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Abstract Cities represent thermal load areas compared with
their surrounding environments. Due to climate change, sum-
mer heat events will increase. Therefore, mitigation and adap-
tation are needed. In this study, meteorological measurements
in various local climate zones were performed to demonstrate
the influence of evaporation surfaces and other factors on
thermal comfort, as determined by the physiologically equiv-
alent temperature (PET). Furthermore, a quantification of the
thermal effects of several adaptation measures and varying
meteorological parameters was made using model simulations
(ENVI-met) in an inner-city neighborhood (Oberhausen,
Germany). The results show that the most effective adaptation
measure was increased wind speed (maximal 15 K PET
reduction). Moreover, vegetation areas show greater PET re-
ductions by the combination of shading and evapotranspira-
tion than water surfaces. The creation of park areas with
sufficient water supply and tall, isolated, shade-providing
trees that allow for adequate ventilation can be recommended
for planning.

1 Introduction

In previous decades, global climate change has manifested
itself most obviously in increases in near-surface air temper-
atures, and this trend is expected to continue (IPCC 2007).
Even in cities in the Ruhr metropolitan area of Germany (>5
million inhabitants; RVR 2011), which already exhibit signif-
icant weather-dependent urban heat islands (UHIs) relative to
their surrounding environments, additional thermal stress for
humans is expected in association with the projected increases
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in heat waves, hot days, and tropical nights (MUNLYV 2010).
Long-term mitigation and adaptation measures to reduce the
summer heat load are therefore needed. Based on the example
of Oberhausen, a medium-sized town in the center of this
region, measures leading to a reduction of urban heat stress
and their effectiveness were investigated. This town and the
analysis were included in the project dynaklim'. The physio-
logically equivalent temperature (PET; Hoppe 1999;
Matzarakis et al. 1999; Mayer and Hoppe 1987) thermal
comfort index was employed for evaluation.

A common adaptation measure, for example, is to produce
an increase in so-called “blue and green infrastructure” (Allen
2012; Gill et al. 2007), a term used to describe evaporation
areas (i.e., water and vegetation) which, by evapotranspira-
tion, improve thermal comfort by reducing air temperature
and increasing humidity. In addition, reduction of the surface
temperatures (£, of shaded ground and building surfaces as
well as vegetation and water surfaces can further decrease
turbulent and convective heat transport and thus contribute
to achieving a diminution of thermal discomfort (Shashua-Bar
et al. 2011; Spronken-Smith and Oke 1999). Measures to
provide shade are also the focus of some analyses. Shade
can be provided by vegetation elements, especially trees
(e.g., Oliveira et al. 2011; Georgi and Dimitriou 2010;
Shashua-Bar et al. 2009; Streiling and Matzarakis 2003) and
buildings (Shashua-Bar et al. 2012; Thorsson et al. 2011;
Oliveira et al. 2011; Ali-Toudert and Mayer 2007). Findings
have also been reported on the effects of surfaces of different
vegetation types and vegetation densities on thermal comfort
(e.g., Charalampopoulos et al. 2012; Cohen et al. 2012; Lin et
al. 2008; Potchter et al. 2006; Ali-Toudert and Mayer 2005) as
well as the effects of water surfaces (e.g., Sun and Chen 2012;
Xu et al. 2010; Kriiger and Pearlmutter 2008; Saaroni and Ziv

! dynaklim: Dynamic adaptation to the effects of climate change in the
Emscher-Lippe region (Ruhr area); see www.dynaklim.de.
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2003). Comparative studies on the effectiveness of vegetated
areas on the one hand and water surfaces, on the other hand,
however, are rare (e.g., Mahmoud 2011). It is not only in-
fluences on the target-affected areas themselves that are of
great interest but also the possible climate-positive effect on
surrounding areas and the quantification of their effectiveness
for urban planning.

In this study, thermal comfort in urban areas with differ-
ent proportions of green and water areas was investigated
through meteorological measurements. To standardize the
observations, different local climate zones (LCZs; after
Stewart 2011) were considered. In addition, the small-scale
effects of different adaptation measures were analyzed in an
exemplary model simulation in a representative downtown
district of the model city.

In addition, changes in meteorological constraints and
other parameters were included in the analysis as, for exam-
ple, vegetation areas require an adequate water supply to
fulfill their evapotranspiration potential and have positive
effects on thermal comfort, especially during heat waves
(Goldbach and Kuttler 2012; Spronken-Smith and Oke
1998). Wind speed affects thermal comfort in urban areas
and the strength of UHI formations. In this study, we also
examined ventilation, especially during indigenous weather
conditions (clear and calm days), as it is particularly impor-
tant for city planning (e.g., Barlag and Kuttler 1990/91).

2 Materials and methods
2.1 Study area and measurement setup

The study area was the western German city of Oberhausen
(213,000 inhabitants, 77 kmz; IT.NRW 2011a) in the Ruhr
metropolitan region. The mean annual air temperature of
Oberhausen is 10.9 °C, with a mean value of 18.9 °C in July,
the warmest month, and a mean of 3.1 °C in January, the
coldest month (DWD 2011). Oberhausen has a mean annual
rainfall of 767 mm (personal communication; EGLV 2011).
The main wind direction is southwest to west (LANUV nd).
For the 14-month study period (7 July 2010-13 September
2011), a meteorological monitoring network made up of
eight stations in surface structures within different LCZs
was installed as part of the project dynaklim (Fig. 1 and
Table 1); the stations represent the typical land use struc-
tures of the project region (see Kuttler et al. 2012a).
Continuously measured values during the period from
1 August 2010 to 31 July 2011 served as reference
standards for the analysis. Using this measurement net-
work, the effect of different, real evaporation areas within
the urban boundary layer can be shown. At all stations,
combined temperature and humidity sensors (Pt100, capac-
itive sensing element) in radiation shelters were used to

@ Springer

record air temperature (z,) and relative humidity (»H) data
at a height of approximately 3.4 m; cup anemometers and
wind vanes were used to collect wind speed (WS) and
wind direction (WD) data 3.8 m above ground. Soil tem-
peratures (Pt100) were simultaneously measured at differ-
ent depths (0.01-1.95 m) near the meteorological stations
(cf. Kuttler et al. 2012b). These data were used simulta-
neously as input for the model.

2.2 Thermal comfort

Thermal comfort can be determined using the PET comfort
index (Hoppe 1999) among other thermal indices used in
human biometeorology (cf. Jendritzky et al. 2012). The PET
index assesses thermal comfort (Table 2) by taking into
account thermal-hygric conditions, radiation and wind data,
the human metabolic heat exchange rate, and other
individual-related parameters (e.g., age, gender, and cloth-
ing), allowing a comprehensive assessment of the effective-
ness of the adaptation measures. The Universal Thermal
Climate Index (UTCI; Jendritzky et al. 2012) was not used
in this study because it is not supported by the ENVI-met
model (described below).

RayMan Pro version 2.1 software (Matzarakis 2010) was
used to calculate PET values from the measured data. This
software is well suited for determining microclimatic
changes in different urban structures, as it calculates the
radiation fluxes of different surfaces and their changes
(Gulyas et al. 2006). The mean radiant temperature (#,,) is
slightly underestimated by RayMan when the sun is low in
the sky (Matzarakis et al. 2010; Thorsson et al. 2007). In
locations with a relatively high position of the sun, simula-
tion results of #,,,; by RayMan are quite good, as a study of
Lin et al. (2010) showed in Taiwan. In the present study,
only 1 day with high summer sun position was considered.
Therefore, the results are expected to be reliable. Moreover,
RayMan has often been used in studies conducted in mid-
latitude cities with similar conditions (cf. Kantor and Unger
2010; Matzarakis et al. 2007).

The RayMan software was driven by observed meteoro-
logical data for ¢,, rH, and WS (see Table 8 in the
“Appendix” section). To determine the sky view factor,
fisheye photos of the vegetation period in May 2011 were
utilized. For the input of human parameters (e.g., activity,
clothing, age, and gender), the same values were used,
which also served as the basis for the PET calculations in
the simulation runs of the ENVI-met model (see Table 8 in
the “Appendix” section).

2.3 Model simulation

For the model simulations, the three-dimensional, numeri-
cal, ENVI-met microscale climate model (version 3.2; Bruse
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Fig. 1 Overview of land use,
climate station monitoring
network, and the model area in
Oberhausen, Germany (base
map: Stadt Oberhausen 2012)

No.
1,2

0~ ;bW

D model area

{®) measuring stations

land use and land cover

I built-up areas

I traffic areas
impervious areas

=i agricultural land, green
areas and open spaces

B forests
B vwater bodies

LCZ
compact midrise
open midrise
large lowrise
open lowrise
sparsely built
dense trees
low plants

Table 1 Descriptive parameters of measuring stations in Oberhausen

No. LCZ Ay A Ap H SVF t, rH ws WD

1 2—Compact midrise (highly sealed) 0.7 0.2 0.1 15 0.7 11.3 72.9 0.6 w

2 2—Compact midrise 0.6 0.3 0.1 15 0.8 11.1 73.7 1.5 SSw
3 5—Open midrise 0.3 0.4 0.4 15 0.7 10.7 76.6 0.6 SSW
4 8—Large lowrise 0.3 0.5 0.2 9 0.9 10.8 74.7 14 SSW
5 6—Open low rise 0.3 0.1 0.6 11 0.8 10.6 77.1 0.7 w

6 9—Sparsely built 0.1 0.1 0.8 11 0.8 10.5 78.2 2.0 WSsw
7 A—dense trees 0.2 0.2 0.7 6 0.1 10.2 79.7 0.3 SSW
8 D—low plants 0.1 0.1 0.9 6 0.8 10.3 79.2 1.0 w

no. station number, LCZ local climate zone after Stewart (2011), A, built surface fraction in a 21-ha grid square surrounding the stations thus
corresponding with the size of the modeled area, ); impervious surface fraction, A, pervious surface fraction, // mean building height in meter, SVF'
sky view factor; mean values (1 August 2010 - 31 July 2011) of #,=air temperature in degree Celsius, rH relative humidity in percent, WS wind
speed in meter per second, WD wind direction
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Table 2 PET evaluation scale (Matzarakis and Mayer 1996; modified)

PET in °C Thermal perception Stress stage

<4 Very cold Extreme cold stress
4-8 Cold Great cold stress
8-13 Cool Moderate cold stress
13-18 Slightly cool Slight cold stress
18-23 Comfortable No thermal stress
23-29 Slightly warm Slight heat stress
29-35 Warm Moderate heat stress
35-41 Hot Great heat stress
>41 Very hot Extreme heat stress

2010; personal communication) was used. This model is
based on the laws of flow and thermodynamics, and it
calculates the atmospheric state and its changes over time
through a combination of soil, vegetation, and atmospheric
models (Bruse and Fleer 1998). The illustration of real
urban structures was developed from a digital three-
dimensional spatial grid whereby buildings, vegetation
structures, and surface elements were simplified by model
blocks. The maximum spatial resolution of the model is
250%250%30 grid cells and is limited by the relatively high
computing time of the transient used model (Bruse 2000).
With a geometric resolution between 0.5 and 10 m, a small-
scale simulation of neighborhoods is possible (Huttner et al.
2009). For PET calculation, the calcPET tool of ENVI-met
was applied, additionally.

For the digitization of the model area, digital orthophotos
(ITNRW 2011b), building and vegetation heights of a dig-
ital surface model (Bezirksregierung Koéln 2010) were used.
The simulations were performed for a hot day (¢,,,,>30 °C)
under indigenous conditions. The ¢, and rH diurnal

Fig. 2 Model area, LCZ 460
compact midrise (1), with
scenario plots

yinm
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variations of the downtown station (LCZ compact midrise,
station 1; see Fig. 1 for location) of the monitoring network
served as input data. In addition, soil temperature data from
the ground monitoring station near station 1 were used
(Piillen 2010; personal communication). The analysis and
model validation took place on an hourly basis. The other
model input parameters are shown in Table 8 in the
“Appendix” section.

2.4 Scenario setup

The LCZ compact midrise (1) was chosen as a model area
for the simulations because it currently has the highest
thermal loads in the model city. Overall, the model has a
surface area of 21 ha (460x460 m) with station 1 in the
center (Fig. 2). To simulate adaptation scenarios in the
model area, portions of the buildings (12,000 m*~1-2
building blocks and average surface area of urban parks in
Central Europe (Bongardt 2006)) were replaced by unsealed
surfaces such as water, grass, parks, and forest areas (Fig. 2
and Table 3). Relatively small areas similar to these can be
converted by actual structural land use changes in cities
(e.g., abandonment of industrial areas or changes in popu-
lation structure, e.g., “shrinking cities”). Moreover, the ef-
fects of changes in meteorological and building-specific
input parameters for different scenarios were checked
(Table 3; the changed values of the input parameters are
shown in Table 8 in the “Appendix” section).

2.5 Model evaluation
An evaluation of the model results was performed by com-

paring the measured and modeled diurnal variations of ¢,
and rH, whereby the former were also used as input data.

LI EAED

(e

I buildings

vegetation

| scenario plot 0.4 ha
[] scenario plot 1.0 ha

— X-profile
(v=288m,z=2m)

© measuring station 1
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Table 3 Summary and descrip-

tion of all simulated model sce- Scenario names

Descriptions of scenarios

narios (the values of the
modified parameters are listed in
Table 8 in the Appendix)

Current condition

Base case

Initial vegetation and water cases
Grass 1 ha

Park 1 ha

Forest 1 ha
Water 1 ha
Park 0.4 ha

Water 0.4 ha

Original/real state without any changes

Substitution of a built-up area of about 1 ha by grass (lawn)

Substitution of a built-up area of about 1 ha by a park
(savanna type: lawn with scattered trees)

Substitution of a built-up area of about 1 ha by a forest (dense trees)
Substitution of a built-up area of about 1 ha by a water body

Substitution of a built-up area of 0.4 ha by a park
(savanna type: lawn with scattered trees)

Substitution of a built-up area of 0.4 ha by a water body

Modified meteorological and pedological boundary conditions

Base case WS 2 m/s
Park WS 2 m/s

Water WS 2 m/s

Base case WS 3 m/s
Park WS 3 m/s

Water WS 3 m/s

Park SM low

Park SM high
Modified building parameters
Albedo

Roof greening whole area

As base case+wind speed 2 m/s

As scenario park 1 ha + wind speed 2 m/s

As scenario water 1 ha + wind speed 2 m/s

As base case + wind speed 3 m/s

As scenario park 1 ha + wind speed 3 m/s

As scenario water 1 ha + wind speed 3 m/s

As scenario park 1 ha + soil moisture content: low
As scenario park 1 ha + soil moisture content: high

As base case + modified albedo

As base case + roof greening on all roofs in the whole model area
(all roofs are assumed to be flat roofs (considering the mean
building height))

The analyses are divided into a daily initialization period
(day 1, 19 model hours—start time of the simulation with
initial values, 4 CET) and a diurnal course chosen for
evaluation (day 2, 24 model hours) because the simulation
period was 44 h long. To evaluate the model performance,
the coefficient of determination () of the direct comparison
of measured and modeled data for 7, and »H for the 24
individual hourly values of the diurnal course chosen for
evaluation (day 2) were used (Fig. 3). Both parameters (z,
and rH) had a variance of 7*>0.9; thus, they reproduced the
observed values well. The accuracy of the model could also
be confirmed by the simulation results of two more LCZs,

Fig. 3 Scatter plot of measured a

namely, open lowrise (5) and low plants (8) (+*>0.9 both for
t, and rH, not shown here).

Furthermore, Ng et al. (2012) and Chow et al. (2011)
confirmed satisfactory model results especially for ¢, as
well as Kriiger and Pearlmutter (2008) for WS. Whereas,
Carnielo and Zinzi (2013) due to model inaccuracies pro-
pose the comparison of relative reductions of different cases
instead of considering absolute values. So, Yang et al.
(2011) stated, for example, that ¢, is overestimated by
ENVI-met due to overestimation of solar radiation and
surface temperature, the latter, because the heat storage of
buildings is not taken into account by the model. Ali-

and model data analysis of the 36
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Toudert (2005) also showed overestimation of radiation
fluxes and identified a systematic error in the model simu-
lations. To reduce this error, it is possible to adjust solar
access of the ENVI-met model. In contrast to Ali-Toudert
(2005), who achieved a quite good accordance between
measurements and model simulations of #,,; by adjusting
solar access, the values could not be adapted within the
frames of this analysis, due to the missing possibility to
verify them by measurements. To compensate the
overestimation of the computed PET values especially in
the daytime situation (16 CET) due to overestimation of the
solar radiation, the PET values were corrected for analysis
by linear regression of the measured and modeled data in
this study. Moreover, recent model developments show that
the use of forcing for different parameters can also increase
the conformity of modeled and measured values as shown
by Huttner (2012). Unfortunately in the applied model ver-
sion, forcing was only possible for #, and »H, which showed
a good accordance with the measurement values in this
analysis (Fig. 3).

3 Results

The results for the network measurements and model simu-
lation analysis are presented separately. The differences in
thermal comfort in distinct LCZs were first revealed using a
PET diurnal course and an analysis of climatic event days.
The model simulations of the adaptation scenarios with their
respective effects were then compared with the base case

(PETplan scenario_PETbase case)-

3.1 Classification of thermal sensation in different LCZs

An analysis of climatic event days (Table 4) underscored
differences between the LCZs throughout the year. It is
noteworthy that tropical and warm nights were observed in
the LCZs (Table 4), as night temperatures play an important

role in human health and recreation. High nocturnal PET
values can lead to decreased sleeping comfort and a higher
mortality, especially during heat waves (e.g., Laaidi et al.
2012). Such effects are amplified during prolonged heat
waves, when the daily minimum and maximum tempera-
tures increase with heat wave duration (Kuttler 2012). A
clear differentiation was apparent in the nightly threshold
values between the compact midrise (1 and 2) and large
lowrise (4) LCZs and the sparsely built (6), dense trees (7),
and low plants (8) LCZs (Table 4).

The densely built LCZ compact midrise (1) show partic-
ularly high thermal loads during hot days (¢, max>30 °C), as
shown by the comparative analysis of a PET diurnal course
(10 July 2010) for all stations (Fig. 4). Very high PET values
were also obtained for the open midrise (3) and open lowrise
(5) LCZs. Conversely, areas without a substantial building
effect, namely the sparsely built (6) and dense trees (7)
LCZs, rarely exceed the highest load levels during the day.
The afternoon decline and rise in PET in the compact
midrise (1 and 2) and open midrise (3) LCZs are due to
the shadowing effects of buildings in the vicinity of the
stations. At night, the highest PET values can be seen under
dense trees in LCZ 7 (Fig. 4), whereas the vegetated LCZs
low plants (8), sparsely built (6) and open low rise (5) show
a slight deviation below the comfort range.

3.2 Classification of adaptation scenarios

To analyze the model simulations, values of 4 CET
(minimum 7, of summer days) and 16 CET (maximum
t, of summer days) were used. The results were ana-
lyzed 2 m above ground level, as an x-profile (EW
section, y=288 m and z=2 m (representing the average
PET values of the lowest grid cell)) that runs centrally
through the changing surface for the 1-ha scenarios (see
Fig. 2). The effects of the respective simulated values relative
to the base case values (PETpan scenarioPETbase case) are
reported here.

Table 4 Frequency of occurrence of climatic event days in the LCZs in Oberhausen during the measurement period (1 August 2010-31 July 2011)

No. LCz Hot days Summer days  Tropical nights ~ Warm nights BBQ days Frost days Ice days
la max230 °C la maxz25 °C la min>20 °C lao CET>20 °C tq 21 CET>20 °C ta min<0 °C la max<0 °C
1 Compact midrise 3 35 2 12 40 51 18
(highly sealed)

2 Compact midrise 3 24 2 12 42 55 18

3 Open midrise 3 26 1 9 25 60 18

4 Large lowrise 3 25 2 12 33 59 18

5 Open lowrise 3 29 0 8 26 69 19

6 Sparsely built 3 19 0 6 25 61 17

7 Dense trees 2 16 0 5 16 64 19

8 Low plants 3 23 0 5 17 72 19

BBQ barbeque
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Fig. 4 Diurnal variation of =

10 July 2010

PET values (see Table 2) at the
climate stations of the

Oberhausen on 10 July 2010,
based on measurements of the
station monitoring network (see 40 4
Fig. 1)

35

—=— 1) compact midrise
1 —— 2) compact midrise
monitoring network in as] ™ 3) open midrise

—— 4) large lowrise
| —+—5) open lowrise
—— 6) sparsely built
——7) dense trees

8) low plants

PET in°C

thermal perception

slightly warm *¥ -

comfortable
18

slightly cool

Tables 5 and 6 show the PET differences from the base
case as the maximum and average values of the EW-section at
night and during the day for all scenarios. As Table 5 shows,
there is no detectable effect on thermal comfort at night for the
scenario roof greening whole area and albedo (“detectable
effect” is defined herein as a modification of PET of more
than +0.5 K). During the day, however, the scenario roof
greening whole area achieved a reduction of PET, thus im-
proving thermal comfort (about —2.5 K; Table 6). However,
the average PET differences of the two scenarios mentioned
above are hardly detectable over the entire x-profile.

Table 5 Average and maximum PET reduction effects of all scenarios
in relation to the base case (PETjan scenarioPEThase case) along x-profile
(y=288 m, z=2 m) at 4 CET

Plan scenarios Average reduction Maximum reduction

effect in K effect in K
Albedo 0.00 -0.07
Roof greening whole area —-0.02 —0.14
Water 0.4 ha —-0.10 —2.54
Park 0.4 ha -0.21 -2.75
Water 1 ha -0.39 —3.80
Grass | ha -0.43 -3.90
Park SM high —0.46 -3.56
Park SM low —0.48 —3.82
Park 1 ha -0.51 -3.69
Forest 1 ha —-0.55 —3.58
Base c. WS 2 m/s -1.26 -1.70
Water WS 2 m/s -1.65 —5.28
Park WS 2 m/s -1.69 =5.02
Base c¢. WS 3 m/s —1.86 -2.57
Water WS 3 m/s -2.23 -5.76
Park WS 3 m/s —2.24 —5.64

12 ' 18 24
CET

The initial water and vegetation scenarios achieved PET re-
ductions in the range of 2.5-4 K at night. Therefore, the slightly
warm conditions in the base case can be improved to comfort-
able conditions for the whole profile (Fig. 5). During the day, a
strong differentiation of the effects of these scenarios appears.
The high maximum PET reduction in scenario forest 1 ha
(>24 K) can be ascribed to a reduction of #,,; through shading
and transpiration by the tree population (see Chapter 4). These
strong reductions can be shown for park I ha and forest 1 ha not
only compared to the base case, but especially in comparison to
grass I ha and water 1 ha (Fig. 6). The highest reductions, 5 K at
night and 15 K during the day, are shown for the scenarios with
an increased initial wind speed.

The PET differences along the entire x-profile for the 1-ha
vegetation and water scenarios are shown in Figs. 5 and 6. No
changes occur east of the modified surface (windward), while
the largest reductions (approximately 4 K at night and up to
15 K during the day, except forest I ha: 24 K) are achieved
over the changing surface itself. Due to low wind speeds in the
initial cases in this clear and calm day, almost no air exchange
occurs, so the cooler and more humid air, which is generated
by the modified area itself, can hardly be transported into the
built-up surroundings. Nevertheless, downwind (W) of the
modified area, a slight PET-reducing effect on the environ-
ment is obtained. This effect reaches a PET reduction of 0.5 K
at night in the park 1 ha and forest 1 ha scenarios, at a distance
of up to 90 m from the modified surface. During the day,
however, the scenario water I ha has the strongest long
distance effect, with PET reductions greater than 0.5 K up to
80 m away. The PET increases over the modified area in
locations shaded by buildings in the base case scenario.

The effects of changes in meteorological boundary conditions
are presented in detail in Fig. 7. In the night situation, all soil
moisture scenarios (Fig. 7a) show a reduction of thermal stress
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Table 6 Average and maximum PET reduction effects of all scenarios
in relation to the base case (PETpjan scenario=PEThase case) along x profile
(y=288 m, z=2 m) at 16 CET

Plan scenarios Average reduction Maximum reduction

effect in K effect in K
Water 0.4 ha 0.67 -0.92
Grass 1 ha 0.59 —12.46
Park SM low 0.45 —11.42
Water 1 ha 0.42 -14.90
Park 0.4 ha 0.30 -1.51
Park 1 ha 0.10 —12.00
Albedo -0.02 -0.42
Roof greening whole area —0.16 —2.44
Park SM high —0.31 —14.21
Forest 1 ha —0.86 —24.08
Water WS 2 m/s -1.17 —15.01
Park WS 2 m/s -1.52 -12.85
Water WS 3 m/s -1.72 —15.04
Base c. WS 2 m/s -1.72 =5.13
Park WS, 3 m/s -2.06 —13.88
Base ¢. WS, 3 m/s —2.34 =7.19

from slightly warm to comfortable, whereas the PET reduction
effect in the park SM low scenario is slightly higher than that for
the park 1 ha and park SM high scenarios. Here too, the strongest
reductions occur above the changed area itself but also over other
existing areas of vegetation in the profile section. Downwind of
the modified area, a slight PET reduction effect for the environ-
ment is obtained for all soil humidity scenarios. During the day,
the sequence of the scenarios reverses (Fig. 7b), and the strongest
PET reductions are achieved in the park SM high scenario.
Overall, higher PET reductions occur during the day than during
the night, particularly over the changed area and the more
extended vegetation areas. The differences between the scenarios
are also more prominent during the day.

Increased wind speed is effective throughout the profile
both during the day and at night (Fig. 7c, d). Thus, average
PET reductions of 2 K during the night and day are achieved
(Tables 5 and 6). An improvement of thermal comfort from
slightly warm to comfortable in the night situation and from
very hot to hot or warm in the day-time situation is reached.
The effectiveness of the PET reduction rises with increasing
wind speed. Overall, the scenarios with increased wind
speed show significantly higher PET reduction effects than
any other adaptation strategy modeled here.

4 Discussion
From the results of the meteorological measurements and

model simulations, various factors regarding the thermal
comfort can be derived, which are discussed below.

@ Springer

4.1 Effects of vegetation and water surfaces

At night, grasslands represent the coldest areas of all the
different types of vegetation due to low vegetation cover and
a negative radiation balance. The highest PET values at
night, however, are obtained in the dense trees (7) LCZ, as
the effective long-wave radiation and wind speed are atten-
uated by the crown protection of the tree cover (Fig. 4). This
result is consistent with an analysis of different structured
city parks by Potchter et al. (2006).

During the day, the reduction in f,, by tree shading
results in a lower thermal load in the dense trees LCZ as
well as in the forest I ha scenario (cf. Mayer 2006), such
that even the negative effects caused by the weakening of
the wind speed can be compensated. High PET reductions
(up to 20 K) by tree-shaded areas have been confirmed with
model simulations (Ali-Toudert 2005) as well as compara-
tive measurements between tree-shaded and sun-exposed
areas, as shown by Cohen et al. (2012), Oliveira et al.
(2011), Mayer et al. (2009), Gulyas et al. (2006), and
Streiling and Matzarakis (2003), among others. The thermal
load of unshaded areas of vegetation is lower during the day
than the load of unshaded paved areas, but it is far above the
values of shaded areas. Oliveira et al. (2011) compared
street canyon and park site pairs under sun and shade con-
ditions and noted the park site always showed lower PET
values than the street site (a 1.2 and 1.7 K PET difference
under sun and shaded conditions, respectively), whereas
differences between sunny and shady sites ranged between
10 and 17 K PET. Bongardt (2006) confirmed this pattern
with recorded PET differences: the PET values on sun-
exposed roads were 2 K higher than those of grass surfaces
and 10 K higher than those of shaded areas. Cohen et al.
(2012) were able to demonstrate this effect via measure-
ments of irrigated lawns as well. If unshaded, even water
areas obtain high thermal loads 2 m above ground level
during the daytime that cannot be compensated for by
evaporation. However, Saaroni and Ziv (2003) showed that
a pond has a positive effect on the thermal comfort of its
surroundings. Accordingly, Mahmoud (2011) recommended
tree shading in the vicinity of water bodies to reach the best
thermal comfort environment for park users in summer
situations.

The significant PET reduction effect of shading by a
reduction of 7, can be caused by both vegetation and
buildings (cf. Thorsson et al. 2011; Ali-Toudert and Mayer
2007). This is the reason for the daily negative effect on the
profile average for the water and vegetation scenarios (ex-
cept for forest 1 ha), as evaporation effects in the unshaded
water and vegetation scenarios cannot surpass the positive
effects on PET produced by building shade in the base case
(see Figs. 5 and 6). However, as stated above, Oliveira et al.
(2011) showed that, overall, the PET values and air
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temperatures of shaded park areas are lower than those of
street canyons shaded by buildings.

4.2 Effects of changed pedological parameters

Soil with a high water content (park SM high) provides for a
slightly increased PET at night compared with non-irrigated
(park SM low) or barely irrigated (park 1 ha) soil (Fig. 7a, for
values see Table 8 in the “Appendix” section). This difference
can largely be attributed to the higher thermal admittance of
the wetter soil (Spronken-Smith and Oke 1998), whereas at
night heat is not emitted as fast as from dry ground. During the
day, however, soil with a high water content is not heated as
strongly as poorly watered ground (see Huttner et al. 2009;
Kuttler 2012). In addition, a PET reduction up to 3.5 K greater
is achieved by higher evaporation from moist soil vis-a-vis

soil with a low water content corresponding to the shift of
thermal comfort classes from very hot to hot or hot to warm
over the modified area (Fig. 7b). Conversely, Huttner et al.
(2009) simulated approximately 8 K higher PET values in a
worst-case scenario with dry soils at the end of a heat wave
compared with a normal summer situation.

Thus, the small differences in thermal load between the
open midrise (3) and compact midrise (1) LCZs (Fig. 4) are
due to the insufficiently irrigated green areas (only 15 mm of
precipitation from 1 June 2010 to 10 July 2010; personal
communication; EGLV 2011) in the open midrise surround-
ings (3), which are barely able to achieve load-reducing effects
by evapotranspiration (see Goldbach and Kuttler 2012).
Furthermore, Goldbach (2012) showed that in a summer day
situation with a good water supply, the PET difference be-
tween an urban and suburban station reached 10 K PET, but in
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a “dry situation” a difference was hardly detectable between
these stations.

4.3 Effects of changes in meteorological parameters

The scenarios with an increase in initial wind velocity
show the highest PET reductions of all the scenarios
(Tables 5 and 6) in the profile average (2 K PET reduc-
tion) as well as within the maximum values (15 K). This
finding is comparable with data reported by Ali-Toudert
(2005), whose simulation showed a maximum PET reduc-
tion of 12 K with a wind speed increase of 2-2.5 m/s.
Based on long-term data, Matzarakis and Endler (2010)
showed that small changes in wind speed of £l m/s
caused the number of days exceeding the value of great
heat stress to fall by approximately 3 % or to rise by
approximately 5 %. Thus, slight modifications of the wind
speed have important effects on thermal comfort. As

@ Springer

shown in Fig. 7c and d, the PET reduction even inten-
sifies with increasing wind speed.

Significant effects of the wind speed are observed by the
measurements as well. The relatively highly sealed station at
compact midrise (2) shows lower thermal stress levels (approx-
imately —3 K PET) during the noon hours than the less densely
built LCZs (Table 1, Fig. 4) due to its location on a major road
junction, which allows for better ventilation at higher wind
speeds. Lopes et al. (2011) also showed by measurements that
a starting or increased sea breeze leads to a reduction in PET (up
to 8 K) and that this effect decreased with increasing distance
from the coast. Svensson et al. (2003) observed similar results on
a summer day, comparing two sites with almost equal #, values in
the afternoon, found that the site with higher wind speed had
lower PET values, although the site was in an industrial area. The
model calculations performed in the present study also show that
a combination of higher wind speed with an increase in the
evaporation area fraction (water WS 2 and 3 m/s, park 2 and
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3 m/s scenarios) more strongly decreases thermal stress com-
pared with increased initial wind speed alone (base case WS 2
and 3 m/s scenarios).

4.4 Downwind effects

A temperature-reducing downwind effect of green spaces on
nearby built-up areas has been shown previously by various
authors, as summarized by Bongardt (2006) and Kuttler
(2012). In our model simulations, downwind effects with a
reduction of thermal pollution in dense environments can be
observed, particularly in the water and vegetation scenarios.
These scenarios reach PET reduction effects downwind of the
modified surface within a range of 100 m due to the evaporation
effects and transport of cool, moist air, whereby transport is
possible despite low wind speeds, especially due to the low
roughness of the water surface. Thus, Saaroni and Ziv (2003)
showed air temperature reductions downwind of a pond (up to
40 m) and a positive relationship between air temperature reduc-
tion and wind speed. Murakawa et al. (1990/01) also stated that
air temperature reductions caused by river systems can be
detected at a distance of a few hundred meters depending on
building density, wind direction, and wind velocity. The simula-
tion results of this study showed that downwind effects occurred
particularly in the scenarios with increased wind speed (water
WS 2 and 3 m/s, park 2 and 3 m/s, and base case WS 2 and 3 m/s
scenarios). No conclusions could be drawn about the absolute
range of the effect due to the restricted size of the model area.

. TP, P % R . o e [ o 0,
0 50 100 150 200 250 300 350 400 450

LN I E e RN B RN B R R |
0 50 100 150 200 250 300 350 400 450
xinm

4.5 Effects of changed building parameters

The roof greening scenario shows that building roofs with
heights between 10 and 18 m are too high to produce an effect
at 2 m above ground level. Ng et al. (2012) showed identical
results for green roofs at 20, 40, and 60 m building heights. If
garages with building heights of 2-3 m are considered (roof
greening whole area scenario), maximum PET reductions of
approximately 2.5 K versus the base case are achieved. This
result fits with the findings of Liang and Huang (2011). Using a
model simulation, Gross (2012) also showed that the number of
hot days over a green roof is considerably lower than over a
conventional roof, and this effect was observed currently and in
future scenarios. Moreover, green roofs, regardless of their height
above ground, have a positive impact on the indoor environment
of the houses (e.g., Kuttler 2011; Susca et al. 2011; Sfakianaki et
al. 2009; Theodosiou 2009).

Changes in insulation and reflective properties influence sur-
face temperatures and radiation conditions, thus affecting thermal
comfort (Akbari et al. 2012). In this study, no detectable effects
on thermal comfort were modeled by increasing the albedo of the
roofs, whether during the night or during the day. This finding is
consistent with the work of Emmanuel et al. (2007), who in a
similar experiment found no significant changes in PET when the
albedo of building facades and roof surfaces was increased by 0.4
or 0.3, respectively. It is not surprising that the albedo scenario
shows no effect on thermal comfort at night, with the lack of
incoming solar radiation. On the one hand, the daytime results
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Table 7 Ranking and rating of the 16 adaptation scenarios into four classes based on the average PET reduction potential of the x-profile section

Grade Ranking points PET reduction efficiency Scenario (ranking within grades from high to low)

1 24-30 Very high Park WS 3 m/s, base case WS 3 m/s, water WS 3 m/s

2 16-23 High Park WS 2 m/s, base case WS 2 m/s, water WS 2 m/s, forest 1 ha
3 8-15 Moderate Park SM high, , park 1 ha, park SM low, roof greening whole area
4 0-7 Low Park 0.4 ha, water 1 ha, grass 1 ha, albedo, water 0.4 ha

may be diminished because changes in the roof level hardly
affect pedestrian thermal comfort, as already demonstrated by
the roof greening whole area scenario. On the other hand,
especially in the daytime situation, there appears to be a leveling
effect between the reduction of surface/air temperature and the
increase of the radiative temperature by higher albedo and,
therefore, reflectance. Considering changes in the albedo of
facades, Huttner (2012) even showed a negative effect on pedes-
trian thermal comfort by increasing albedo.

5 Assessment of adaptation measures

In accordance with the purpose of this study, an evaluation of
different adaptation scenarios for reducing urban heat stress
during the specified hot day situation used for model simula-
tions in this study was performed. Such classification infor-
mation can serve as a guide to action, especially in urban
planning. Mean reductions in PET during both day and night
conditions were considered in the classification. Based on the
results shown in Tables 5 and 6, score points (ranking from
0 to 15) were awarded to the 16 model scenarios according to
their nominal position in the ranking of mean PET-reducing
potential for both evaluation times, whereby the highest score
was given for the highest average PET reduction. The sum of
score points of the rank placement of the two evaluation times
represents the total score. Thus, the scenarios can be grouped
into four efficiency classes with an equidistant interval class of
seven score points (Table 7). The maximum reduction of PET
in small areas is thus neglected, but this circumstance is
accounted for in the assessment of operations in terms of their
effectiveness at the community level.

Groups 1 and 2 contain the scenarios with increased
initial wind speed. These scenarios show a significant re-
duction of PET during both day and night, with effects on
the entire study area. These scenarios thus differ significant-
ly in their effects from the other adaptation scenarios. The
scenario forest 1 ha is included in group 2, which is partic-
ularly notable for its high PET reduction during the day.
Group 3 contains the park scenarios with differing soil
moisture contents and the roof greening whole area scenar-
i0. These scenarios still generate a significantly detectable
effect for at least at one time situation. Group 4 is made up
of the remaining scenarios, namely the water and vegetation
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scenarios without shading elements or with reduced modi-
fied area as well as the albedo scenario. These scenarios
either show only a slight local effect on PET or have no
detectable effect on thermal comfort (Table 7).

6 Conclusions

In this study, the effectiveness of different adaptation mea-
sures for the reduction of urban heat stress was investigated
by measurements and model simulations in the city of
Oberhausen, Germany. Significant differences in the effec-
tiveness of the measures were observed.

The following points summarize the main results:

* An increase in evaporation surface components in an
urban neighborhood reduces heat load.

* The effectiveness of individual adaptation measures de-
pends on the kind (vegetation / water / building param-
eters) and type (e.g., vegetation: grass / park / forest) of
the adaptation measure, as well as on meteorological
conditions.

* Vegetation areas achieve higher PET reductions than
water surfaces due to a combination of evapotranspira-
tion and shading.

» Vegetation areas reach their maximum PET reduction po-
tential only with an adequate water supply. Differences in
thermal comfort levels of well-watered and non-irrigated
vegetation areas can occur, especially during the daytime.

* Even small changes in area (e.g., park 0.4 ha) can
reduce PET and improve thermal comfort. However, of
the areas simulated, only the 1-ha water and vegetation
scenarios showed an effect on the built-up environment.

* Due to reduced surface roughness, the transport of
cooled air by evaporation areas is more likely from and
via water surfaces into the build-up surroundings than
from vegetated surfaces.

*  Wind speed exerts a strong influence on PET. Even a
small increase in wind speed leads to a significant de-
crease in PET. Additionally, long-distance effects on the
surrounding built environment are more pronounced
with increasing wind speed.

* Ventilation paths are important to improve and
maintain the thermal comfort level of an urban
neighborhood.
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The preservation and creation of ventilation paths can be
recommended for city planning. To optimize adaptation,
intraurban parks (minimum size of 1 ha) with adequate water
supplies and tall, shady trees should be created. Both shading
and evapotranspiration reduce PET. In addition, leaving large
distances between trees allows for good ventilation of urban
areas. The distances at which parks should be constructed and
how many parks are needed for optimal urban human thermal
comfort requires further research.
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Appendix

Table 8 Input parameters for model simulations with ENVI-met mod-
el version 3.2 and RayMan Pro version 2.1 in Oberhausen, Germany

Parameter Value

Position
Geographical position 51°47'0"N, 06°85'00"E

Model dimensions

Number of grid cells (x, y, z) 230, 230, 30

Size of grid cells (x, y, z) 2 m, 2 m, increasing
with height

Size of model area (x, y, z) 460 m, 460 m, 128.4 m

Nesting grids (x, y, z) 9,9,9

Model rotation out of grid north 5.5°

Meteorological boundary conditions

Total simulation time 44 h

Start simulation at day 10 July 2010

Start simulation at time (h/min/s) 04:00:00

Wind speed at 10 m a.g.1. Initial: 1 m/s, modified:
2 m/s, 3 m/s

Wind direction 75°

Roughness length, z 1.0

Minimum air temperature (4 CET) 22.7 °C

Maximum air temperature (16 CET) 352 °C

Maximum relative 722 %

humidity (4 CET)

Table 8 (continued)

Parameter Value
Minimum relative 30.8 %
humidity (16 CET)
Solar access Default: 1.0

Sky cover Default: no clouds

Soil parameter
Soil type Sandy soil

Initial temperature upper layer (0-20 cm) 304.5 K

Initial temperature middle layer (2050 cm) 303.0 K

299.6 K

Initial: 40 %, low,
20 %, high, 60 %

Initial: 50 %, low,
30 %, high, 60 %

Initial: 60 %, low,
30 %, high, 70 %

Initial temperature deep layer (>50 cm)

Soil moisture content upper

layer (0-20 cm)

Soil moisture content middle

layer (20-50 cm)

Soil moisture deep layer (> 50 cm)

Building parameter
296 K
Default: 1.94 W/(m? K)

Interior temperature

Heat transmission
coefficient walls
Heat transmission
coefficient roofs
Albedo walls 0.2

Albedo roofs Initial: 0.3, modified, 0.65
Thermal comfort (PET)

Default: 6 W/(m? K)

Work metabolism 80 W
Age 35 Years
Sex Male
Static clothing insulation (clo) 0.9

Additional parameters of RayMan

Measurement data of
t,, rH, and WS*

Default: 1.0
Default: 0.3

Meteorological parameters

Bowen ratio
Albedo

*no height correction of the measurement data took place, because
model simulations showed that changes of the wind speed data be-
tween measuring height (3.8 m) and input height (1.1 m) only occurred
in the second decimal place
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