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• We model impacts of urban heat is-

land mitigation measures on air qual-

ity.
• Liaison of a multi-layer urban canopy

model and WRF-Chem.
• Urban greening and white roofs de-

crease average ozone concentration.
• We find an increase of primary pollu-

tants due to reduced vertical mixing.
• Peak ozone concentration increases

for white roofs due to short-wave re-

flection.
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a b s t r a c t

This study presents numerical simulations analysing the effect of urban heat island (UHI) mitigation mea-

sures on the chemical composition of the urban atmosphere. The mesoscale chemical transport model

WRF-Chem is used to investigate the impact of urban greening and highly reflective surfaces on the con-

centrations of primary (CO, NO) as well as secondary pollutants (O3) inside the urban canopy. In order to

account for the sub-grid scale heterogeneity of urban areas, a multi-layer urban canopy model is coupled

to WRF-Chem. Using this canopy model at its full extend requires the introduction of several urban land

use classes in WRF-Chem. The urban area of Stuttgart serves as a test bed for the modelling of a case

scenario of the 2003 European Heat Wave. The selected mitigation measures are able to reduce the urban

temperature by about 1 K and the mean ozone concentration by 5–8%. Model results however document

also negative secondary effects on urban air quality, which are closely related to a decrease of vertical

mixing in the urban boundary layer. An increase of primary pollutants NO and CO by 5–25% can be ob-

served. In addition, highly reflective surfaces can increase peak ozone concentration by up to 12% due to

a high intensity of reflected shortwave radiation accelerating photochemical reactions.

© 2015 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

r

f

p

u

c

h

1

. Introduction

The excessive warming of impervious surfaces and additional

elease of anthropogenic heat promotes urban heat island (UHI)
ormation. Human activities lead to an increase of emissions of air

∗ Corresponding author.

E-mail address: joachim.fallmann@kit.edu (J. Fallmann).

c

1

t

s

ttp://dx.doi.org/10.1016/j.atmosenv.2015.10.094

352-2310/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article u
ollutants which in turn influences the chemical composition of

rban air.

The annual mean temperature of the central areas of a large

ity is about 1–3 °C higher than in the surrounding areas. In calm

lear nights, city centres can be as much as 12 °C higher (Oke,

982). Additional heat generated by fuel combustion, air condi-

ioning or human activities, as well as the slowing down of wind

peed due to roughness effects caused by building structures, help
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to ‘design’ specific atmospheric dynamics. The resulting secondary

urban-rural circulation patterns can, in turn, promote dispersion of

pollutants into rural surroundings (Arnfield, 2003). Detailed docu-

mentations of the urban heat island effect exist for several major

cities in the world (Santamouris, 2007).

The number of publications concerning UHI research has been

continuously increasing recently, with regard to both modelling

(Giannaros et al., 2013; De Ridder et al., 2015) and remote sens-

ing observations (Zaksek and Ostir, 2012; Tam et al., 2015). Diurnal

variations of the surface UHI under ideal weather conditions were

discussed for Bejing (Zhou et al., 2013), showing significant UHI ef-

fects from late morning to night. Analysing measurement data for

the urban area of London, Barlow et al. (2015) described the dif-

ferent boundary layer characteristics over urban and rural surfaces

which control urban flow and dispersion.

Specific measures like green roofs or facades and highly reflec-

tive materials are able to reduce the UHI. Taha (1997b) demon-

strated that increasing the albedo by 0.3 can reduce peak sum-

mertime temperatures for the urban area of Los Angeles by up to

1.5 °C. During the DESIREX Campaign 2008, Salamanca and Mar-

tilli (2012) stated that a higher albedo leads to a 5% reduction in

energy consumption by air conditioning during summertime pe-

riods for the area of Madrid. The regional energy saving effect of

high-albedo roofs can also be found in Akbari et al. (1997) and on

a more global perspective in Akbari et al. (2009). Georgescu et al.

(2014) analysed the potential of green roofs and highly reflective

roofs to reduce the urban induced warming of the United States

by 2100. They could prove, that the decrease of average summer

near surface temperature achieved by area wide hybrid measures

(mixture between white and green roofs) could compensate the

projected temperature increase for the period 2079–2099 com-

pared with 1990–2010 for California, Texas, Mid-Atlantic and the

area Chicago/Detroit. Schubert and Grossman-Clarke, 2013 stated

the positive effect of urban greening and increased surface albedo

on temperature for heat wave conditions in the city of Berlin.

The relation between urban heat island and air quality was in-

vestigated in Lai and Cheng (2009) who combined observation data

and air quality simulations for the urban area of Taichung. They

found that a stable high pressure system followed after the depar-

ture of a typhoon favoured both, UHI formation and an increase

of ozone, PM2.5 and PM10 concentrations due to stagnant weather

conditions within the basin. Akbari et al. (2001) stated that urban

trees and high-reflective roofs can significantly reduce energy con-

sumption, thus improving air quality. Recent studies (Sarrat et al.,

2006) showed that the availability and spatial distribution of urban

pollutants is significantly modified by the urbanized area due to

enhanced turbulence. A recent WRF-Chem modelling study anal-

ysed the impacts of mixing processes in the nocturnal atmospheric

boundary layer on urban ozone concentrations (Klein et al., 2014).

Modelling and measurements showed that near-surface ozone con-

centrations were higher during less stable nights when active mix-

ing persisted, due to increased dispersion of nitrogen oxide respon-

sible for ozone titration as well as downward mixing of ozone from

the residual layer to the surface. The impact of atmospheric sta-

bility upon near-surface concentration of pollutants is stated by

Wood et al. (2013) who used ground based remote sensing tech-

niques in the urban area of Helsinki. Highest particle concentra-

tions were measured during stable conditions or in the stability

transition from stable to neutral.

Taha (1997a; 2008) found a decrease in peak ozone concen-

trations between 1400 and 1600 h local time in the urban areas

and downwind of Los Angeles and Sacramento when the surface

albedo in the urban areas was increased from 0.2 to 0.5. As dis-

cussed later in this paper in more detail we found an increase of

peak ozone levels when increasing the albedo of building roofs and

facades from 0.2 to 0.7.
 l
In the current study, we use WRF-Chem (Grell et al., 2005) with

n urbanized version of WRF (Chen et al., 2011; Martilli et al.,

002; Kusaka et al., 2001) to investigate the effect of urban heat

sland mitigation measures on air quality. The multi-layer urban

anopy model BEP (Martilli et al., 2002) is coupled to the chemical

ransport model WRF-Chem. Technical modifications of the input

ata and certain modelling schemes were carried out, allowing for

more diverse representation of the urban land use within the

odel.

The urban area of Stuttgart located in south-west Germany acts

s test bed for different scenario simulations. The main objective

f this study is to investigate the effect of different UHI mitigation

easures on urban air quality. In general it aims to ponder the role

f dynamical and chemical processes in the urban boundary layer

n the concentration of primary and secondary pollutants within

he urban canopy. Three different scenario simulations are carried

ut, considering urban greening, highly reflective roofs and facades

s well as a changed building density.

Whereas existing studies mainly concentrate on the effects on

rban ozone concentrations, our study describes the full gas phase

rban chemistry including primary pollutants as well. The urban

eat island mitigation scenarios which are tested for their effect

n urban air quality have been presented by Fallmann et al. (2014).

his study found a decrease of the daily averaged urban heat is-

and intensity for Stuttgart for both urban greening and increased

urface reflectivity by 1.1 and 1.7 °C respectively.

The first part of this paper documents the methodology of mod-

fying WRF-Chem and processing the input data. Further the pro-

ess of setting up the urban canopy model for the urban area of

tuttgart with regard to the selected scenarios is presented. Chap-

er 3 shows the model evaluation for a base case model run. The

odelling results and discussion parts follow in Chapter 4 and 5.

he latter Chapter separates primary and secondary pollutants and

akes tendency terms into account pondering dynamical and chem-

cal effects. A concluding Chapter summarizes the results and pro-

ides an outlook on future studies.

. Data and methods

.1. Model setup

The chemical transport model WRF-Chem Version 3.5.1 (Grell

t al., 2005) is used. The model domain is setup for an area of

00 by 150 grid cells with a horizontal resolution of 3 km (Fig. 1).

his grid size still allows for a considerable number of urban grid

ells for the area of Stuttgart. The domain does neither extend into

reas of higher surface elevation in the south, nor into the North

ea, which both could lead to errors at the domain borders. The

ertical dimension is resolved by 36 levels, with 6 levels located

n the lowest 100 m. The modelling period ranges from Aug 09 to

ug 18 2003, a heat wave period which can be seen as a proxy

or future climate conditions in Europe (Vautard et al., 2007). The

rst day is seen as spin up and therefore removed from further

nalysis.

The Building Effect Parameterization BEP (Martilli et al., 2002)

cheme is coupled to WRF-Chem and used as described in

hen et al. (2011). The multi-layer BEP accounts for the three-

imensional nature of urban surfaces and treats the buildings as

ources and sinks of heat, moisture and momentum. The effects of

orizontal (roofs, roads) and vertical (walls) surfaces on the turbu-

ent kinetic energy (TKE), potential temperature (Ɵ) and momen-

um are also covered by this model. The BEP treats several layers

ithin the urban canopy, allowing a high vertical resolution close

o the ground and a direct interaction with the urban boundary

ayer.
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Fig. 1. WRF-Chem model domain (black frame) and the location of the city of

Stuttgart (black dot).
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The building energy model BEM (Salamanca and Martilli, 2012)

s not used, because test runs showed an influence on meteoro-

ogical and chemical variables of less than 5%. In the course of the

tudy, the urbanized WRF-Chem model is referred to as ‘WRF_BEP’.

The MACC 7 km emission inventory for the year 2003–2007

Kuenen et al., 2011) is used for anthropogenic emissions. Biogenic

missions originate from the global MEGAN emission database

Guenther et al., 2012). Lateral chemical boundary conditions are

btained from MOZART output (Emmons et al., 2010). The RADM2

Regional Acid Deposition Model) scheme is applied for calculating

he gas-phase chemistry, aerosol dynamics and chemistry is de-

cribed with the module MADE/SORGAM (Ackermann et al., 1998;

chell et al., 2001).

WRF-Chem offers various gas phase chemistry options. The

ADM2/MADE/SORGAM option was chosen for this study since it

s widely used for regional air quality simulations due to its wide

overage of chemical regimes and its comparatively low numerical

osts. According to Knote et al. (2015) the uncertainty in predicted

zone during summer due to the choice of the chemical mecha-

ism is 5%. With regard to ozone, the performance of the RADM2

echanism in regional models is similar to more recent and com-

lex mechanisms (e.g. Im et al., 2015).

For both longwave- and shortwave radiation the RRTMG

cheme (Mlawer et al., 1997) is applied. The microphysics is based

n the Lin et al. (1983) scheme. Turbulent fluxes of heat, mo-

entum and constituents within the atmospheric boundary layer

re parametrized within the Mellor–Yamada–Janjic (MYJ) plane-

ary boundary layer scheme (Hu et al., 2010). The Grell-Devenyi

nsemble Scheme (Grell and Devenyi, 2002) is used for cumulus

arametrization and the land surface processes are described with

he Noah-LSM, a multi-layer soil model that includes prognostic

quations for the soil temperature and soil liquid water content

Mitchell, 2005). Similar to the meteorological initial and bound-

ry conditions the initial soil temperature and moisture is derived

rom 0.5 deg. ERA-Interim fields (Dee et al., 2011). The full setup

sed for WRF_BEP is summarized in Table 1.

.2. Input data and pre-processing

Urban areas are classified by grid cells with the land use in-

ex 31 (low density residential), 32 (high density residential) and
3 (industrial and commercial). The three urban classes are dis-

inguished based on their appearance and percentage of impervi-

us surface. Low intensity residential (class 31) includes areas with

mixture of constructed materials and vegetation, with vegeta-

ion accounting for 20–70% of the land cover. Similarly, vegetation

s under 20% for high-density residential areas (class 32). Indus-

rial/commercial (class 33) includes infrastructure and highly de-

eloped areas not classified as residential (USGS, 2006).

In the current version of WRF-Chem, a 24 class land use clas-

ification is implemented by default, which does not allow for a

ifferentiation of urban land in the model (Fig. 2a).

In order to represent the heterogeneity of urban land surfaces

nd to use the urban canopy model at its full extend the original

rban class (1) is divided into 3 subclasses (31–33) in WRF-Chem

Fig. 2b). The class numbers 31–33 have been chosen in accordance

o the BEP. The land use classes 25–30 are not used in the new

ataset.

As dry deposition is controlled mainly by the land use type, the

and use categories for urban areas have to be initialized within

he source code of the dry deposition module as well. In order to

ompute the total surface resistance to gaseous dry deposition rc

nd the deposition velocity respectively, input parameters must be

efined for all 33 classes being classified in the land use input data.

ry deposition is responsible for a large portion of removal of trace

hemicals from the atmosphere whereas the rate can be calculated

rom the total surface resistance (Wesely, 1989, Wesely and Hicks,

000). Analogue to Ohm’s law in electric circuits, surface resistance

s calculated for 11 Wesely types. Due to a lack of reference data,

he land use classes 31: ‘low density residential’, 32: ‘high density

esidential’ and 33: ‘industrial/commercial’ are combined to Wesely

lass 1 (‘Urban Land’). The seasonal class is set to 1: ‘midsummer

ith lush vegetation’. All the terms describing the surface resis-

ance are retrieved from Wesely (1989). Analogue to dry deposi-

ion, the correct number of land use classes has to be initialized in

he biogenic emission module as well. In general, a biogenic emis-

ion factor of zero is assigned for urban land use.

In order to account for the morphological features of the urban

rea of Stuttgart, the characteristics of roads and buildings have to

e defined within the BEP. The mean road widths and -orientations

re estimated from grid cell equivalent google earth extracts (ap-

roximately 3 × 3 km) representing 3 different urban classes re-

ated to the land use types in Fig. 2b. All roads within these boxes

re measured and the average road width is calculated. The mean

ize of building roofs is calculated in the same way. The mean

uilding height for each urban class is retrieved from a high reso-

ution digital elevation model resolving each building in the urban

rea of Stuttgart. This data has been supplied by the Land Survey-

ng Department Stuttgart. Urban morphological parameters consid-

red within BEP are presented in Table 2.

The thermal conductivity, specific heat capacity, emissivity,

lbedo and roughness length of momentum is defined for roofs,

alls and road. The values are taken from Salamanca and Martilli

2012).

.3. Scenarios

A base case (Control) and three scenario runs are conducted,

pplying the BEP scheme (Martilli et al., 2002). The WRF-Chem

cenarios represent well-established urban planning strategies

ike urban greening (Park), increased surface albedo (Albedo) or

hanged building density (Density). For the urban greening sce-

ario, two urban grid cells in the centre of Stuttgart, accounting

or 9% of the total urban area, are replaced with grassland (Fig. 3).

The land surface model NOAH-LSM in WRF calculates the heat

nd water balance for vegetation covered surfaces and the heat

alance for dry sealed surfaces. A change of a grid cell from ur-
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Table 1

WRF_BEP model configuration.

Parameter/scheme Specification Parameter/scheme Specification Parameter/scheme Specification

Geographical input data 1 km USGS land use Meteorological BC 0.5 Deg ERA-Interim Land surface model Noah LSM

dx, dy 3 km Urbanization scheme BEP (Martilli et al., 2002) Chemical option RADM2, MADE/SORGAM aerosols

West-east [grid cells] 200 Microphysics Lin et al.

South-north [grid cells] 150 Longwave RRTMG (Mlawer et al., 1997) Emission inventory 7 km MACC 2006

Vertical layers 36 Shortwave RRTMG Chemical boundary MOZART global data

Time frame 8/9–8/18/03 Cumulus (only 3rd domain) Grell Devenyi ensemble Biochemistry MEGAN global data

Lowest model level 8.5 m Land surface model Noah LSM Photolysis scheme FastJ

Fig. 2. Extract of the WRF land use input data for the original 24 class land use (a) and the new 33 class land use (b). The black line indicates the boundary of the city of

Stuttgart. The black square in the centre indicates the location of the grid cell used for model evaluation (b).

Table 2

Street and building parameters and distributions of building heights as

defined in the multi-layer urban canopy model BEP.

Height [m] Class 33 Class 32 Class 31

Urban fraction 0.9 0.8 0.6

% of buildings with 5 m height 44 33 48

% of buildings with 10 m height 26 20 37

% of buildings with 15 m height 14 23 11

% of buildings with 20 m height 8 18 3

% of buildings with 25 m height 4 4 1

% of buildings with 30 m height 2 2 –

% of buildings with 35 m height 2 – –

Street width [m] 19 15 18

Building width [m] 25 13 10
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ban type to grassland (Fig. 3b) infers a change of the fraction of

the vegetation covered surface from 0.12 to 0.8 and a change of

the fraction of the non-evaporating surface from 0.88 to 0.2. At the

same time as the vegetation fraction is changed from 0.12 to 0.8

the roughness height z0 is decreased from 1.2 m to 0.12 m for the

respective grid cells. The values are obtained from the default set-

tings of WRF Version 3.5 (Wang et al., 2011).

An increased albedo of roofs and facades is simulated by chang-

ing the surface albedo for all grid cells with urban land use

from 0.2 to 0.7 which represents a highly reflective white paint

(Takebayashi and Moriyama, 2007). This modification enhances the

reflected solar radiation of the built-up area and by this modi-
Fig. 3. Land use change comparing the base case (a) and the urban greening scenario (

black rectangle indicates the grid cells where urban land use is replaced by a park.
es the total heat flux from the surface to the lowest atmospheric

ayer.

The change of the building density is the third scenario which

s analysed. In our simulations we increase the main road width in

he BEP urban canopy table from 19 to 22 m (class 33), from 15

o 18 m (class 32) and from 18 to 21 m (class 31). The rest of the

rban properties remain consistent to the base case. This modifi-

ation implies an increase of the roof/road ratio within the urban

anopy table by 20%. This has an effect on the distribution of heat

ithin the urban canyon considering shadowing, reflections and

rapping of shortwave and longwave radiation (Chen et al., 2011).

. Model evaluation

The WRF_BEP simulations are evaluated for the Control run at

n urban grid cell located in the centre of Stuttgart (Fig. 2b). Simu-

ated concentrations of primary and secondary compounds within

he lowest model level are compared with the average of three ex-

sting urban measurement stations (Table 3) located within that

pecific model grid cell (Table 4).

Each station is located at a similar geographical height asl. Two

tations are located at street level (urban/road), in close proximity

o local emission sources. The third station is installed at roof level

urban/roof) in the urban centre. Averaging over the three mea-

urement heights gives a mean height of 10.3 m which represents

he grid cell average for the first model level (∼8.5 m).
b) for the urban area of Stuttgart (black line) and the surrounding grid cells. The
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Table 3

Characteristics of three air quality measurement sites located within the respective urban grid cell (Fig. 2b) used for the comparison between model and measurement.

Nr Station Type Altitude a.s.l. [m] Measurement

height [m]

Model orography

[m]

Model analysis

height [m]

Provider

1 Mitte – Arnulf Klett-Platz urban/road 245 25 253 8.5 LUBW

2 Schwabenzentrum urban/roof 250 3.5 253 8.5 Envir. Prot. Agency

Stuttgart

3 Bad Cannstadt – Gnesener Str. urban/road 235 2.5 253 8.5 LUBW

Table 4

Comparing observations (mean value for 3 stations) with the base case (WRF_BEP) for the modelling time period Aug 10 – Aug 18 2003. Calculation of absolute (Bias_abs)

and relative bias (Bias_rel), correlation coefficient R and absolute biases for night and day. Results are shown for secondary (ozone) and primary pollutants (NO, NO2, CO)

as well as meteorological parameters potential temperature (TH2), wind speed (U10), relative humidity (RH) and incoming shortwave radiation (SR).

OBS WRF_BEP Bias_abs Bias_rel R [-] Bias_night Bias_day

O3 [ppb] 41.9 40.1 −1.8 −0.04 0.73 −7.6 2.0

NO [ppb] 9.3 4.7 −4.6 −0.49 0.56 −5.6 −3.9

NO2 [ppb] 31.3 20.9 −10.3 −0.33 0.61 −1.7 −16.4

CO [ppb] 375.2 352.3 −22.9 −0.06 0.16 −29.0 −68.0

TH2 [°C] 24.8 25.6 0.8 – 0.88 1.5 0.9

U10 [ms−1] 1.0 1.1 0.1 – 0.54 0.1 0.1

RH [%] 43.2 45.4 2.2 – 0.3 1.7 2.1

SR [Wm−2] 501.0 451.0 −50.0 – 0.97 – –
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Mean diurnal variations for ozone, CO, NO2 and NO are com-

uted for the base case simulation (WRF_BEP) and compared with

bservations (OBS) (Fig. 4).

All times in the following discussion refer to the Central Euro-

ean SummerTime (Daylight Saving Time) (CEST).

Peak ozone concentrations within the modelling period range

rom 80 to 100 ppb. The model shows a slight underestimation of

zone during the night and a minor overestimation during the day

Fig. 4a). The too low ozone concentrations during the night might

e due to an underestimation of the ozone concentrations found in

he residual layer or a too weak downward mixing of ozone from

he residual layer towards the surface. Since ozone in the nocturnal

esidual layer is not depleted by titration and dry deposition, con-

entrations during the night are higher there than near the surface.

he importance of vertical mixing for nocturnal near surface ozone

oncentrations has been reported by several studies (Zhang and

ao 1999; Klein et al., 2014). The general uncertainty of simulated

zone concentrations in the mid-latitudes by several mesoscale air
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ig. 4. Diurnal variations of modelled concentration of Ozone (a), CO (b), NO2(c), NO (d) a

rom 3 measurement stations located within that grid cell (grey dotted). The curves repre
uality models is discussed by Im et al. (2015). Besides the quality

f the chemistry mechanism, the parameterization of dry deposi-

ion and the general quality of the meteorological forecast, uncer-

ainties in the emissions inventories of precursor substances can

e considered to be a reason for errors in simulated ozone con-

entrations.

For long lived chemical species like CO (Fig. 4b), the too low

oncentrations for well mixed conditions during the daytime can

artly be attributed to too low boundary values. The MACC dataset

hich is used in this study, in general shows negative biases for

he European domain (Giordano et al., 2015). The peak of CO at

round 8 am is captured quite well, with WRF_BEP overestimating

he observation by 61 ppb (10%).

For the shorter lived species such as NOx the effect of boundary

onditions is minor (Giordano et al., 2015).

With regard to NO2, the morning concentrations are reproduced

uite well, but WRF_BEP tends to underestimate the daytime val-

es by over 60% (Fig. 4c). Overestimation of daytime vertical
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mixing may be one reason for the underestimation of near sur-

face NO2. If more NO is removed by daytime turbulence near the

surface, less is available for the production of NO2 near the surface

(Seinfeld and Pandis, 2012).

NO concentration is found to be too low for the whole period,

except for the morning rush hour peak, where WRF-Chem over-

estimates the observation by 16 ppb (∼60%). Although the diur-

nal profile of the emissions seems to be reproduced quite well, the

overestimation during the rush hour peak might be caused by the

fact that the diurnal evolution of the boundary layer is slightly de-

layed, which immediately leads to an underestimated mixing.

The relative biases for simulated primary and secondary com-

pounds range from −0.04 for ozone to −0.49 for NO, the daytime

biases exceeding nighttime biases for NO2 and CO and the other

way round for NO. Daytime bias of ozone is negative during the

day, whereas it is positive during the night. Correlations between

WRF_BEP and OBS are above 0.5, except for CO.

In general, temperature is overestimated by 0.8 °C with im-

proved performance found during the day. The low observed wind

speed for the investigated summer period can be reproduced by

WRF_BEP. The correlation coefficient is over 0.5 for temperature,

wind speed and radiation but is only 0.3 with regard to relative

humidity. Although the grid cell resolution of 3 km seems to be

too coarse for simulating flow pattern in complex terrain, intensive

testing showed that WRF_BEP is able to reproduce general wind

speed and wind directions within the area. The biases of the ab-

solute values do not disturb the main aim of this study since we

are mainly interested in the relative changes between the scenario

cases and the base case.

4. Results of scenario simulations

4.1. Effect on meteorology

Mean values of potential 2 m temperature (TH2), 10 m wind

speed (U10), turbulent kinetic energy (TKE) and planetary bound-

ary layer height (PBLH) as well as downward and upward short-

wave radiation (SW) are presented in Table 5 to document the ef-

fect of the scenarios on meteorological conditions. TKE and PBLH

are included in this table, as turbulent exchange affects the distri-

bution and vertical dilution of primary emitted pollutants within

the urban canopy. The TKE term is prognostically calculated and

used to determine eddy diffusion coefficients within the MYJ

boundary layer scheme (Janjic, 1990, 2001). The PBLH is defined by

the height, at which 2∗TKE first drops below 0.2 m−2s−2 (Mellor

and Yamada, 1982). Averaging period is Aug 10 – Aug 18 2003.

Daytime means (0700–2000 CEST) are indicated in bold, nighttime

means (2100–0600 CEST) in italics.

In average, the temperature is reduced by 1.2 °C and 1.3 °C for

the Albedo and Park scenario, respectively. An increased surface re-

flectivity (Albedo) results in a stronger temperature decrease dur-

ing the day than for the period between 2100 and 0600 CEST. For
Table 5

Effect of UHI mitigation scenarios on 2 m potential temperature (TH2), 10 m wind spee

and downward and upward shortwave radiation at the surface (SW) in the urban centre

10–18 2003. Daytime mean values are shown in bold, night-time values in italics.

Scenario Control Albedo

TH2 [°C] 26.8 (29.6, 21.9) 25.6 (28.3

U10 [ms-1] 1.1 (1.1, 0.65) 0.65 (0.9,

TKE [m−2s−2] 0.34 (0.46, 0.11) 0.23 (0.30

PBLH [m] 563 (874, 64) 519 (790,

SW_Down [Wm−2] 499 503

SW_Up [Wm−2] 86 250
rban greening (Park) however, the cooling effect during the night

utperforms the Albedo scenario. For the Density scenario, only a

inor effect on temperature is observed, for both day- and night-

ime.

The mean wind speed is low during the model period and the

elative decrease from base case to Albedo is almost 50%. The high

elative decrease of wind speed might be due to the fact that the

ower near surface temperature in the city for the Albedo case

eads to a loss of the buoyancy production term in the TKE pro-

uction equation which results in a decrease of friction velocity u∗
Stull, 1988). For the urban greening scenario a small increase in

10 is observed in the urban centre due to a decrease in rough-

ess height by the removal of buildings. This effect seems to out-

erform the temperature effect. Density shows no effect on wind

peed.

On a daily average, reductions of the TKE by

bout −0.1 m−2 s−2 and the PBLH by about −50 m and −80 m

an be observed for the Albedo and the Park scenario, respectively.

he reduction in turbulent mixing and boundary layer height is

redominantly attributed to the daytime (bold) with a simulated

ecrease of the TKE by of −0.16 m−2s−2 and a PBLH reduction

f −84 m with respect to Albedo. During nighttime (italics), the

ffect can be neglected for this scenario. The decrease of the

BLH with regard to the urban greening scenario (Park) accounts

or −124 m during the day and −22 m during the night. The

igger nighttime boundary layer effect can be attributed to evapo-

ative cooling of vegetation surfaces at night. When decreasing the

uilding density (Density), WRF-Chem does not show an impact

n TKE and PBLH. Increasing the albedo of building materials leads

o an increase of the reflected shortwave radiation. For Control

nd Density, about 17% of the daytime mean incoming shortwave

adiation at the surface is reflected, whereas this value accounts

or about 20% for Park and up to 50% for Albedo. The difference in

eflected shortwave radiation (SW_UP) between Park and Control

an be attributed to the change of the albedo for built up areas

0.15) to the value for grassland (0.20). The almost non-existent

ifference of the solar radiation between the base case and Den-

ity can also explain the very small effect of this scenario on

emperature. It seems that changing the building density by a

mall percentage only has a small sensitivity on temperature, wind

peed and mixing within the BEP urban canopy model.

.2. Effect on pollutant concentrations

Table 6 shows mean near surface (at 8.5 m) concentrations of

O, NO2, CO and ozone on the basis of mean values for an area of

× 2 grid cells in the urban centre for the base case (Control) and

he three scenarios.

In general, a decrease of near surface air temperature results in

n increase of primary pollutants such as NO and CO. NO2 partly

riginates from primary emission but also from NO titration. With

egard to NO and CO, the strongest effect is found for the Albedo
d (U10), turbulent kinetic energy (TKE), planetary boundary layer height (PBLH),

(2 × 2 grid cells). Values are presented for the mean of the modelling period Aug

Park Density

, 21.6) 25.5 (28.6,20.4) 26.6 (29.3, 21.7)

0.7) 1.3 (1.4, 1.0) 1.0 (1.1, 0.65)

, 0.11) 0.22 (0.28, 0.11) 0.33 (0.45, 0.11)

62) 485 (750, 42) 567 (871, 68)

500 497

106 85
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Table 6

Effect of UHI mitigation measures on modelled episode mean, daytime mean (bold) and nighttime mean (italics) concentrations of NO, NO2, CO and ozone in the urban

centre (mean of 2 × 2 urban grid cells) for the lowest model level (8.5 m). Values are presented for the mean of the modelling period Aug 10–18 2003 in ppb.

Scenario Control Albedo Park Density

NO [ppb] 4.7 (6.1, 2.3) 5.8 (7.8, 2.6) 4.9 (6.4, 2.5) 4.8 (6.2, 2.4)

NO2 [ppb] 20.6 (14.5, 30.8) 23.4 (17.3, 33.7) 22.0 (16.1, 31.7) 20.7 (14.5, 31.7)

CO [ppb] 366.7 (292, 432.3) 398.8 (362.6, 457.6) 381.9 (345.8, 440.4) 373.1 (307.8, 435.4)

O3 [ppb] 40.1 (54.9, 15.3) 38.4 (52.8, 14.3) 36.9 (50.4, 14.5) 39.9 (54.6, 15.2)
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ase. The increase of mean NO concentration amounts to over 25%,

ean CO concentration is increased by about 9% for this scenario.

rban greening (Park) tends to increase both compounds by 5%

nd 4% respectively. Nitrogen dioxide is increased by 14% and by

% with regard to Albedo and Park respectively. Reducing the air

emperature however is able to decrease mean ozone concentra-

ion by 6% (Albedo) and 8% (Park). The small effect of changed

uilding density on meteorology (Table 5) results in a minor effect

n pollutant concentration. Therefore, Density is omitted in the fol-

owing discussions.

The spatial effects of the scenarios on the urban area of

tuttgart are presented in Fig. 5 for CO (a) and ozone (b). Fig. 5

hows an extract of the WRF-Chem model domain of 13 × 13

rid cells with the area of Stuttgart located in the centre. A hor-

zontal resolution of 3 km infers that the greater Stuttgart urban

rea is represented by about 22 grid cells. Dark colours indicate

large impact on near surface concentration – which is positive

or primary- and negative for secondary pollutants. Bright colours

mply minor or zero effects.

While the effect on primary pollutants is most pronounced for

he albedo scenario (5a), with a maximum mean concentration in-

rease of 32 ppb (8.7%) the situation is reversed for ozone (Fig. 5b)

ith a maximum mean decrease of 3.2 ppb (9.2%) for the Park sce-

ario.

In addition to Table 6 and Fig. 5, mean relative concentration

ifferences between scenario and base case (Control) are shown in

ig. 6, separating between nighttime and daytime.
ig. 5. Absolute difference between scenario run and base case for simulated mean CO (a)

s shown on the left and the Park scenario on the right.
Although the absolute concentrations of NO2 and CO are higher

uring the night than during the day, the relative impact of re-

uced temperature is more pronounced during the day except for

O for Park. Strongly depending on local emission sources, day-

ime NOx and CO concentrations are higher for the scenarios than

or the base case simulation, since both scenarios result in a re-

uced warming near the ground and therefore in reduced turbu-

ent exchange. This effect is more pronounced for Albedo than for

he urban greening scenario Park. With regard to the urban green-

ng scenario, relative daytime effects are stronger except for NO.

he latter however generally shows very low concentrations at

ight (Table 6), leading to small changes resulting in large rela-

ive effects. In our study, increasing the albedo of the built-up area

esults in a more pronounced decrease of the mean ozone concen-

ration during the night than during the daytime, since during the

ay, additional ozone can be formed due to increased photolysis

ates over the highly reflecting surfaces.

.3. Diurnal variation

Fig. 7 shows relative hourly mean (mean over the same hour of

he day for all days of the episode) differences between the sce-

arios (Albedo, Park) and the base case for the near surface con-

entration of ozone, NOx and CO.

In general, the diurnal courses document the same findings as

ndicated in Chapter 4.2, with a decrease of secondary and an in-

rease of primary compounds. The strong decrease of the ozone
and ozone (b) concentrations [ppb] in the lowest model level. The Albedo scenario
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concentration for the urban greening scenario during the evening

hours (Fig. 7a) can be explained by stronger surface cooling over

vegetative surfaces than over the impervious surfaces. Turbulent

mixing is decreased in particular during the forenoon for both sce-

narios, which reduces the downward mixing of ozone from higher

levels during this time (Velasco et al., 2008; Klein et al., 2014). Ad-

ditionally, a larger amount of ozone is removed via NOx titration.

In general, the highest relative decrease of ozone is congruent with

the highest levels of NOx (Fig. 7b).

The high relative increase of daytime NOx can be attributed to

NO, which is emitted and hampered from being diluted due to

weaker atmospheric turbulence. In the course of a day NO is in-

terconverted to NO2, which gradually builds up during the day.

NO which is emitted in the evening quickly reacts with ozone

to form NO2 again, leading to higher relative increases in NO2

there (Fig. 7b). With regard to CO the morning peaks are higher

for Albedo due to the considerable slowdown of surface tempera-

ture increase of the highly reflective surfaces in the morning hours

(Fig. 7c), which results in a reduced vertical turbulent exchange

during this time.
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Fig. 7. Diurnal course of the hourly mean relative difference in ozone, NOx and CO con

with regard to the model mean of 2 × 2 grid cells for the lowest model level (8.5 m).
For the Albedo case a small positive peak in relative mean

ourly ozone change can be observed between 1400 and 1600

EST (Fig. 7a). This effect can be explained by the higher reflected

hortwave radiation (Table 5), leading to an increase in the episode

ean hourly maximum ozone concentration by up to 4.5%. Fig. 8

hows the relative increase of daily peaks of the ozone concentra-

ion between 14 and 16 CEST for the single days of the episode.

ifferences can reach up to 10 ppb (12%) for the Albedo scenario.

or the urban greening scenario (Park) a small decrease of the peak

zone concentrations is found for all days. Possible reasons for this

ifference between the Albedo and the Park scenario will be dis-

ussed in Section 5.3 of this paper.

. Discussion

.1. Primary compounds

The concentration of primary compounds as simulated for the

owest model layer is negatively correlated to the dynamic variable
12 13 14 15 16 17 18 19 20 21 22 23 0

12 13 14 15 16 17 18 19 20 21 22 23 0

12 13 14 15 16 17 18 19 20 21 22 23 0
e [hrs]

centration [ppb] between the scenario (Albedo, Park) and the base case (Control),
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concentrations.

F

1

KE in the same level. An increase of the turbulent kinetic energy

erm (TKE) promotes a decrease of CO and NOx (Fig. 9).

Although the urban greening scenario (Park) shows the highest

ffect on TKE, the effect on CO and NOx concentrations is smaller

han for the Albedo scenario (Fig 5). The trapping effect of street

anyons is still effective when the reflective properties of roofs and

all facades are modified, whereas the Park scenario implies that

uildings are completely replaced by natural vegetation. Natural

egetation tends to dissipate sensible heat in favour of latent heat,

hich in turn decreases the surface temperature and the average

eight of the boundary layer.

No direct correlation between the concentration of primary pol-

utants and temperature was found. A change in concentration of

ne pollutant due to a decrease in atmospheric mixing however

an evoke a secondary impact on another compound via chemical

eactions. This aspect is discussed in Chapter 5.2.

.2. Secondary compounds

The lower ozone concentration with temperature reduction

annot be directly explained by a change of atmospheric dynam-

cs as it is valid for the primary pollutants CO and NOx.

Fig. 10 presents two examples which can be used to explain the

ecrease of mean ozone concentration simulated for the scenarios

lbedo and Park. On the one hand, ozone shows a negative expo-

ential relationship with NO concentration (Fig. 10a). Higher NO

ue to weaker turbulent mixing leads to a higher rate of NO titra-

ion. On the other hand a linear regression can be observed when

orrelating ozone and temperature (Fig. 10b). No significant corre-

ation was found between simulated primary VOCs (e.g. Formalde-

yde HCHO) and ozone concentration.

One of the most important factors which drive photochemical

eactions in the troposphere is high energetic shortwave radiation

Seinfeld and Pandis 2012). This aspect explains the increase of

eak ozone levels during daytime between 1400 and 1600 CEST
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ig. 9. Dependence of near surface concentration of primary pollutants CO (a) and NOx (b

0 – Aug 18 2003). Values are shown for the Control run.
hen increasing the surface reflectivity (Fig. 7a). Increasing the

lbedo from 0.2 to 0.7 for the building roofs and facades in the

rban canopy model, results in an increase of reflected shortwave

adiation. This effect is not observed for the urban greening sce-

ario (Fig 11a). Compared with the urban greening scenario, the

lbedo case shows an increase of reflected shortwave radiation by

p to 170%. This additional amount of energy accelerates photo-

hemical reactions and by this triggers ozone formation. The in-

rease of ozone for a short period between 1400 and 1600 CEST,

eads to the conclusion, that daily averaged ozone concentration

an be more efficiently decreased using urban vegetation instead

f highly reflective roofs and facades. Fig. 11 b indicates a positive

inear relationship between reflected shortwave radiation (SW_UP)

Wm−2] and near surface ozone concentration [ppb]. Fig. 11 c sup-

orts this aspect, indicating a positive relationship between the

ariable SW_UP and the photolysis rate [min−1].

According to Taha (1997a) peak ozone concentrations between

400 and 1600 h local time for the urban area of Los Angeles

nd its surroundings decreased by 4.7% when increasing the sur-

ace albedo of roofs and walls from 0.2 to 0.5. A similar effect

as found for the urban area of Sacramento (Taha, 2008), were

he city wide albedo increase reduced peak ozone by about 18%.

he maximum temperature reduction in both areas accounted for

.5 °C and 3 °C respectively. In our study however, an increase in

zone concentration, by up to 12% was found for the Albedo sce-

ario around 1500 CEST. Some possible reasons for this difference

ay be discussed here making use of the correlations shown in

igs. 10 and 11. Firstly, we apply a higher increase of the albedo of

oof and wall surfaces from 0.2 to 0.7 (Takebayashi and Moriyama,

007) which is 67% more than the increase applied by Taha (1997b,

008). The resulting reduction in maximum air temperature for

he urban area of Stuttgart on the other hand only amounts to

.5 °C, which is about 1.5–2.5 °C lower than the temperature reduc-

ion reported by Taha (1997a; 2008). The reduction of the ozone

oncentration during most times of the day (Fig. 7) can partly be

xplained by the temperature decrease which results in reduced

zone formation (Fig. 10). For high solar radiation between 1200

nd 1600 CEST, however, the effect of the additional amount of

eflected shortwave radiation can partly compensate the temper-

ture effect on chemistry in our Albedo scenario. This is proba-

ly not the case in Taha’s studies, where the temperature decrease

s larger and the increase in reflected solar radiation is less than

n our case. Secondly, the larger temperature decrease found by

aha et al. could lead to a more pronounced decrease in turbu-

ent exchange during the day and therefore to a larger increase of

he NOx concentration near the ground. This in turn leads to more

zone titration than in the current study. Finally, emissions and the

OC/NOx ratio may be different for the considered regions and also

he larger extension of the cities in the US as well as different to-

ography can alter the effect of changed urban albedo on ozone
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5.3. Analysis of tendency terms

In order to quantify the scenario impact on the concentration

of primary and secondary compounds, the respective contributions

of physical and chemical processes to the diurnal variation of NO2,

NO, CO and O3 are analysed on the basis of hourly budgets. These

budgets can be retrieved from accumulated tendency terms, pro-

vided by WRF-Chem. The base case (Control) and the Albedo sce-

nario are discussed as an example.

The budget terms for the chemical species are the chemical pro-

duction/loss tendency (CHEM), the turbulent vertical mixing ten-

dency (TURB) and the advective tendency (ADV). The net tendency

for a given chemical species can be calculated by adding up these

terms, together with the net emission at the grid cell box.

Fig. 12 shows the diurnal variations of the hourly budgets cal-

culated for the lowest model level (∼8.5 m) for the city centre.

Negative values indicate a loss and positive values a gain for the

respective term. In general the turbulence term (TURB) is negative

for primary pollutants because turbulent transport results in a di-

lution of primary compounds which are emitted near the surface.

With a maximum loss of −1000 ppbv h−1 at 0800 CEST, turbu-

lent mixing (TURB) is the dominant process for CO (Fig. 12a). The

largest negative tendencies are found during the times of the day

with maximum emissions during the morning and evening rush

hour.

From 0800 am to 1000 CEST, the turbulent kinetic energy is

tripled from 0.1 to 0.33 m−2s−2 and the PBLH raises from 20 m to

600 m respectively. For the Albedo scenario, both, TKE and PBLH

are reduced (Table 5) as compared to the base case. The lower ver-

tical exchange results in a reduced turbulent mixing term (TURB)

during the forenoon for the Albedo scenario. Less CO is mixed up-

ward during this time.

The advection term (ADV) for CO shows values ranging

from −200 to +300 ppbv h −1 for the base case. The positive

values during the nighttime can be explained by the contribution
R² = 0.61
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Fig. 11. Mean diurnal course of reflected short-wave radiation (SW_UP) for Control and

surface concentrations of O3 (b) and SW_UP and O3 photolysis rate (c) for hourly model o
f upwind located strong emissions. Due to the complex topogra-

hy of the Stuttgart area, the wind direction changes in the course

f the day from north/north-west during daytime to south/south

ast during the night. This effect leads to advection of polluted

ir masses from the industrial areas south-east of Stuttgart into

he urban area which results in a positive advection tendency for

he grid cells around the urban centre predominately during the

vening and night. During the day, ADV is lower and can even turn

egative, which indicates an outflow of polluted air from the urban

entre as the wind direction has changed to north–north west in

he morning again (Supplementary Material Fig. A). For Albedo, the

dvection term is increased as compared to the base case for most

imes of the day due to the slightly changed atmospheric dynam-

cs. The chemical term (CHEM) can almost be neglected for CO as

t is below 10 ppbv h−1.

For ozone the turbulent term TURB is always positive with

aximum values in the morning and in the evening. During this

ime ozone concentrations are higher in the residual layer than

ear the surface due to les titration and no loss by deposition and

zone is mixed downward into the surface layer from the residual

ayer as already described by Zhang and Rao (1999) and by Klein

t al. (2014). Simulated ozone profiles supporting this explanation

re presented in the Supplementary Material (Fig. B) and were also

bserved by Velasco et al. (2008). Around noon, when the bound-

ry layer is well mixed and the vertical gradient of the ozone con-

entration is only small, the turbulent term for ozone shows a local

inimum.

In the evening, downward transport from upper layers increases

gain. Due to the high NO emissions during the morning and

vening rush hours, the CHEM term shows local minima at these

imes as ozone is depleted by NO-titration (Fig. 12b). During night-

ime, O3 at the surface is destroyed by NO as well. Even during

aytime the photochemical ozone formation is not able to out-

erform the titration by NO in the lowest model layer at the re-

arded location in the city centre. The advection term (ADV) is
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Fig. 12. Diurnal variation of mean hourly budgets of CO (a), O3 (b) NO (c) and NO2 (d) with respect to turbulence (TURB), advection (ADV) and chemistry (CHEM) for the

Control case and the Albedo scenario for the centre of Stuttgart. The solid line shows the ‘Control’ case and the dashed line the ‘Albedo’ scenario.
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uctuating in the range of ±20 ppb and is positive for the Control

un.

For the Albedo scenario, the turbulent downward flux of ozone

s reduced in particular during the morning coming along with

reduction of turbulent mixing. A less negative chemical ten-

ency is observed during most of the daytime with the maximum

ifference at around 1500 CEST, which can be explained by the

igher photolysis due to the strongly enhanced reflected short-

ave radiation for the Albedo scenario (Fig 11). This reduction in

hemical ozone loss was not found for the ‘Park’ scenario (see

upplementary Material Fig. C) where the effect of the temperature

ecrease is dominant and results in enhanced chemical destruction

f near surface ozone for all hours of the day. In particular, the less

egative peak in the chemical tendency in the afternoon that was

ound for the Albedo scenario is not present for the CHEM term of

he Park scenario. This can explain why maximum ozone concen-

rations are decreased for the Park scenario and increased for the

lbedo scenario (Fig. 8).

For both NO (Fig. 12c) and NO2 (Fig. 12d), the TURB term is

egative during the day, as vertical mixing dilutes the compounds

hich are emitted near the ground. For NO and NO2 the TURB

erm shows negative peaks, corresponding to high levels of emis-

ion/concentration. CHEM is reversed for NO and NO2, as emitted

O is transferred to NO2 when reacting with ozone. For this term,

nly a small difference can be found between both scenarios. Same

s true for the advection term ADV. ADV can almost be neglected

or NO as it quickly reacts to NO2 and its concentration is close

o zero during most times of the day. The high nighttime values

f the NO2 advection term can be explained equivalent to CO. In

eneral, Fig. 12 confirms the impact of a higher albedo on turbu-

ent mixing. The results from this analysis can be compared with

he findings of Sarrat et al. (2006) stating the key role of turbulent

uxes on atmospheric chemistry.

. Conclusion

Simulations with WRF-Chem including the multi-layer urban

anopy model BEP were performed for the city of Stuttgart for a
ummer episode in 2003 in order to point out that well-known ur-

an heat island mitigation measures can also have side effects on

rban air quality. This specific period was chosen, because it pro-

ides a powerful case study for anticipating the impacts of sum-

ertime climate change in Europe (Vautard et al., 2007).

The selected measures can have both positive and negative im-

acts on primary and secondary pollutants. For the secondary pol-

utant ozone, our simulation results indicate a decrease in average

ear surface concentrations by 5–8%, when applying urban green-

ng or highly reflective surfaces. The present study could prove

hat an increase of albedo and urban vegetation is able to im-

rove air quality, leading to reduction of daily mean ozone concen-

ration. By this, it supports findings from previous studies (Taha,

997a,b, Akbari et al., 2001). With regard to peak ozone concen-

rations however we simulated an increase by up to 12% for our

igh albedo scenario whereas Taha (1997a; 2008) report about a

ecrease in peak ozone. This can be attributed to the stronger

lbedo increase applied here while the simulated temperature de-

rease was considerably smaller for Stuttgart than for the US cities

n Taha (1997a; 2008).

With regard to the primary pollutants CO or NOx, the positive

ffect of reduced temperature is reversed. Model results show, that

temperature reduction has a significant effect on the dynamical

tructure of the urban boundary layer. A decrease of turbulent ki-

etic energy (TKE) due to a lower temperature leads to a lower rate

f turbulent mixing and a decrease of the mixing layer height, thus

esulting in higher near surface concentrations of primary pollu-

ants. This holds in particular for the scenario where the albedo of

uilding roofs and walls was increased resulting in a relative in-

rease in primary pollutants by up to 25% for both, NOx and CO.

It was not the purpose of this paper however to develop a rec-

mmendation for the implementation of a specific measure, as dif-

erent positive and negative effects have to be traded off against

ach other and more detailed studies will be required for such a

ecision. Our paper provides a modelling case study for a Mid-

uropean city. For cities with different size, location, population

ensity, emission or meteorological conditions the same measures

ight have different effects on air quality.
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The effects explained before do also not consider a change in

emissions, which practically would be the most efficient strategy

to improve urban air quality. Furthermore, this case study deals

only with meteorological conditions found for a clear sky, sunny

period in summer.

Within applied urban planning, the social effect of a park, in-

creasing the well-being of the urban dwellers, has to be taken

into account as well. However, the tree species planted in the park

must be carefully chosen in order to avoid an increase in ozone

concentrations due to increased biogenic VOC emissions (Donovan

et al., 2005). The role of biogenic emissions and their function as

precursor substances to a number of chemical reactions is in the

focus of current and previous scientific work in the field of urban

air quality (Chameides et al., 1988; Grote et al., 2013). Rising tem-

perature under future climate conditions can increase the emission

of BVOCs, thus increasing ozone concentration for instance. Finding

strategies to avoid that urban greening can also negatively affect

the air quality by the emission of biogenic compounds is consid-

ered to be a major challenge in future studies.
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