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a b s t r a c t

Road Transport emissions (RTE) are a significant anthropogenic global NOx source responsible for
enhancing the chemical production of tropospheric ozone (O3) in the lower troposphere. Here we
analyse a multi-model ensemble which adopts the realistic SRES A1B emission scenario and a “policy-
failure” scenario for RTE (A1B_HIGH) for the years 2000, 2025 and 2050. Analysing the regional trends
in RTE NOx estimates shows by 2025 that differences of 0.2e0.3 Tg N yr�1 occur for most of the world
regions between the A1B and A1B_HIGH estimates, except for Asia where there is a larger difference of
w1.4 Tg N yr�1. For 2050 these differences fall to w0.1 Tg N yr�1, with shipping emissions becoming as
important as RTE. Analysing the seasonality in near-surface O3 from the multi-model ensemble
monthly mean values shows a large variability in the projected changes between different regions. For
Western Europe and the Eastern US although the peak O3 mixing ratios decrease by w10% in 2050,
there is an associated degradation during wintertime due to less direct titration from nitric oxide. For
regions such as Eastern China, although total anthropogenic NOx emissions are reduced from 2025 to
2050, there is no real improvement in peak O3 levels. By normalizing the seasonal ensemble means of
near-surface O3 (0e500 m) with the recommended European Commission (EC) exposure limit to derive
an exceedence ratio (ER), we show that ER values greater than 1.0 occur across a wide area in the
Northern Hemisphere for boreal summer using the year 2000 emissions. When adopting the future
A1B_HIGH estimates, the Middle East exhibits the worst regional air quality, closely followed by Asia.
For these regions the area of exceedence (ER > 1.0) for 2025 isw40% andw25% of the total area of each
region, respectively. Comparing simulations employing the various scenarios shows that unmitigated
RTE increases the area of exceedence in the Middle East by w6% and, for Asia, by w2% of the total
regional areas. For the USA the area of exceedence approximately doubles in 2025 as a result of un-
mitigated RTE, with the most exceedences occurring in the southern USA. The effects across the various
rological Institute, Wilhelmi-
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regions implies that unmitigated RTE would have a detrimental effect on regional health for 2025, and
potentially offset the benefits introduced by mitigating e.g. international shipping emissions. By 2050
the further mitigation of non-transport emissions results in much cleaner air meaning that mitigation
of RTE is not critical for achieving the defined limits in many world regions.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

High concentrations of tropospheric ozone (O3) near the Earth’s
surface has a range of detrimental effects including increased
mortality (Bell et al., 2004), decreased crop production (Hollaway
et al., 2012) and impaired visibility (Sillman, 2003). Recently, it
has been shown that nitrogen oxide emissions (NOx) from road
transport have been an important contributor towards tropo-
spheric O3 mixing ratios in the lower troposphere at the beginning
of this century (Hoor et al., 2009). Estimates in the SRES A1B
emission scenarios (Nakicenovic et al., 2000) predict a reduction in
global Road Transport Emissions (RTE) of NOx from w9 Tg N yr�1

(2000) to w7 Tg N yr�1 (2025), followed by a further reduction to
w2 Tg N yr�1 (2050), assuming the efficient application of miti-
gation technologies. It is estimated that A1B SRES has provided the
most realistic emission estimates to date from the different SRES
scenarios, where the integrated global anthropogenic emissions are
thought to have exceeded the A1B estimates up to 2008 (Garnet
et al., 2008). More recently there has been a decline in anthropo-
genic NOx emissions associated with the global economic crisis,
where trends observed from space have shown there has been a
significant impact of economic activity on regional emission trends
(e.g. Lin and McElroy, 2011). The assumed reduction in global RTE
for future decades means that their influence on atmospheric
composition could diminish (Koffi et al., 2010). However, there is
the possibility that the estimated reductions in RTE are not
attained, resulting in a so-called ‘policy-failure’ scenario
(A1B_HIGH). Given the ubiquitous use of road transport in many
world regions such a ‘policy-failure’ has the potential to prolong the
time-scale needed in achieving air quality targets, which have been
legislated for in future decades.

Here we analyse the results of a multi-model ensemble study
performed using large scale atmospheric chemistry-transport
models as part of the recent EU-QUANTIFY project (Quantifying
the Climate Impact of Global and European Transport Systems;
http://www.pa.op.dlr.de/quantify/) where the focus was on the
effects of Transport Emissions (TE) on global atmospheric
composition. First we analyse the regional trends in NOx emissions
between 2000 and 2050 as estimated in the A1B and the “policy-
failure” scenario regarding RTE. Then we investigate the conse-
quences A1B_HIGH would have on regional air quality in terms of
tropospheric O3 for a number of important world regions over the
coming decades. By using exposure recommendations provided by
the EC regarding safe air-quality standards for O3, we subsequently
determine which world regions exhibit the highest sensitivity to-
wards unmitigated RTE and assess the extent to which this affects
exceedences above the defined threshold that is deemed safe.
2. Trends in regional NOx emission estimates between 2000
and 2050

By examining the global trends in NOx emissions from each of
the different transport sectors defined in the SRES A1B and
A1B_HIGH scenarios (Nakicenovic et al., 2000; Hodnebrog et al.,
2011) it has been shown that A1B_HIGH estimates that the road
sector will release the highest global NOx emissions across all
transport sectors by 2025 (equal tow9.5 Tg N yr�1) and will be the
second most important by 2050 after shipping (equal to
w3 Tg N yr�1). Fig. 1 shows the global surface distribution of RTE
annual NOx emissions for the year 2000. The RTE NOx from Europe,
the US and Taiwan/Korea/Japan are an order of magnitude larger
than those estimated for either India or China.

Here we decompose the global trends in RTE NOx for a number
of world regions containing large urban centres, namely: Europe
(20�We30�E, 37e70�N), the USA (60e140�W, 30e54�N), Asia (60e
140�E, 10�Se60�N), South America (30e90�W, 40�Se10�N), Africa
(20�We50�E, 14�Ne36�S) and the Middle East (16e60�E, 14e
40�N). Each of these regions is clearly defined in Fig.1 and shown as
the solid lines. The smaller sub-regions shown within the black
dashed lines are used for analysis in Section 4.

Fig. 2 shows the emission trends across the timeline 2000e2050
for both the A1B and A1B_HIGH. For clarity the trend in the
absolute differences in RTE between the A1B and A1B_HIGH are
shown. in the upper right panel in Tg N yr�1. Also shown are the
corresponding regional NOx trends for shipping, aircraft (scaled up
five-fold) and the cumulative emissions from industrial/domestic/
biomass burning sectors (hereafter referred to as the non-transport
sector (NTS)). Although the largest regional NOx emissions come
from the NTS, integrating the contribution across all transport
sectors shows that the total contribution approaches w50% of that
from the NTS in 2025. As for the global emission trends shown in
Hodnebrog et al. (2011), the contribution to regional NOx from RTE
in the A1B_HIGH scenario dominates the other transport sectors in
2025. This dominance of RTE is in spite of the rapid increase in air
transport, which introduces a rather low regional NOx emission. For
2050, the NTS is either equal to or lower than that in 2025 due to
mitigation and the implementation of technological developments.
For RTE NOx emissions become either comparable to (e.g. South
America) or lower than (e.g. Asia) those from the shipping sector.

Analysing the regional NOx emission trends shown in Fig. 1 re-
veals that the Asian region has the largest RTE of NOx across the
entire timeline, with the annually integrated RTE being approxi-
mately double those of Europe and the USA for future decades. For
A1B_HIGH, this results in an extra emission of w1.4 Tg N yr�1 from
Asia by 2025, which decreases to w0.4 Tg N yr�1 by 2050. For the
Middle East (ME), A1B_HIGH results in this region becoming the
second most important region for RTE by 2050 and for South
America, A1B_HIGH results in the trend in RTE exhibiting a modest
increase by 2025 (equating to differences of w0.2e0.3 Tg N yr�1).
For most of the world regions shown the additional NOx from RTE
A1B_HIGH falls to w0.1 Tg N yr�1 by 2050 when compared to A1B,
thus being negligible in terms of total global N emissions.
3. Methodology

3.1. Multi-model ensemble

The multi-model ensemble used here is similar to that used to
assess the present-day and future impact of TE on tropospheric
composition and oxidative capacity (Hoor et al., 2009; Hodnebrog
et al., 2011, 2012). For the purpose of this study the ensemble in-
cludes five independent members, these being: TM4, OSLO CTM-2,

http://www.pa.op.dlr.de/quantify/


Fig. 1. The global distribution of annually integrated NOx emissions from RTE for the year 2000. Also shown are the regions used for the regional trend analysis.

Fig. 2. Regional trends in annually integrated NOx emissions (in Tg N yr�1) from road traffic between 2000 and 2050 as defined in SRES A1B (top left panel) and A1B_HIGH (top
middle panel) emission scenarios. The difference between scenarios is given in the top right panel. Also shown are the regional trends in NOx emissions from shipping (bottom left
panel), aircraft (bottom middle panel) and the NTS (bottom right panel). The aircraft NOx emissions are scaled up by a factor of 5 for clarity. Key to world regions shown: Europe
(dashed), the USA (solid), Asia (dash-dot), the Middle East (grey line), South America (dotted) and Africa (long dash).
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p-TOMCAT, MOCAGE and UCI CTM. We perform simulations using
the SRES A1B anthropogenic emission estimates derived for the
years 2000, 2025 and 2050, where Table 1 provides an overview of
all the simulations which are used and the source of the emission
estimates. It should be noted that the nature of the models is such
that sub-grid variability in chemical regimes is not accounted for
e.g. the differences in the variability in composition between
polluted plumes, urban centers and the surrounding suburbs is not
captured. Moreover, no daily or weekly cycle has been imple-
mented in the model ensemble for RTE due to the difficulty in
defining the weekly variability due to differences in the cultural
and religious practices between world regions. Another limitation
is that these results are sensitive to the horizontal resolution
adopted by each of the ensemblemembers for the calculation of the
photo-chemical production of O3 (Wild and Prather, 2006), mean-
ing higher resolution simulations may alter the findings presented
here.

In order to differentiate the effects due to the various TE from
those introduced by meteorological variability and potential
climate change we fix the meteorology for the year 2003 across the
entire timeline. There is homogeneity between the different
models in that all are driven by ECMWF operational meteorological
data. The models used either include only tropospheric chemistry
(TM4, p-TOMCAT, UCI) or both stratospheric and tropospheric
chemistry (Oslo CTM-2, MOCAGE). For brevity, we refer the reader
to the detailed model descriptions provided in Hodnebrog et al.
(2011). One major benefit of using a model ensemble is that any
model biases and deficiencies are minimized by averaging the
values attained from all members of the ensemble. For instance,
resident mixing ratios of O3 in the boundary layer in a large-scale
CTM are sensitive to the description of the dry deposition term
(Ordóñez et al., 2010), with the model ensemble used here utilizing
a range of different parameterizations to calculate the loss to the
surface. The output from each model is then interpolated onto 40
levels at a T42 resolution for the analysis.

The performance of the various members included in the model
ensemble has been validated by comparing the present day global
distribution and seasonality of tropospheric O3 against the clima-
tology assembled from ozonesonde measurements for the 1990’s
(Logan, 1999), as shown in Hodnebrog et al. (2011). This provides
some confidence that the ensemble captures both the seasonal and
Table 1
A definition of each of the model simulations performed for this study. For the
biogenic emissions climatological values averaged between the years 2000e2003
are used (Hoor et al., 2009) and for biomass burning emissions estimates for the year
2000 are taken from the GFEDv1 inventory (Van der Werf et al., 2006) using multi-
year averaged activity data from Andreae and Merlet (2001). The meteorological
fields are fixed at the year 2003 throughout. Lightning NOx emissions are con-
strained atw5 Tg N yr�1. The chemical species for which RTE contribute are NOx, CO,
SO2 and Non-methane Hydrocarbons.

Anthropogenic emission
scenario

Reference Simulation

2000 Olivier et al. (2005) PRESENT
Van Aardenne et al. (2005)
Borken et al. (2007)
Endresen et al. (2007)

2025 Nakicenovic et al. (2000) A1B 2025
Uherek et al. (2010)
Eide et al. (2007)
Owen et al. (2010)

2025 þ High RTE As for A1B 2025 A1B HIGH 2025
2050 Nakicenovic et al. (2000) A1B 2050

Uherek et al. (2010)
Eide et al. (2007)
Owen et al. (2010)

2050 þ High RTE As for A1B 2050 A1B HIGH 2050
latitudinal variability in the distribution of tropospheric O3 when
using the present-day emission scenarios provided in the EU-
QUANTIFY project.

3.2. Exceedence ratio for tropospheric O3

To assess whether the distribution of near-surface (0e500m) O3
simulated by the model ensemble results in regional exceedences
of air quality standards, we use a method where we normalize the
monthly mean mixing ratios by the recommended 8-hourly limit
provided by the EC of 60 ppb exposure for a period of 25 days in any
one year (EC, 2008). In this paper we define the Exceedence Ratio
(ER) as the near-surface O3 mixing ratios normalized by this EC
standard of 60 ppb. There is typically a strong diurnal cycle present
for tropospheric O3 related to the daily variation in photochemical
activity meaning that the seasonal average could includemore than
25 days where the EC recommendations are broken.

4. Results

4.1. Seasonality in O3 and NO mixing ratios over populated regions

In Fig. 3 we show the annual variation in the monthly mean
near-surface mixing ratios for O3 and NO from the multi-model
ensemble over six sub-regions as shown in Fig. 1 (dashed black
lines), namely: Western Europe (4�We20�E, 40e56�N), Eastern US
(70e96�W, 30e46�N), East China (100e120�E, 28e42�N), West
Africa (10�We10�E, 4e12�N), India (68e90�E, 5e35�N) and ME/
Turkey (30e50�E, 22e38�N). Comparisons are made between
PRESENT, A1B 2025 and A1B 2050. In the majority of models
included in the ensemble NOx emissions are introduced as NO. A
clear anti-correlation exists between the seasonality of O3 and NO
due to titration of O3 under high NOx conditions. The magnitude of
the seasonal variability is determined by the photochemical activity
of each of the sub-regions, and the seasonality of biogenic and
biomass burning NOx emissions. Peaks in near-surface O3 occur
during boreal summertime in Western Europe, Eastern US, East
China and the ME/Turkey, where resident mixing ratios are w100%
higher than those during boreal wintertime. For West Africa, a
minimumoccurs during the boreal summertime in stark contrast to
the other regions, due to seasonal biomass burning.

The mitigation of anthropogenic NOx emissions in Western
Europe and the Eastern US results in two seasonal features: (i) an
increase in near-surface O3 during boreal wintertime of w10 ppb
(þ30%) and (ii) a decrease in peak near-surface O3 during boreal
summertime ofw5 ppb (�10%). Thus, these simulations show that,
although there are improvements in the peak O3 levels during
boreal summertime similar to other multi-model studies (e.g.
Collette et al., 2012), an additional consequence of mitigating NOx

emissions is a degradation in air quality in terms of near-surface O3
during boreal wintertime. In part this is due to the convective
venting of the boundary layer being much weaker at the northern
mid-latitudes during the winter, thus accumulating the additional
O3 near the surface.

For East China, which exhibits the highest NOx emissions in 2025
(c.f. Fig. 2), near-surfaceO3 levels increase bya fewppbduringboreal
wintertime and by w10 ppb during boreal summertime. These in-
creases in O3 persist throughout the timeline, in spite of the pro-
jected decreases in cumulative anthropogenic NOx emissions
between 2025 and 2050. For the ME/Turkey, whose projected
anthropogenic NOx emissions followa similar pattern to that shown
for East China, peak near-surface O3 values are highest for 2025. For
the tropical sub-regions increases in peak near-surface O3 levels
occur by 2025, which dampens the seasonal cycle significantly for
West Africa by contributing up tow20 ppb during August. For India



Fig. 3. The seasonal cycles in near-surface O3 and NO for selected sub-regions shown in Fig. 1. Ensemble monthly means are provided for PRESENT (solid line), A1B 2025 (dashed
line) and A1B 2050 (dotted line) annual cycles. The geographical limits of each region are given in the text.
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increases in 2025 and 2050 appear as an offset of w10 ppb
throughout the year, where there is only a muted seasonal cycle.

4.2. Global distribution of exceedences for 2000

Fig. 4 shows the global seasonal distribution of ER for 2000
during both DecembereJanuaryeFebruary (DJF) and JuneeJulye
August (JJA). The global distribution of near-surface O3 in themulti-
model ensemble is determined by the cumulative effect of emis-
sions from all sources including natural (biogenic) activity and
biomass burning, both of which exhibit strong seasonal cycles. The
blue (in web version)/green (in web version) regions represent
tropospheric air with ER < 1.0, whereas the yellow (in web
version)/red (inweb version) regions represent areas with ER> 1.0.
As shown in Fig. 3 above, there is a clear seasonal impact evident in
the integrated area where exceedences occur. This results in
exceedences over wide areas of Europe, the USA, Asia and the ME
during season JJA. For Africa, the worst exceedences shift in line
with the change in the regional biomass burning activity. Mitiga-
tion of emissions from this source is much less realistic than that
from either the industrial or transport sectors due to the impor-
tance for food production. We therefore limit the following dis-
cussion to the impact of A1B_HIGH on the air quality during JJA in
global regions experiencing high regional anthropogenic emissions,
which represents the maximal effect throughout the year.

When examining the seasonal distribution of the ER for 2025
and 2050 simulated using the A1B emission estimates (not shown),
the strong mitigation practices associated with NTS emissions for
both Europe and the USA means that ER values typically reach
between 0.7 and 1.1 (i.e.) somewhat lower than the maximal values



Fig. 4. The global distribution of the Exceedence Ratio (ER) for near-surface O3 for DJF (left) and JJA (right) when using the 2000 emission estimates as calculated using the
ensemble mean.
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shown for 2000. Examining other developing regions such as South
America, the growth in the total RTE is rather small (c.f. Fig. 2)
considering the large area overwhich they are distributed, meaning
that there are rarely exceedences at continental scale. Other regions
such as Asia show a substantial increase in the area of exceedence
related to increasing anthropogenic NTS emissions. For our analysis
we investigate the future exceedences which occur in both devel-
oped and developing regions. Therefore, we choose two regions
which have an improvement in air-quality and two regions which
experience significant exceedences in future decades. The four
global regions which are selected are: (i) Europe, which has low air
quality over the Mediterranean for the present day, (ii) the USA,
which has the highest RTE for 2000, (iii) Asia, which has the largest
area of exceedences when adopting future emission scenarios and
(iv) the Middle East, which exhibits notoriously high near-surface
O3 values during JJA (Lelieveld et al., 2009). It should be noted
that these regions are somewhat larger than the smaller sub-
regions used to analyse the seasonality in the multi-model
ensemble monthly mean near-surface O3 behaviour in Section 4.1
and exhibit a more varied change across the timeline. For these
global regions we determine the impact that applying A1B_HIGH
has on regional air quality during JJA and show the variations in
exceedences for the years 2025 and 2050.
4.3. Present and future exceedences in Europe and the USA

Fig. 5 shows the ER for 2000 over both Europe and the USA,
including the surrounding oceans, as calculated by themulti-model
ensemble, along with the associated differences for 2025 and 2050.

For Europe highest ER values occur over the Mediterranean
basin, which experiences high photochemical activity, high ship-
ping emissions and the transport of polluted air from Central and
Southern Europe. For 2025, there are limited increases in the ER
values for A1B_HIGH of 0.05e0.1 occurring over North Africa and
around Paris and London, which exhibit high population density
and high resident NOx emissions. Comparing absolute differences
between A1B and A1B_HIGH (not shown) reveals that unmitigated
RTE reduces the resident mixing ratios of near-surface O3 around
Paris byw1% as a result of enhanced chemical titration of O3 by the
additional NO released (Kurtenbach et al., 2012). The largest de-
creases in ER during 2025 of<0.1 occur over theMediterranean and
appear in spite of the projected increase in shipping emissions
(Eide et al., 2007; Hodnebrog et al., 2011), with unmitigated RTE
contributing an additional w1e2 ppb (not directly shown). This is
due to cleaner air being transported from the continent out over the
region as a result of the effective mitigation of the NTS emissions in
e.g. the Po Valley in Italy (c.f. Fig. 2).

For 2050 (right panels) the increases in ER around the UK and
Paris persist,where theadditional titrationeffect disappears causing
a small increase of <0.5 ppb in near-surface O3 across Scandinavia
and above the seas surrounding NortheWest Europe (not shown).
For the rest of Europe the ER values fall significantly by 0.1e0.3
indicating significant reductions in the seasonal mixing ratios of
between 6 and 18 ppb. Therefore, by 2050 the influence of unmiti-
gated RTE is not crucial for meeting air quality standards in Europe
because of themeasures takenwith respect to the NTS (c.f. Fig.1). In
Table 2 we provide the fraction of grid cells within Europe which
exceed the EC recommendations. Here there is an increase in
exceedences from9.2% to11.2%due tounmitigatedRTE in2025,with
the difference in the impact falling to less than a percent for 2050.

For the USA there is an area of exceedence from the East to the
West Coast, with some southern states exhibiting ER values of be-
tween 1.1 and 1.2 (i.e.) near-surface O3 mixing ratios reach 72 ppb.
Again, the strong photochemical activity which occurs at the more
southern latitudes under high NOx conditions enhances the in-situ
production of tropospheric O3. For 2025, mitigation of NTS emis-
sions reduces the ER values by up to 0.1, although looking at the
distribution of the ER values for 2000 reveals that exceedences still
occur in the southern US, in spite of the decrease in NTS emissions.
Table 2 shows that unmitigated RTEwould result in an approximate
doubling of the area for which exceedences occur from 4.0% to 7.6%
of the total area selected, addinganadditional 1e2ppb to the surface
meanmixing ratios acrossawidearea southof45�N.Thismeans that
mitigating RTE seems crucial for meeting EC air quality standards
when applied to the US. For 2050 (right panels), a further reduction
in anthropogenic NOx across all sources results in substantial de-
creases in ER across thewhole of theUSA, thusnoexceedences occur
even in the scenario with unmitigated RTE.
4.4. Present and future exceedences around the Middle East and
Asia

Fig. 6 shows the distribution of ER for 2000 across the ME/
Turkey, including parts of the Mediterranean basin and also the



Fig. 5. The ER values for Europe (top left) and the USA (bottom left) as calculated in the multi-model ensemble for PRESENT. The changes in the ER for 2025 (middle) and 2050
(right) for the A1B_HIGH scenario are also shown for each region.
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Asian region. The differences in the ER between 2000 and
A1B_HIGH for 2025 and 2050 are also shown to assess the changes
in ER predicted for future decades.

For 2000, there are exceedences in the ME over a wide area
including Egypt, Iraq, Jordan and Israel, with the maximum ER
(>1.5) occurring around Qatar, Bahrain and the Gulf of Oman. These
maximal ER values equate to near-surface O3 mixing ratios of up to
90 ppb for a substantial part of the season. When integrating
exceedences for the entire region, Table 2 shows that w40% of the
total area in the region exhibits ER values higher than 1.0. For 2025,
the near-surface mixing ratios increase to almostw100% above the
EC recommendations, being in the range of 100e120 ppb over a
wide area. There is also a southerly shift of the exceedences away
from the Mediterranean towards the Gulf of Oman, extending
down towards Africa, which has the potential to alter crop yields
and shifting more over the land leading to an increase in the
exposure of the local population to low quality air. This southerly
shift is in part due to the mitigation of NTS emissions outside the
region, which reduces the transport of O3 rich air into the Medi-
terranean basin. The effect of unmitigated RTE is to increase the
area of exceedences by w6% (Table 2), therefore exerting a signif-
icant effect on regional air quality.

For 2050, the further mitigation of European emissions im-
proves air quality over Turkey, Lebanon and Israel significantly as
the timeline progresses. In part, this is also due to the reduction in
shipping emissions for the region as shown in Fig. 2. The maximal
ER values decrease somewhat, where there is also an improvement
in local air quality for countries in North Africa which border the
Mediterranean. For the ME/Turkey, unmitigated RTE increases the
total area of exceedence by w2% (c.f. Table 2) compared to A1B,
although an increase in ER values occurs over urban areas, again
exposing the population to higher O3 levels compounding the po-
tential health effects. Here unmitigated RTE increase the resident
mixing ratios of O3 by between 1 and 3 ppb. The differences in the
ER values between 2025 and 2050 are predominantly due to the
changes which occur across the different transport sectors (c.f.
Table 2), where the NTS component remains almost constant.
Compared to 2025 themaximal ER values decrease byw0.1 and the
area of exceedence falls to w31% of the total regional area shown.
Therefore, although the increase in the number of grid cells for
which exceedences occur is rather small in relative terms, analysing
the trends in NOx emissions between the different transport sectors
shows that unmitigated RTE does have the potential to offset any
improvements in air quality that would occur over the land due to a
reduction in shipping emissions. Even for 2050 awide area near the
Persian Gulf remains polluted. Considering the rather small NTS
contribution for the region (c.f. Fig. 2) any improvement in air
quality must be gained by changing local TE, with RTE being an
obvious candidate.

For the Asian region the most polluted regions when adopting
the 2000 emissions are around the Ganges valley in Northern India
and towards East China. The other regions are relatively clean,
especially over the oceans, with the integrated exceedences only
covering w8% of the region shown. Moreover, the maximum ER



Table 2
The fractional area of exceedence above the EC air quality standards for tropospheric
O3 during JJA. For a definition of the simulations the reader is referred to Table 1.

Simulation Europe USA Middle East Asia

PRESENT 0.116 0.160 0.396 0.086
A1B 2025 0.092 0.040 0.342 0.232
A1B_HIGH 2025 0.112 0.076 0.401 0.248
A1B 2050 0.083 0.000 0.310 0.225
A1B_HIGH 2050 0.088 0.000 0.326 0.238
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values in the region of 1.3e1.4 are somewhat lower than that for the
ME/Turkey, possibly due to stronger convective uplift of pollutants
out of the boundary layer due to Monsoon activity. For the future
A1B_HIGH simulations, there is a substantial increase in the area of
exceedences to w25% of the region for 2025, remaining essentially
unchanged for 2050. This is due to the large increases in emissions
from the NTS related to e.g. energy production, construction and
industrial manufacturing, with the trend in NTS emissions showing
a doubling by 2025 followed by a reduction to w150% of the A1B
estimates for 2000 by 2050. This reduction in NTS is then subse-
quently offset by the growth in regional shipping emissions
resulting in no net decreases in the number of exceedences over the
timeline. Again, taking differences in the ER ratios between the A1B
and A1B_HIGH simulations reveals that there is an increase in the
exceedence area of w2%, which equates to a larger area than that
for the ME/Turkey due to the size of each respective region.
Fig. 6. The ER values for 2000 for the Middle East/Turkey (top left) and Asian (bottom lef
(middle) and 2050 (right) for the A1B scenario are also shown for each region.
5. Conclusions

In this study we have used a multi-model ensemble of large-
scale atmospheric chemistry models, which adopts the realistic
SRES A1B emission scenario and a “policy-failure” scenario (A1B
HIGH) for road traffic emissions (RTE), to differentiate the effects of
unmitigated road traffic emissions on regional air quality for
various global regions. Analysing the regional trends in RTE NOx

estimates provided in the pessimistic SRES emission scenarios,
shows that differences of 0.2e0.3 Tg N yr�1 occur in road transport
emissions for most of the worlds regions in 2025, except for Asia
(w1.4 Tg N yr�1). For 2050, these differences fall to w0.1 Tg N yr�1,
with shipping emissions becoming as important for many of the
chosen regions. Analysing the seasonality in the multi-model
ensemble mixing ratios for near-surface O3 shows that for Western
Europe and the Eastern US, the peak level monthly mean values
which occur during boreal summertime are reduced by w10% by
2050. For boreal wintertime, enhancements in near-surface O3 of
w30% occur as a result of less titration by nitric oxide. For other
regions, such as China and India, a degradation in air quality occurs
throughout the year across the timeline, where the projected
mitigation of anthropogenic NOx emissions by 2050 does not
necessarily result in a decrease in O3 mixing ratios.

By normalizing the seasonal multi-model ensemble means of
near-surface (0e500 m) O3 with the recommended EC exposure
limit to derive an exceedence ratio (ER), we show that ER values
greater than 1.0 occur across a wide area in the Northern Hemi-
sphere for boreal summer when adopting the 2000 emission
t) regions as calculated in the multi-model ensemble. The changes in the ER for 2025
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estimates. When adopting the future A1B_HIGH estimates, a clear
signature on air quality can be detected. The Middle East is the
regionwhich exhibits theworst air quality, closely followed by Asia.
For these regions the area of exceedence (ER > 1.0) for 2025 is
w40% and w25% of the total area of each region, respectively.
Comparing simulations employing the various scenarios shows
that unmitigated RTE increases the area of exceedences in the
Middle East by w6% and, for Asia, by w2% of the total regional
areas. For the USA, the number of exceedences approximately
doubles in 2025 as a result of unmitigated RTE, with the most
exceedences occurring in the southern US. The effect across the
various regions implies that unmitigated RTE would have detri-
mental effect on regional health in these world regions for 2025,
and potentially offsetting the benefits introduced by mitigating
shipping emissions. By 2050, the further mitigation of non-
transport emissions results in much cleaner air meaning the un-
mitigated RTE are not critical for achieving the defined limits in
many world regions.
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