wishes and demands
from individuals regarding thermal comfort (Katzschner, 2006;
Thorsson, Lindqvist, & Lindqvist, 2004).
Our ﬁndings suggest that dense urban structures reduce outdoor heat stress. This agrees with previous studies, which have
shown that urban layout plays an important role in determining heat-related health effects (Katzschner, 2010; Stone, Hess, &
Frumkin, 2010). However, the effects of heat-stress and the need
for adaptation measures from a climate-change perspective are seldom considered by urban planners (Bernard & McGeehin, 2004;
Bulkeley, 2010). Possible reasons for this include limited knowledge
about heat stress and poor interaction between knowledge producers (generally scientists) and urban planners (Runhaar, Mees,
Wardekker, van der Sluijs, & Driessen, 2012). While the impacts
of heat stress are often considered in high-level planning activities
(Sherwood & Huber, 2010; Willett & Sherwood, 2010; Dugord, Lauf,
Schuster, & Kleinschmit, 2014), the present study provides insights
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whereby urban planners and designers can mitigate heat stress
by designing better neighborhoods at the microclimatic scale. This
study extends the work of Thorsson et al. (2011) by incorporating
vegetation into the modeling of outdoor heat stress for temperate
climates. The results suggest that vegetation is an effective measure
to mitigate the effects of climate change on outdoor heat stress.
In conclusion, two approaches are recommended to reduce
summer outdoor heat stress in high-latitude cities: increase the
amount of urban greenery and increase the building density, i.e.
prefer high and dense building structures. Also, adding vegetation increases the latent heat ﬂuxes through evapotranspiration
and thus helps reduce air temperature, especially in areas with no
or little existing vegetation where it also produces a larger cooling effect than adding vegetation to already highly vegetated areas
(Loridan & Grimmond, 2012). It should be stressed that increasing
urban density without increasing the amount of vegetation could
have a positive feedback on heat stress due to increased nighttime
temperatures due to urban heat island effects.
Additional recommendations are:
- Trees are to be preferred over lower vegetation such as bushes
and grass because trees are able to produce more extensive areas
of shadow.
- Trees should be placed in sunlit areas with no or little vegetation
where they can contribute to shading.
- Deciduous trees are to be preferred over evergreen trees because
they give shade in summer and allow solar radiation to penetrate
in winter.
- Species choice, location, and shape of the vegetation must be
considered in order to minimize problems such as reduced security, reduced indoor light, maintenance, damage to underground
infrastructure, etc.
4.1. Limitations and uncertainties
There are a number of limitations that should be taken into
account when interpreting the results and drawing conclusions
from this kind of study. The model simulation results are conditional on the urban setting used, which in this case has a clear
directionality with streets and buildings aligned along northwest
– southeast and southwest – northeast axes. This directionality
accentuates the view that southwest-facing walls are prone to
potential heat stress. Future research will include studies using
generic urban geometrical forms such as circular courtyards, regular urban canyons in various directions, etc. Furthermore, this
study only models the future climate using one climate scenario,
whereas it would be preferable to investigate the effect of climate
change on future Tmrt using outputs from various GCMs/RCMs and
emission scenarios. Although not within the scope of this paper,
studies based on multiple GCM/RCM combinations will be conducted within the ‘Adapting cities to climate induced risk’ project.
This study focuses on Tmrt , which covers only one aspect of the
human energy balance and thus is an incomplete description of
thermal comfort. Nevertheless, this study mainly focuses on heat
stress during hot and clear weather where Tmrt has been shown to
be one of the most important meteorological parameters affecting
outdoor thermal comfort (e.g. Mayer et al., 2008).
One important parameter for human thermal comfort and outdoor heat stress that was not included in this study is wind. Wind
affects thermal comfort in two ways. First, wind contributes to
convective cooling of the human body, which can reduce the heat
load and thus reduce the risk of heat stress (Saneinejad, Moonen,
& Carmeliet, 2014; Toparlar et al., 2015). Second, advection of
air at the local scale can alter the overall thermal environment
(Brandsma, Können, & Wessels, 2003; Harman & Belcher, 2006).
To obtain spatial information on near-ground wind speed at the
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same spatial resolution as SOLWEIG (2 m), 3D computational ﬂuid
dynamical modeling is often used. This is a computationally intensive method that requires extensive computer resources and is time
consuming. Work is currently being done to develop a 2D statistical wind model that could be used in studies similar to the one
presented here (Johansson 2012; Johansson et al., 2016).
Another factor that could have been included is a description of the material composition of the ground and walls because
these affect radiative ﬂuxes via albedo and emissivity, both shortwave and longwave. However, recent research has indicated that
materials of different albedo have only a minor effect on outdoor
thermal comfort (Erell, Pearlmutter, Boneh, & Kutiel, 2014). Different ground surfaces could affect the radiant environment and thus
Tmrt . However, the outgoing shortwave and longwave ﬂuxes that
are affected by the ground surface are relatively small compared to
the incoming ﬂuxes and to ﬂuxes originating from the four cardinal points (see Fig. 10 in Lindberg et al., 2013). That said, altering
the ground material also affects the local climate via sensible and
latent energy ﬂuxes, and this affects air temperature that in turn
alters Tmrt . However, this study considers heat stress during the
daytime when turbulent mixing and advection even out differences
in air temperature on the local scale, so this effect is probably small.
There is no land-cover scheme included in the current version of
the SOLWEIG model.
This study showed that reducing the radiant component of Tmrt
by creating shade is an effective measure for reducing Tmrt and,
therefore, for mitigating potential outdoor heat stress. However,
it is also important to recognize the unwanted effects of creating too much shadow. During winter, high-latitude locations such
as Gothenburg beneﬁt from direct sunshine, which reduces both
outdoor cold stress and energy use for heating. Therefore, the locations of trees should be considered thoughtfully so as to minimize
unwanted shadowing during non heat-stress weather situations.
Thus deciduous trees that allow solar radiation through the tree
canopy during winter are preferred (Konarska et al., 2014).

5. Conclusions
The spatial pattern of outdoor Tmrt during heat-stress conditions
is very different from the average daytime Tmrt pattern. Whereas
average daytime Tmrt is lower around buildings and higher in
open areas, Tmrt under heat-stress conditions is highest near sunlit
building walls, including walled-in courtyards and narrow street
canyons. Including trees in the urban setting thus seems to be the
most effective measure for reducing Tmrt during heat-stress conditions. We found that the average Tmrt across the whole study area
during heat-stress conditions declined almost linearly as a function
of increasing vegetation cover fraction. This was not always the case
for the overall daytime average Tmrt , where in one scenario (retreat)
there was little change in average Tmrt between conventional and
abundant vegetation scenarios. The simulated average daytime Tmrt
for the future scenarios was not higher than for the current climate
even though air temperature was higher. The increased longwave
radiation ﬂux caused by the higher temperature was counterbalanced by reduced shortwave radiation ﬂuxes caused by increased
cloudiness. The spatial pattern of outdoor Tmrt was also similar in
the future scenarios compared to today’s conditions.
In our study, the direct effect of trees in reducing Tmrt under
heat-stress conditions is spatially restricted to the areas of shadow
they create and is thus related to the size of the vegetation units and
the number of vegetation units. However, when assessing vulnerability to heat stress using spatial maps of the distance to the nearest
shaded pixel, the size of the vegetation units is unimportant but
their location is critical. Trees in open areas reduce potential vul-
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nerability for the entire surrounding area, whereas trees in sunlit
locations near to buildings provide less beneﬁt.
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