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ABSTRACT
The ozone chemistry in four decades (1890s, 1990s, 2090s and 2190s) representing the changes over three centuries has
been simulated using the chemistry version of the atmospheric long-range transport model: the Danish Eulerian Hemispheric Model (DEHM) forced with meteorology projected by the ECHAM5/MPI-OM coupled Atmosphere-Ocean
General Circulation Model. The largest changes in meteorology, ozone and its precursors are found in the 21st century,
however, also significant changes are found in the 22nd century. At surface level the ozone concentration is projected to
increase due to climate change in the areas where substantial amounts of ozone precursors are emitted. Elsewhere a significant decrease is projected at the surface. In the free troposphere a general increase is found in the entire Northern
Hemisphere except in the tropics, where the ozone concentration is decreasing. In the Arctic the ozone concentration
will increase in the entire air column, which most likely is due to changes in atmospheric transport. Changes in temperature, humidity and the naturally emitted Volatile Organic Compounds (VOCs) are governing the changes in ozone
both in the past, present and future century.
Keywords: Ozone; Climate Change; Air Quality; Modelling

1. Introduction
Since the industrialization the concentration of greenhouse gases in the atmosphere has increased. The greenhouse gases affect our climate, which has been undergoing a continuous change into what we experience today.
Atmospheric chemistry is highly dependent on temperature, humidity and solar radiation and the observed warming will inherently affect the chemical composition of
the atmosphere.
The effect of changes in meteorology on air pollution
levels implies that even though we today decide to keep
the anthropogenic emissions of air pollutants constant,
the air pollution levels will change anyway in response to
climate change.
This paper focus on ozone, which in the lower troposphere acts as a toxic gas that through respiratory and
cardiovascular diseases can lead to premature death of
humans. Furthermore ozone is harmful to plants in high
concentrations and can diminish the crop yield substantially. Since air pollutants like ozone can have tremendous effect on human health, agriculture, the terrestrial
and marine eco-systems etc., it is important to project the
Copyright © 2012 SciRes.

future air pollution levels. These findings can be used to
develop and implement new air pollution legislation,
which hopefully will minimize the negative consequences of human interference with the environment.
So far the research community has concentrated on air
quality in the 21st century [1-6]. Here we use a 340-year
long climate simulation to investigate ozone and its related precursors in the past, present and future. We focus
on the impacts of climate change alone by keeping the
anthropogenic emissions constant at a year 2000 level. In
Section 2 the climate model and the applied climate
simulation are described. Section 3 describes the applied
chemistry model and the experimental setup and finally
the results are displayed and discussed in relation to the
chemical reactions included in the model in Sections 4
and 5. In Section 6 the findings are summarized together
with some future perspectives.

2. Climate Projections Using
ECHAM5/MPI-OM
The coupled atmosphere-ocean model ECHAM5/ MPIOM used to drive the chemical transport model DEHM
ACS
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consists of the atmospheric general circulation model
ECHAM5 [7,8] and the ocean-sea-ice model MPI-OM
[9]. The atmospheric model ECHAM5 is horizontally
defined in a spectral grid with truncation T63. Vertically
the model is defined in a hybrid sigma-pressure system
and divided into 31 layers with the top layer at 10 hPa.
State-of-the-art parameterizations are used for shortwave
and long-wave radiation, stratiform clouds, boundary
layer and land-surface processes and for describing gravity wave drag in the model. A description of the aerosol
effect included in this model version can be found in [10].
The ocean-sea-ice model has a horizontal resolution of
1.5˚ × 1.5˚ and is vertically discretized into 40 z-levels.
Concentration and thickness of sea ice is treated interactively in the model by a dynamic and thermodynamic
sea-ice model. For further details of the ocean-sea-ice
model, see [9].
The atmosphere model ECHAM5 and the ocean-seaice model MPI-OM is interactively coupled and exchange information regarding sea-surface temperature,
sea-ice concentration and thickness, wind stress, heat and
freshwater once a day. Further details of the coupling can
be found in [10] and [11]. The model does not employ
flux adjustments. The coupling of the atmosphere and
ocean model has been tested by [11] and is found to perform well with respect to sea surface temperatures, seaice conditions, meridional heat transport and transport of
freshwater [10].
The specific climate simulation used in this experiment is forced with emissions, based on realistic estimations until year 2000 and emissions according to the
SRES A1B scenario in the period 2000-2100. In the final
period 2101-2200 all the emissions have been fixed at a
2100-level. The SRES A1B scenario assumes a future
world with very rapid economic growth and a rapid introduction of new and more efficient technologies balanced between both fossil—and non-fossil intensive energy sources. The population growth peaks in about 2050
and declines hereafter [12]. It should be noted that this
forcing from emissions only applies to the projected meteorology. The anthropogenic emissions used in the
DEHM model are kept constant in order to isolate the
signal from climate change on the air pollution levels.

Projected Meteorology
The climate simulation applied in this study was part of
the 4th IPCC Assessment Report (AR4) multi-model
ensemble study. In the current simulation the global temperature is projected to increase by 3.0˚C by the end of
the 21st century and by 4.3˚C by the end of the 22nd
century, both relative to the period 1971-2000 [10]. This
increase is a little higher than the average value (2.7˚C
and 3.4˚C, respectively) projected by the multi-model
Copyright © 2012 SciRes.
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ensemble following the SRES A1B scenario in the AR4
[13]. However, it is well within the standard deviation of
the IPCC AR4 multi-model ensemble by the end of the
21st century. In Figure 1 the mean temperature at the
lowest model level of the four decades (1890s, 1990s,
2090s and 2190s) considered in this study is plotted (upper panel) together with the absolute change between
these decadal mean values (center panel) and the signifycance of these changes (lower panel) using a student’s
t-test [14]. Temporally the temperature is increasing significantly in the two future decades (2090s and 2190s)
relative to the 1990s. The ECHAM5/MPI-OM model simulation generally also projects a temperature increase in
the 20th century (represented by the difference between
the 1990s and the 1890s), however, this increase is only
significant in the tropics. Further, a temperature decrease
is projected over the North Atlantic storm tracks in the
former period (1990s minus 1890s).
The absolute largest temperature increase is found in
the 21st century (see centre plot of Figure 1). This is in
line with results from [10] who found that the changes in
the global annual mean near-surface temperature is largest around year 2060 with a warming rate of more than.
4.5˚C. This high warming rate is due to a strong increase
in all greenhouse gases except methane and a marked
reduction in the anthropogenic sulphur emissions according to the SRES A1B emission scenario. Focus- sing
on the 21st century (2090s-1990s) the temperature increase is largest in the Arctic region, where it locally
exceeds 9˚C. Over land areas in general the temperature
increase ranges from 3˚C to 6˚C and over the ocean the
increase is more modest in the range 1˚C to 4˚C.
The projected temperature change found in the 21st
century is continuing into the 21st century with reduced
strength.
In Figure 2 results for the specific humidity is shown.
The specific humidity is closely related to the atmospheric temperature. At saturation the specific humidity is
a quasi-exponential function of temperature according to
the Clausius-Clapeyron equation [15]. This exponential
dependency implies that the change in humidity is significantly largest at low latitudes (where the highest
temperature is projected). The specific humidity distribution follows the latitudes very closely (Figure 2). As the
projected temperature field (Figure 1), the specific humidity also shows the absolute largest changes within the
21st century (middle panel of Figure 2). In the 21st century the projected change in specific humidity is only
significant in the tropical region. Vertically the largest
change in specific humidity is confined to the lowest part
of the troposphere where most water vapour in the atmosphere is found, in contrast to the vertical profile of
temperature change, which is rather uniform.
The shortwave radiation depends on both space and
time and is derived from the cloud cover calculated by
ACS

548

G. B. HEDEGAARD

ET AL.

Figure 1. Top panel: Decadal mean temperature of the lowest model layer in ˚C of the decades; 1890s, 1990s, 2090s and 2190s.
Middle panel: The difference in ˚C. Bottom panel: The significance of the differences according to the students t-test [14].
The threshold value for significance is chosen to 10% (white areas indicates no significant change).

ECHAM5 according to the method used in [16]. In Figure 3 the shortwave radiation of the four decades is
shown together with the difference and the significance
of these differences. The largest changes are projected in
21st century, where the shortwave radiation is projected
to increase in the southern mid-latitudes and the subtropics. This is in line with the general idea that the Earth in
the future will experience longer and more persistent
periods with drought and high temperatures in the subtropics [17]. In contrast to the temperature and specific
humidity, the change in shortwave radiation is only significant in the 21st century (see lower panel, Figure 3).
The projected change is highly dependent on latitude and
is increasing everywhere in the domain, except over the
tropical Pacific Ocean.
Since the shortwave radiation is derived from latitude
and the cloud cover from ECHAM5, the area of decreasing shortwave radiation over the tropical Pacific most
likely is due to an increase in cloud cover in the climate
simulation. The ECHAM5/MPI-OM simulation has been
part of the multi-model ensembles of 4th IPCC report
Copyright © 2012 SciRes.

(AR4), which confirms a general increase in cloud cover
over the tropical Pacific [13]. In central and southern
Europe the shortwave radiation is projected to increase
more than 20%, which is in good agreement with the
theory of longer and more persistent periods of dry warm
summers in the future at these latitudes [18,19].

3. The Danish Eulerian Hemispheric Model
The Atmospheric Chemistry Transport Model, DEHM
(Danish Eulerian Hemispheric Model) [20-22] has been
driven on meteorology of the past, present and future
projected by the ECHAM5/MPI-OM Atmosphere-Ocean
General Circulation Model [7,8,10] forced with the IPCC
SRES A1B emission scenario [12]. Ozone and the related
photochemical species have been investigated thoroughly
in four decades (1890s, 1990s, 2090s and 2190s) with
respect to the impacts of climate change. A thorough statistic analysis using construction of Empirical Orthogonal Function (EOF) and surrogate data has shown that the
four chosen decades (1890s, 1990s, 2090s and 2190s) is
ACS
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Figure 2. Average decadal specific humidity in the lowest model layer in Kg·Kg–1. Setup the same as Figure 1.

representing the internal variability of the full 340-year
long period within a significance level of 10% [23]. The
performance of the full model system with ECHAM5/
MPI-OM model coupled to the DEHM model system has
been thoroughly tested in earlier studies [3,16].
In the current model setup, the model domain covers
slightly more than the Northern Hemisphere (see Figure
1). The horizontal grid has a resolution of 150 km × 150
km using a polar stereographic projection true at 60˚N.
Vertically the model consists of 20 unevenly distributed
layers defined on terrain following σ-levels extending up
to a height of approximately 16 km (100 hPa). Boundary
conditions for the model domain depend on the direction
of the wind, such that free boundary conditions are used
for sections where wind flows out of the domain. Constant boundary conditions are used for sections of the
boundary where wind is flowing into the domain; in this
case, the boundary value is set to the annual average
background concentration. For ozone these are taken
from ozone soundings [24] and are the same for all simulations in this study.
The chemistry scheme in DEHM is based on the European Monitoring and Evaluation Programme (EMEP)
Copyright © 2012 SciRes.

scheme [25]. The model describes concentration fields of
58 chemical species, including secondary inorganic particles and 7 species representing primarily emitted particulate matter (PM2.5, PM10, TSP, sea-salt, fresh black
carbon, aged black carbon and organic carbon). A total of
122 chemical reactions are included. Wet and dry deposition is parameterized similar to the EMEP model [25],
except for the dry deposition of species on water surfaces.
In this case, the deposition depends on the solubility of
the chemical specie and the wind speed (for further details see [26,27]). Details about the numerics can be found
in [20,28-30].

Emissions
The anthropogenic emissions that have been used as input to the chemistry transport model DEHM have been
fixed at a year 2000 level to isolate the signal from climate change on air pollution. The emissions of the pri
mary pollutants consist of data from the Global Emissions Inventory Activity (GEIA) [31], the Emission Database for Global Atmospheric Research (EDGAR) [32]
both with global coverage, and the EMEP emissions [33]
covering Europe. The GEIA database includes natural
ACS
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Figure 3. Average decadal shortwave radiation in the lowest model layer in Wm–2. Setup same as Figure 1.

emissions of NOx from soil and lightning and Black Carbon, which mainly originates from biomass burning.
These natural emissions have also been fixed at a year
2000 level.
On the contrary the emission of isoprene is calculated
dynamically in the model according to the GEIA natural
VOC emission model [34]. GEIA is an empirically based
emission scheme which simulates changes in temperature
and sunlight (as two main environmental controls) on
isoprene emission factors, which are ecosystem dependent isoprene emission rates at standard conditions (30˚C
and 1000 μmol·m–2·s–1 photon flux). The GEIA natural
VOC emission model uses 59 different ecosystem types
and assigns each area of the Earth’s land surface to one
of these terrestrial ecosystems. In [34] isoprene emission
factors for each ecosystem can be found and the natural
VOC emission model GEIA calculates the total flux of
isoprene as the sum of emissions from each ecosystem
within every grid cell.

4. Results
In Figure 4 the distribution (upper panel), the differences
(centre panel) and the significance (lower panel) of the
Copyright © 2012 SciRes.

ten-year average O3 concentrations in ppbV is displayed.
In all four decades surface O3 concentration is highest in
the subtropics and the tropics over land, especially close
to the anthropogenic precursor sources and downstream
from these. A local measured ozone concentration consists of a local, a regional, and an inter-continental (background) contribution, which depends on the distance to the
precursor sources, the local photochemical cond- itions
and the transport pathways. The concentration distribution plotted in Figure 4 (upper panel) reflects these
features well.
The centre panel of Figure 4 shows the projected
differences in ozone concentration. The most pronounced
change is found in the 21st century with a general
decrease over the ocean and very remote areas (as e.g.
the desert of Sahara and central Asia) and an increase
over the densely populated areas and areas dominated by
dense vegetation and thereby high biogenic isoprene
emissions. The change in concentrations over the Arctic
Ocean differs from the above pattern. The Arctic is a
remote and clean area with respect to NOx/VOC chemistry,
however, a significant increase in the ozone concentration is projected in both the 21st and 22nd century (cf.
Figure 4 middle and lower panel).
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Figure 4. Top panel: Decadal mean surface ozone concentration in ppbV for four decades (1890s, 1990s, 2090s and 2190s).
Middle panel: The difference in ppbV. Bottom panel: The significance of the differences according to the students’ t-test. The
threshold value for significance is 10% (white areas indicates no significant change).

In Europe the ozone concentration is projected to
decrease in the 20st century (1990s-1890s), increase significantly in the current century (2090s-1990s) and continually increase at a lower and insignificant rate in the
22nd century (2290s-1990s) (Figure 4). Since the anthropogenic emissions are kept constant in all three periods
the projected change in ozone concentration is solely due
to impact of climate change. In order to produce or
destroy ozone, sunlight is needed and from Figure 3 it
can be seen that the global radiation is projected to
increase significantly in most of the domain in the 21st
century. Specifically in Europe the ozone concentration
projection is very similar to the projected global radiation
with a small decrease in the the 20th century, a highly
significant increase in the 21st century and finally a less
significant increase in the 22nd century.
The main source of OH in the atmosphere is photolysis
of O3 resulting in exited oxygen O(1D) which further
reacts with H2O to form OH radicals. In relation to climate change it is important to note that O(1D) can either

Copyright © 2012 SciRes.

react with H2O or collide with N2 or O2 and quenched to
ground state oxygen O(3P). As the temperature and water
vapour increases in the future due to climate change
(Figures 1 and 2) reaction with H2O is more favourable
than the formation of O(3P), which in the remote and
clean areas leads to a decrease in the ozone concentration.
This can be observed in Figure 4, where a decrease of
ozone in especially the 21st century is projected in the
remote areas (e.g. over the oceans).
Figure 5 shows the changes of OH concentrations.
Since the hydroxyl radicals determine the oxidation capacity of the atmosphere, they are important when considering pollution levels; e.g. the fate of primary emitted
pollutants, formation of ozone and secondary particles. In
Figure 5 there is an increasing tendency in the 21st century over the ocean, in large part of Europe, including
Greenland, Arabia, central Asia and to some extend over
the ocean in the vicinity of the major international ship
routes. The significant increase over the southern the
Pacific can be explained by changes projected in the
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Figure 5. Average decadal concentration of hydroxyl radical (OH) in the lowest model layer in ppbV. Setup the same as in
Figure 4.

global radiation and humidity (Figures 2 and 3). On the
contrary the hydroxyl radical levels are decreasing elsewhere in the domain of interest. In the 20th and 22nd
century the picture is more mixed with areas with both
significant increasing and decreasing levels, which most
likely can be explained by the less significant changes in
the solar radiation and specific humidity in these centuries (see Figures 2 and 3).
The oxidation of VOC and CO plays a central role to
the overall O3 budget. Non-methane Volatile Organic
Compounds (VOCs) can be split into anthropogenic VOCs
(AVOCs) (~10% of total) and Biogenic VOCs (BVOCs)
(~90% of total) (e.g. [35]). In this study the antropogenic
emissions have been kept constant in order to separate
out the impacts of climate change. In contrast the emissions of BVOCs is free to vary according to the changing
climate conditions. Isoprene is the only BVOC included
in this model setup. The tropospheric lifetime of isoprene
C5H8 due to its reaction with OH, nitrate (NO3) and O3 is
1.4 h, 1.6 h and 1.3 days, respectively (summarized in
[36]). Due to this relatively low atmospheric lifetime the
highest isoprene concentration (top panel of Figure 6) is
Copyright © 2012 SciRes.

found close to the emission sources in especially the
tropical areas. Tropical broadleaf trees contributes with
almost half of the global isoprene emissions [37], which
is in good agreement with the model results shown in the
upper panel of Figure 6. In general the isoprene concentration is projected to increase in all three centuries and
again with the largest change is found in the 21st century
(see Figure 6). Isoprene is not present in the Arctic region and hence no change is found here (Figure 6).
At daytime (and at all times in the Arctic during the
summer) NO2 reacts with ozone to form nitrate radicals,
which photolysis fast and hence is of little importance.
Contrary, during nighttime substantial concentrations of
NO2 can build up affecting the NOx chemistry. From
field studies it is suggested that NO3 reactions can be a
major contributor to isoprene loss at night [38,39]. NO3
react by addition to isoprene at C1 or C4 carbon atom
followed by addition of O2 to make a 1.4 addition to
form an alkyl nitrate radical. In the model these alkyl
nitrates reacts with NO and thus will lead to ozone production at dawn through the photolysis of NO2. This
contribution is, however, of minor importance. There is a
ACS
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Figure 6. Average decadal concentration of isoprene (C5H8) in the lowest model layer in ppbV. Setup the same as in Figure 4.

discussion in the literature of what will be the fate of
these alkyl nitrates. They might self react, react with NO3
radical or with OH as discussed by [38]. Moreover, NO3
reacts also with NO2 to form N2O5 which hydrolyses
heterogeneously with water to form nitric acid. This last
reaction accounts for about the same removal as the reaction between OH and NO2 at mid latitudes.
In this study it is difficult to isolate the exact impact of
NO3, O3 and OH on isoprene because many other reactions also occur simultaneously in the simulations and
most of the areas with a high emission load of isoprene
also to some extent are influenced by anthropogenic
sources.
The main source of organic peroxy radicals is from
AVOCs and BVOCs. The inorganic peroxy radical can
be formed either from the simplest aldehyde (HCHO) or
from various reaction of OH with inorganic oxides (O3,
H2O2, SO2 and CO) and the photolysis of carbonyl containing compounds. HO2 is removed either from the reaction with NO or by its self reaction to form hydrogene
peroxide (H2O2) and water. These two processes are
competing reactions where reaction with NO dominates in
NOx rich areas exposed to high emission from combusCopyright © 2012 SciRes.

tion processes and the HO2 self reaction is dominating in
the free troposphere and in marine environments. The
HO2 reaction with NO results in additional ozone in the
atmospheric ozone budget, whereas the self-reaction
leads to loss of odd oxygen and by that loss of O3. These
features are well represented in the upper panel of Figures
4, 9 and 10, where the highest ozone concentration is
coincident with the highest NO2 and NO concentrations.
Figure 7 shows that the largest increase in hydroperoxy radicals is found in the 21st century in the
“semi-remote” areas, which has a high fraction of vegetation and industry, and in the subtropical and tropical areas. However, a significant increase is also found over
most of the domain in the 22nd century. Only in the 20th
century the hydroperoxy radical concentration is projected to decrease over the North Atlantic, western Europe
and parts of Siberia. The increased concentration of hydroperoxy radicals in the regions with high emissions
from vegetation and regions with high emissions from
anthropogenic sources, is caused by the increased level
of water vapour and isoprene emissions in the future
decades. When the water vapour content increases, the
OH concentration increases, due to photolysis of ozone.
ACS
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Figure 7. Average decadal concentration of hydroperoxy radical (HO2) in the lowest model layer in ppbV. Setup the same as
in 4.

The hydroxyl radicals can then be converted to hydroperoxy radicals as described above.
In Figure 8 the changes in organic peroxy radicals
over the three centuries are shown. In the 20th century
(1990s minus 1890s) the largest increase is found in the
Tropics. Organic peroxy radicals are increasing in the
21st century in most of the domain, whereas the projecttions of the organic peroxy radicals are less significant in
the 22nd but still increasing. An increase in organic peroxy radicals can be explained by the same parameters as
for hydroperoxy radicals.
In Figure 9 the decadel average concentration in NO2
is shown for the four decades. The picture is mixed with
respect to increase and decrease, but the most significant
changes are again found in the 21st century (lower panel
of Figure 9). Most of the increase is in both the 21st and
22nd century found over the parts of the North Atlantic
Ocean, the Arctic Ocean and the northern part of the Pacific Ocean. In contrast NO2 mainly decrease over Europe,
South America and Africa in all three centuries.
Figure 10 displays the concentration of NO. Over the
Copyright © 2012 SciRes.

Northwestern part of Europe (Benelux and surroundings)
there is an excess of NO. The Benelux area has the
worlds largest NOx emission density. These high NOx
emissions imply low O3 concentration in this area, since
O3 is used to convert the emitted NO to NO2.

5. Discussion
The changes in the ozone concentration is due to a combined effect of increased temperature, solar radiation,
humidity, biogenic isoprene emissions and depends on
the chemical regime. In a clean atmosphere, where the
NOx and AVOC load is low, increased water vapour in
the atmosphere acts to reduce the ozone concentration,
which is reflected in the projected changes over the oceans
in the 21st and 22nd centuries (center panel, Figure 4).
However, in regions with moderate to high NOx levels,
the interaction between the emitted NO and the formed
isoprene peroxides from OH, increases the concentration
of HO2 (Figure 7) and NO2 (Figure 10), which then enhances the ozone formation. This can explain the higher
ozone concentrations in Africa south of Sahara, Southeast
ACS
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Figure 8. Average decadal concentration of organic peroxy radicals in the lowest model layer in ppbV. Setup the same as in 4.

Figure 9. Average decadal concentration of nitrogen dioxide (NO2) in the lowest model layer in ppbV. Setup the same as in 4.
Copyright © 2012 SciRes.
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Figure 10. Average decadal concentration of (NO) in the lowest model layer in ppbV. Setup the same as in 4.

Asia and South America (Figure 4). In addition, these
areas are covered with a large proportion of tropical
plants and tropical rainforest, which emits a large fraction of the ozone precursor, isoprene. Moreover, the isoprene emission itself is increasing in these simula- tions
due to changed climate conditions, which can fur- ther
amplify the signal in the future ozone concentration.
In the Arctic the ozone concentration is projected to
increase throughout all three centuries. However, the
change is most significant in the 21st century. From
analysis of each season it is found most significant during the winter season (not shown). In the Arctic region
there is no sunlight in the winter months, and hence not
any ozone degradation due to photolysis. But since the
length of Arctic winter does not change over the centuries with respect to incoming radiation and there is no
significant change projected in the global radiation over
the Arctic region, further analysis of the ozone related
species cannot explain the change over the Arctic region.
Over the Arctic land areas the ozone dry deposition
increases (Figure 11), which contributes to the projected
decrease in O3 in the air over land (Figure 4). Deposition
Copyright © 2012 SciRes.

to vegetative surfaces is much larger than to snow covered surfaces. Hence the projected decrease in snow
cover (not shown) can contribute to explain the projected
changes in O3 in the 21st and 22nd century.
Over the Arctic Ocean the temporal and spatial extent
of sea ice decreases in the 21st century (not shown).
Ozone does dry deposit to water surfaces in the model
[26,27] and the deposition is larger for ice surfaces than
for water, which results in a decrease in the dry deposition as the sea ice melts over time. This is in good
agreement with the results of the dry deposition (Figure
11), which decreases over the areas of the Arctic ocean,
where sea ice extent is decreasing.
Moreover, changes in horizontal transport from the
source areas may also contribute to the observed increase
in O3 over the Arctic Ocean. If this is the case more
ozone is transported into the Arctic from the source areas where increased ozone levels are projected. This additional ozone is compensated by increased deposition
over land but amplifies the increase in concentration over
the ice free ocean due to a decrease in dry deposition.
Finally vertical downward transport could also in crease
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Figure 11. Average decadel ozone dry deposition in mg/m–2/year. Setup as in Figure 4.

the concentration of the surface ozone concentration.
When entering the free troposphere, the trend in ozone is
less confined to the surface and has a more zonal pattern
with a highly significant increase within and north of the
subtropics and a highly significant decrease in the tropics
(Figure 12). In the free troposphere the concentration
levels are less influenced by local gradients in emissions
and therefore local features are less pronounced. Since
the ozone concentrations in general are increasing at
higher altitudes, this could contribute with additional
ozone at the surface in the future. With the current model
setup the stratosphere-troposphere exchange of ozone
cannot be expected to be simulated in detail. First of all
the model only extents to 100 hPa and secondly the vertical model resolution in the upper atmosphere is relatively poor. Nevertheless, the model includes a rough
description of the ozone layer. It is possible that more
stratospheric ozone can be produced in the model due to
climate change and transported downwards increasing
the surface ozone concentrations. Furthermore, the vertical transport patterns can change under changed climate
conditions.
Over Europe, East Asia and most of the U.S. (the
Copyright © 2012 SciRes.

south-eastern part) the ozone concentrations are estimated to increase due to impacts of climate change. This
can be explained by the increased isoprene emission
which results from increased temperature. The fact that
the future biogenic isoprene emissions are the controlling
factor for impacts of climate change on the future ozone
concentrations is confirmed in several earlier studies
[3,5,40].
In this study the IGAC-GEIA biogenic emission model
[34] has been used to calculate the isoprene emission
dynamically in the DEHM model. The domain-total annual isoprene emissions is 488 Tg/year for the baseline
scenario, which is within the global range 460 - 770
Tg/year found in previous studies [37,41,42].
Since isoprene is the single most important NMVOC
for ozone production [43], a correct description of the
isoprene emissions is important. Nevertheless to fully
describe the emission of isoprene is a complicated task.
Since isoprene emissions originate from vegetation it
depends on temperature and sunlight. However, investigations have shown that the emission rate of isoprene
also depend on the ambient CO2 and O3 concentration,
biomass, plant specie, leaf age, soil moisture, wind damACS
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Figure 12. Changes in ozone concentration in ppbv between the 1990s to the 2090s and the significance of these changes the
surface layer, layer 12 (~2100 m) and layer 15 (~4750 m).

age etc. [43], but there are large uncertainties connected
to each of these variables. For example some studies argues that enhanced ambient CO2 levels lead to increased
isoprene emission due to the resulting increase in biomass and controversially other studies have shown that
increased CO2 levels impact the isoprene synthesis rate
for some plant species and hence decrease the isoprene
emissions [43].
However, [5] have recently carried out model experiments showing that dry deposition of ozone to vegetation
might impact the future ozone concentrations even more.
[5] did some sensitivity studies where they changed the
description of dry deposition to vegetation to be dependent on several meteorological parameters. When plants
are exposed to climate change they change their ozone
uptake and here soil moisture is one of the key parameters. When already dry areas, dries out even more, the
ozone uptake to vegetation stops and this decreases the
dry deposition to vegetation. Particularly [5] found that
in Spain this process amounts for 80% of the total change
in ozone.
In the current model setup the EMEP [25] parameterisation has been used and the dry deposition to vegetation
depend on changes in meteorology. The dry deposition
scheme does, however, not account for the soil moisture
effect described by [5].
So far several studies have investigated the impact of
climate change over specific regions in the US in the 21st
Copyright © 2012 SciRes.

century [2,44-46]. The study by [44] is the only global
study and more over the only study including the entire
21st century. The projection of future ozone is very
similar to the projections in this study. The studies by
[2,45] only covers projections until year 2050, hence the
results are not comparable.

6. Conclusions
In this study a 340-year long climate simulation from the
ECHAM5/MPI-OM model forced with the SRES A1B
emission scenario has been used to drive the chemical
transport model DEHM. Several DEHM simulations
have been carried out with past, present and future meteorology and constant year 2000 anthropogenic emissions
in order to isolate the impacts from climate change on the
air pollution levels in the Northern Hemisphere. Special
emphasis has been put on the analysis of ozone and the
related photochemistry in Europe and the Arctic.
The present study illustrates that changes in the ozone
concentration due to climate change mainly are driven by
two competitive processes; ozone destruction due to increased water vapour in the atmosphere and ozone formation due to increased levels of ozone precursors. Since
the anthropogenic emissions have been kept constant in
these simulations, biogenic isoprene is the only directly
emitted precursor that is free to vary according to the
projected climate conditions. Moreover the increase in
ozone concentration depends on the NOx availability in
ACS
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the boundary layer and the future ozone concentration is
projected to increase significantly in urban and semiremote areas and to decrease significantly in the remote
areas. In the free troposphere the effect from increased
water vapour dominates in the tropics while the effect
from increased isoprene and changes in transport dominates at high latitudes.
These results show a close relation between the temperature change and the future ozone concentration. The
two parameters are not directly connected but are related
through a wide range of interacting processes. From the
climate simulation it is known that the largest change in
temperature is projected to happen in the 21st century
and the same is true for ozone, isoprene, NOx and OH. In
the 20th century the temperature change is relatively
small and in some areas decreasing and other areas increasing. The same patterns are seen in most chemical
species e.g. in the O3 concentration. In the 22nd century
the trends are the same as in the 21st century, but the rate
of change decreases for all parameters, which is in good
agreement with the constant forcing in the applied climate simulation (constant A1B year-2100 level emission
throughout the 22nd century).
Surface ozone is of great importance since high ozone
concentrations can have impacts on both humans and
nature. This study has shown that at the surface level the
background ozone concentration will decrease during the
21st and the 22nd century. In contrast local ozone in the
source areas of precursors (both anthropogenic and biogenic) will increase significantly due to climate change
alone. In the free troposphere the ozone concentration
will in general increase, except in the tropics where a
significant decrease is found. Over the Arctic Ocean a
significant increase in surface ozone is found in the future, which can be explained by increased input from the
source areas. Moreover, decreased dry deposition of
ozone due to increased sea ice and increased import from
higher levels can support the projected increase in future
surface level ozone in the Arctic region.
Ozone in the atmosphere affects not only the human
health and nature. It is also a significant short-lived
greenhouse gas in the atmosphere. Today most atmospheric climate models have lower resolution than ACTMs
and a more simplified descriptions of the atmospheric
physical and chemical processes and therefore account
poorly for the feedback from atmospheric chemistry to
the climate system. The increase in ozone concentrations
in large parts of the upper troposphere could have significant radiative effect, which is not yet accounted for in
climate models. To include this and similar chemical
feedback effects in the atmosphere, online model or extensive Earth system models are needed. Nevertheless,
CTM studies like the present are still necessary in order
to study in detail the individual chemical and physical
Copyright © 2012 SciRes.
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processes in the atmosphere.
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