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Abstract. Climate change is expected to influence urban living conditions and
challenge the ability of cities to adapt to and mitigate climate change. Urban
climates will be faced with elevated temperatures and future climate conditions
are expected to cause higher ozone concentrations, increased biogenic emis-
sions from vegetation, changes in the chemistry of the atmosphere and changes
in deposition of particulate air pollution. This paper describes a conceptual out-
line of a decision-support system for assessment of the impacts of climate
change on urban climate and air quality, and for assessment of integrated cli-
mate change and air pollution adaptation and mitigation strategies.
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1 Introduction

Climate change is expected to increase the global temperature, raise the sea level and
alter the storm activity and precipitation patterns that give rise to flooding and drought
events. These parameters affect urban living conditions and challenge the ability of
cities to adapt to and mitigate climate change. Under future climate conditions it is
expected that we will have higher ozone concentrations, increased biogenic emissions
from vegetation, changes in the chemistry of the atmosphere and changes in how
particulate air pollution is washed out of the air or otherwise removed. These changes
may pose health risks to the population. Urban climates will be faced with elevated
temperatures due to an increased urban heat island effect. At the same time, many
cities are growing with challenges in urban, traffic and energy planning in a situation
where a low-carbon economy needs to be developed to reduce climate impacts. Con-
tinued reductions in air pollution and greenhouse gases are important, as they pose
serious threats to both people's health and the environment.

The aim of this paper is to describe a conceptual outline of a decision-support sys-
tem for assessment of the impacts of climate change on urban climate and air quality,
and for assessment of integrated climate change and air pollution adaptation and miti-
gation strategies.
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2 System Description

Figure 1 shows a conceptual outline of sub-models in a decision-support system for
assessment of the impacts of climate change on urban climate and air quality, and for
integrated assessment of climate change and air pollution adaptation and mitigation
strategies.
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Fig. 1. Conceptual outline of sub-models in a decision-support system for assessment of the
impacts of climate change on urban climate and air quality, and for integrated assessment of
climate change and air pollution adaptation and mitigation strategies

Dynamic climate downscaling to regional level is based on the HIRHAM regional
climate model developed at the Danish Meteorological Institute (DMI). The HIR-
HAM simulations can then successively be used to simulate Urban Heat island effects
by setting up a very high resolution meso-scale model where urban effects are de-
scribed. This model setup can predict future regional climates under different global
climate scenarios, and it can be downscaled to predict future urban climates around
the world. Scenarios that target the reduction of urban temperatures can be modelled
through adaptation measures.

The air pollution modelling part of the system includes interlinked air quality mod-
els to model regional (Danish Eulerian hemispheric Model (DEHM)), urban back-
ground (Urban Background Model (UBM)) and street concentrations (Operational
Street Pollution Model (OSPM)) developed at National Environmental Research
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Institute (NERI). Regional concentrations represent conditions in rural areas outside
cities and are influenced by all sources within a very large region, urban background
levels represent the general pollution level in the city e.g. at roof top level in a city or
in an urban park and are due to the regional concentrations including the urban incre-
ment from urban sources, and street concentrations include the urban background
concentrations and the street increment due to vehicle sources in the street.

The Danish Eulerian Hemispheric Model (DEHM) provides predictions of future
regional air quality based on meteorological predictions from the climate model and
based on future emission scenarios to obtain certain climate conditions. This model
covers the Northern hemisphere.

Urban background modelling may be based on the Urban Background Model
(UBM), and modelling of street concentrations by the Operational Street Pollution
Model (OSPM). Mapping of air quality at street scale for en entire city can be carried
out by the AirGIS system. AirGIS is able to generate street configuration and traffic
data for the OSPM model based on digital maps and databases that enables estimation
of air quality levels at a large number of addresses in an automatic and effective way.
The impacts to future air quality on urban and street scale can be evaluated for differ-
ent emission scenarios e.g. scenarios on sustainable energy system, fuel and technol-
ogy changes in road transportation, urban planning etc.

Health impact assessment and assessment of the external costs of air pollution are
based on the EVA-system (Economic Valuation of Air Pollution) developed by
NERI. External costs included are the costs associated to the health effects of air pol-
lution. In a cost-benefit analyse of different policy options the EVA-system will pro-
vide the benefits (reduced costs) of reductions in emissions. The air pollution part of
the EVA-system is based on the DEHM and UBM models and hence provides as-
sessment of external costs at the regional and urban background level.

3 System Features
The decision-support system includes the following features:

(a) Climate and air pollution models that will enable simulation of changes to re-
gional climate and air quality at different spatial scales under different future climate
scenarios.

(b) Assessment of the impacts on regional as well as urban climate with focus on
modelling of the urban heat island effect causing significantly warmer metropolitan
areas than surrounding rural areas.

(c) Modelling and assessment of air quality; health impacts and associated external
costs of air pollution as input to cost-benefit analysis of different policy options.

(d) Impact assessment of climate change adaptation measures to urban heat island
effects (e.g. changes in black (asphalt, concrete etc.), green (vegatative) and blue
(water) surfaces).

(e) Impact assessment of mitigation measures within urban and traffic planning and
sustainable low-carbon energy utilisation as a basis for identification of optimal inte-
grated climate change and air pollution mitigation scenarios.
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(f) Visualisation of emissions, air quality and urban climate on different geographic
scales using GIS. Relevant data may also be visualised using WebGIS for internet
dissemination of results in a user friendly and interactive way to the general public.

4 Sub-Models

4.1 Regional Climate Modelling

Increasingly reliable regional climate change projections are now available for many
regions of the world due to advances in modelling and understanding of the physical
processes of the climate system. Atmosphere-Ocean General Circulation Models
(AOGCMs) remain the foundation for projections while downscaling techniques now
provide valuable additional detail e.g. [8] [9] [25]. GCMs cannot provide information
at scales finer than their computational grid (typically of the order of 200 km) and
processes at the unresolved scales are important. Providing information at finer scales
can be achieved through using high resolution in dynamical models or empirical sta-
tistical downscaling. Development of downscaling methodologies remains an impor-
tant focus and downscaled climate change projections tailored to specific needs are
only now starting to become available [11] [15]. Here we propose to use a chain of
models, where a GCM is the first link in the chain. These relatively coarse resolution
simulations are then providing lateral boundary conditions for a dynamical down-
scaling set up with the regional climate model HIRHAM [10]. Information originating
from the GCM about atmospheric temperature, moisture content, wind and surface
pressure is passed to the regional model every 6 hours at the lateral boundary as is sea
surface conditions (temperature and sea ice if present), except this information only is
updated once per day.

The HIRHAM model has been applied in such a set-up for many regions of the
world, including Europe, North America, the Arctic, Africa and East Asia e.g. [9] [26]
[24]. Different resolutions have been applied including very high resolution (e.g.
5km) and experiments have been performed that spanning periods up to 150 years.

The HIRHAM simulations can then successively be used to simulate Urban Heat
Island effects by setting up a very high resolution meso-scale model (~1km horizontal
grid scale), where urban effects are described or parameterized.

4.2 Urban Heat Island Effect Modelling

The modified land surface in cities affects the storage and radiative and turbulent
transfers of heat and its partition into sensible and latent components. The relative
warmth of a city compared with surrounding rural areas, known as the urban heat
island (UHI) effect, arises from these changes and may also be affected by changes in
water runoff, pollution and aerosols. Urban heat island effects are often very localised
and depend on local climate factors such as windiness and cloudiness (which in turn
depend on season), and on proximity to the sea. From a modelling perspective, it is
simple to assess the importance of an urban heat island. Experiments can be designed
and performed in which different surface characteristics describing the urban area is
introduced. This will allow for a detection of the localized UHI effect as well as more
remote influences, which may be of some importance if the urban site is a mega-city
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or consists of a larger conglomerate of several major cities. An increase of surface
temperatures up to 5-10°C have been reported as the effect of UHI in US [28].
Methods of monitoring and modelling UHI must involve mapping of land cover.
Most methods use mapping by remote sensing of mainly two parameters that can
roughly be categorized as ‘black surfaces’ and ‘green surfaces’. Black surfaces are not
all black, but characterised by having 'black body' like radiation reflection and
emissivity. These are typically asphalt, concrete, and various roof materials that all are
good absorbers of solar radiation and mostly with high heat capacity. Green surfaces
are often reflected by a vegetation index, e.g. NDVI. This parameter describes the
surface cover photosynthetic properties, and is a proxy for vegetation cooling by
evapotranspiration. ‘Blue surfaces’ (water faces) also have UHI properties highly
different from black surfaces, and should be included in any modelling if present. If
available, thermal infra-red images of night time surface temperatures can contribute
considerably to local understanding and will potentially increase model accuracy. All
relevant parameters can be retrieved from commercially available satellite images.
Measures against increasing UHI includes mainly vegetation, and with less effect,
the use of lighter-coloured materials. The use of ‘green roofs’ has a cooling effect and
also a positive effect in case of extreme precipitation events. Trees and larger plants
can also cast shadow as well as contribute with transpiration. ‘Living roofs offer
greater cooling per unit area than light surfaces, but less cooling per unit area than
curbside planting’ [27]. Optimally the combined use of vegetation and materials with
favourable reflective, emissive and heat capacity properties should be considered.

4.3 Regional Air Quality Modelling

The Danish Eulerian Hemispheric Model (DEHM) is a three-dimensional, offline,
large-scale, Eulerian, atmospheric transport and chemistry model developed to study
long-range transport of air pollution in the Northern Hemisphere and Europe [4] [6]
[7] [12] [13]. The model domain covers most of the Northern Hemisphere, discretized
in a 96 x 96 horizontal grid, using a polar stereographic projection. The projection is
true at 60° north, where the horizontal grid resolutions for the coarse, medium and
fine grids are 150 km x 150 km, 50 km x 50 km, and 16.67 km x 16.67 km, respec-
tively, using two-way nesting [13]. The vertical grid is defined using the c-coordinate
system, with 29 vertical layers. The model describes concentration fields of 58
chemical compounds and 9 classes of particulate matter (PM, s, PM;,, TSP, sea-salt <
2.5 um, sea-salt > 2.5 um, smoke, fresh black carbon, aged black carbon, organic
carbon). A total of 122 chemical reactions are included. Furthermore, the model
includes options for describing persistent organic pollutants and mercury.

Wet deposition, included in the loss term, is expressed as the product of scaveng-
ing coefficients and the concentration. In contrast, dry deposition is solved separately
for gases and particles, and deposition rates depend on the land-cover. Emissions are
based on several inventories, including EDGAR, GEIA or RCP, retrospective wild-
fires, ship emissions both around Denmark and globally, and emissions from the
EMEP database. The model has undergone an extensive model validation where
model results have been validated against measurements from the whole of Europe
over a 20 year period.
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To calculate the marginal difference in regional ambient concentration levels due
to a specific emission source or sector, DEHM includes a ‘tagging’ method [5], to
examine how specific emission sources influence air pollution levels, without assum-
ing linear behaviour of atmospheric chemistry, and reducing the influence from the
numerical noise. This method, used as a basis for the EVA model system (see below)
is more precise than taking the difference between two concentration fields. DEHM
has been used to study climate change impacts on future air pollution levels by couple
the model to climate data [17] [18].

4.4 Local-Scale Air Quality Modelling

For urban areas an interlinked modelling approach is implemented that applies the
modelled regional climate and air pollution as boundary conditions for local-scale
modelling of urban background concentrations that again are boundary conditions for
modelling of street concentrations. In this case, urban background concentrations are
modelled with the Urban Background Model (UBM) and street concentrations with
the Operational Street Pollution Model (OSPM).

Urban background levels are defined to represent conditions at roof top level in a
city or in an urban park. Hourly urban background data are modelled with the Urban
Background Model (UBM) [3], a simple area source based dispersion model. Contri-
butions from individual gridded area sources are integrated along the wind direction
path assuming linear dispersion with the distance to the receptor point. Horizontal
dispersion is accounted for by averaging the calculated concentrations over a given
wind direction sector that is dependent on the wind speed and centred on the hourly
average wind direction. The model includes simple photochemistry to predict NO,
formation, and requires inputs on emissions, meteorological data and regional back-
ground concentrations, as well as land-cover data to estimate surface roughness. A
model region of e.g. 35 km x 50 km may be defined with a grid resolution of 1 x 1
km® for emission inputs for vehicle emissions that is a major source in larger urban
areas. Contributions from sources other than vehicles may also be taken into account
including industries, space heating, non-road etc.

Concentration levels within the street canyons are calculated with the Operational
Street Pollution Model (OSPM) [2]. The calculation points are chosen so as to be
representative of locations in front of the buildings at user-specified heights. The
OSPM requires information about street geometry (e.g. street orientation, street width,
building height in wind sectors), hourly traffic emissions, meteorological parameters
and urban background concentrations. The model computes pollution levels as the
sum of the direct contribution from traffic and the contribution from the wind-
generated recirculation of air pollution inside the street environment. The direct con-
tribution is described by a plume dispersion model and the recirculation contribution
by a box model that takes into account the exchange with the urban background air.
The influence of traffic induced turbulence is taken into account and it is especially
important for low wind speeds. Traffic induced turbulence depends on vehicle density
in the street, horizontal area occupied by vehicles and vehicle speed. The model also
includes simple photochemistry involving NO, NO, and O; for estimation of NO,
concentrations. The OSPM model has been successfully tested against monitor sta-
tions in Denmark, other European countries and in US and Asia [22].
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The AirGIS system is a deterministic exposure model system based on the OSPM
model and urban background concentrations (UBM model) together with digital
maps, register data, traffic data, and Geographic Information Systems (GIS) for esti-
mation of air pollution and human exposure in urban areas [19] [20]. One of the
unique features of AirGIS is that it is able to generate street configuration and traffic
data for the OSPM model based on digital maps on road links with traffic data and
building footprints with building heights. This enables estimation of air quality levels
at a large number of street locations in an automatic and effective way in urban
areas [23].

Demonstration of linked modelling of regional, urban background and street air
quality has been shown in studies for short-term forecasts [4], as well as for future air
quality assessment under climate mitigation measures with focus on utilisation of
hydrogen [21] and biofuels in road transportation [16].

4.5 Economic Evaluation of Air Pollution

The concept of the integrated EVA (Economic Valuation of Air pollution) model
system is based on the impact pathway chain [1] [14] [5]. The site-specific emissions
are causing (via atmospheric transport and chemistry) a concentration distribution,
which together with detailed population data is used to estimate the population-level
exposure. Using exposure-response functions for health impacts and economic valua-
tions, the exposure is transformed into impacts on human health and related external
costs.

The EVA system consists of the regional-scale air pollution model DEHM, ad-
dress-level or gridded population data, exposure-response functions and economic
valuations of the impacts from air pollution. The essential idea behind the EVA
system is that state-of-the-art methods are used in all the individual parts of the im-
pact-pathway chain. Other comparable systems commonly use linear source-receptor
relationships, which do not accurately describe non-linear processes such as atmos-
pheric chemistry and deposition. The EVA system has the advantage that it describes
such processes using a comprehensive, state-of-the-art chemical transport model
when calculating how specific changes to emissions affect air pollution levels. All
scenarios are run individually and not estimated using linear extra-/interpolation from
standard reductions.

The EVA-system is able to estimate the external costs of health-related air pollu-
tion based on e.g. emission reduction scenarios. In a cost-benefit analyse of different
policy options the EVA-system will provide the benefits (reduced costs) of reductions
in emissions.

5 Conclusion

A conceptual outline has been presented of a decision-support system for assessment
of the impacts of climate change on urban climate and air quality, and for assessment
of integrated climate change and air pollution adaptation and mitigation strategies.
The model system includes dynamic climate downscaling to regional level under
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different future global climate scenarios as well as subsequent Urban Heat Island
effect modelling. The air pollution modelling part of the system includes interlinked
air quality models to model regional, urban background and street concentrations. The
regional concentrations are based on meteorological predictions from the climate
model and on associated future emission scenarios. Health impact assessment and
assessment of the external costs of air pollution are also estimated and may provide
input to cost-benefit analyse of different policy options.

The impacts to future air quality on urban and street scale can be evaluated for dif-
ferent emission scenarios e.g. scenarios on sustainable energy systems, fuel and tech-
nology changes in road transportation, urban planning etc.
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