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Abstract

The future impact of traffic emissions on atmospheric ozone and OH has been investi-
gated separately for the three sectors AlRcraft, maritime SHIPping and ROAD traffic. To
reduce uncertainties we present results from an ensemble of six different atmospheric
chemistry models, each simulating the atmospheric chemical composition in a possible
high emission scenario (A1B), and with emissions from each transport sector reduced
by 5% to estimate sensitivities. Our results are compared with optimistic future emis-
sion scenarios (B1 and B1 ACARE), presented in a companion paper, and with the
recent past (year 2000). Present-day activity indicates that anthropogenic emissions
so far evolve closer to A1B than the B1 scenario.

As a response to expected changes in emissions, AIR and SHIP will have increased
impacts on atmospheric O; and OH in the future while the impact of ROAD traffic will
decrease substantially as a result of technological improvements. In 2050, maximum
aircraft-induced O5 occurs near 80° N in the UTLS region and could reach 9 ppbv in
the zonal mean during summer. Emissions from ship traffic have their largest O5 im-
pact in the maritime boundary layer with a maximum of 6 ppbv over the North Atlantic
Ocean during summer in 2050. The O5 impact of road traffic emissions in the lower
troposphere peaks at 3 ppbv over the Arabian Peninsula, much lower than the impact
in 2000.

Radiative Forcing (RF) calculations show that the net effect of AIR, SHIP and ROAD
combined will change from a marginal cooling of —0.38 + 13 mW m~2 in 2000 to a rela-
tively strong cooling of -32 £ 8.9 (B1) or -31 £ 20 mWm™2 (A1B) in 2050, when taking
into account RF due to changes in O3, CH, and CH,-induced Oj. This is caused both
by the enhanced negative net RF from SHIP, which will change from —-20 + 5.4 mW m™2
in 2000 to —31+4.8 (B1) or —40+ 11 mWm™2 (A1B) in 2050, and from reduced O,
warming from ROAD, which is likely to turn from a positive net RF of 13 +7.9mW m~2
in 2000 to a slightly negative net RF of -2.9+ 1.7 (B1) or -3.3+ 3.8 (A1B) mWm™ in
the middle of this century. The negative net RF from ROAD is temporary and induced
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by the strong decline in ROAD emissions prior to 2050, which only affects the methane
cooling term due to the longer lifetime of CH, compared to O5;. The O3 RF from AIR
in 2050 is strongly dependent on scenario and ranges from 19 +6.8 (B1 ACARE) to
62+ 13.6mWm™?2 (A1B). There is also a considerable span in the net RF from AIR
in 2050, ranging from —0.54 + 4.6 (B1 ACARE) to 12+ 11 (A1B) mWm™2 compared to
6.5+2.1mWm™2 in 2000.

1 Introduction

Emissions from the transport sector have been increasing rapidly during the last
decades. Larger transport demand is expected also for the future due to the grow-
ing human population and the increasing mobility. The transport sector mainly affects
climate through emissions of CO,, aerosols, water vapour, and ozone (O3) precur-
sors. We focus on the latter group of emissions, which is also important for air quality
and the oxidative capacity of the atmosphere, and consists of the relatively short-lived
gases nitrogen oxides (NO,), carbon monoxide (CO) and Non-Methane Hydrocarbons
(NMHCs). On a 100-yr time scale, tropospheric O; constitutes the second largest pos-
itive radiative forcing (RF) term (after CO,) due to present-day (year 2000) traffic emis-
sions (Fuglestvedt et al., 2008), and one study predicts that in 2030 ozone RF from the
traffic sector will constitute 29 % of the total anthropogenic forcing (Unger et al., 2008).
Ozone precursor emissions also alter the levels of OH, normally leading to a reduction
of methane (CH,) lifetime and thereby a cooling of the atmosphere.

This paper follows a series of recent studies that have quantified impacts of trans-
port emissions on atmospheric chemistry and climate (Fuglestvedt et al., 2008; Cariolle
et al., 2009; Hoor et al., 2009; Skeie et al., 2009; Balkanski et al., 2010; Eyring et al.,
2010; Huszar et al., 2010; Koffi et al., 2010; Lee et al., 2010; Uherek et al., 2010;
Dahimann et al., 2011; Hodnebrog et al., 2011; Myhre et al., 2011; Grewe et al., 2012;
Olivié et al., 2012), and have been initiated in the framework of the EU project QUAN-
TIFY (Quantifying the Climate Impact of Global and European Emission Systems). As
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in the earlier studies, the different transport sectors AlRcraft, maritime SHIPping and
ROAD traffic have been studied individually. This is important because the different
sectors emit various compositions of gases and particles, and at different locations,
which leads to substantially different impacts on climate. More specifically, the climate
impact of ROAD is dominated by warming from CO, while AIR is also dominated by
warming from contrail cirrus formation, although the magnitude of this process is uncer-
tain (Fuglestvedt et al., 2008; Lee et al., 2010; Burkhardt and Karcher, 2011). On the
other hand, SHIP leads to a net cooling of climate due to the strong direct and indirect
effect from sulphate aerosols and due to high NO, emissions leading to a reduction of
the CH, lifetime (Fuglestvedt et al., 2008; Balkanski et al., 2010). Current knowledge of
the climate impact of transport emissions has recently been reviewed for land transport
(Uherek et al., 2010), aviation (Lee et al., 2010), and shipping (Eyring et al., 2010).
Estimates of the future impact of traffic emissions on the atmospheric chemical com-
position depend strongly on assumptions related to the development in economy, pop-
ulation and technology. Here we investigate the effects on atmospheric O, OH, and
the resulting RF in a high emission scenario for all three transport sectors, while the
impacts of a low emission scenario, including a mitigation scenario for AIR, have been
investigated for AIR and SHIP in a recently published companion paper (Hodnebrog
et al., 2011, hereafter referred to as H2011). The emission scenarios selected for this
purpose were the A1B (high), B1 (low) and B1 ACARE (mitigation) which are based on
the storylines of the Special Report on Emission Scenarios (SRES) (Nakicenovic et al.,
2000). Global CO, emissions from fossil fuel and industrial processes for 2010 are es-
timated to be 9.14 GtC (Peters et al., 2012), indicating that the emission activity so far
is closer to the evolution of the high A1B scenario (9.68 GtC), which is the focus of this
study (for O3 precursors), than to the low B1 scenario (8.50 GtC), which was studied
in H2011. Due to the assumptions of a rapid decline in ROAD emissions under the B1
scenario, this sector was not investigated specifically in H2011 but has been included
for the A1B scenario in this study. Until recently, the impact of ROAD on the atmo-
spheric chemical composition has, unlike the AIR and SHIP sectors, been investigated
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in relatively few studies (Granier and Brasseur, 2003; Niemeier et al., 2006; Matthes
et al., 2007).

Six different atmospheric chemistry models have been used to simulate changes in
O3 and OH from the three transport sectors. Section 3 presents these results along
with the RF, which has been calculated by using normalized radiative forcings (NRF;
RF divided by the change in O5 column). In addition, we present in Sect. 4 a synthe-
sis of O3 and CH, RF estimated from this study, H2011, and Myhre et al. (2011) to
give a consistent set of results from all six models, all three transport sectors, and all
scenarios, including present-day (year 2000). Such a comparison is particularly useful
when considering mitigation measures, and, since a consistent set of models has been
used, differences between scenarios are mostly governed by differences in emission
scenarios rather than disagreements between models.

2 Methods and models

We have used gridded emission data of CO, NO,, and NMHC (Table 1), which have
been developed within QUANTIFY and can be downloaded from www.ip-quantify.eu.
These data are the same as described in H2011, except that we use the A1B scenario
instead of B1. The A1 storyline is much less optimistic than B1 in terms of emissions,
and is characterized by very rapid economic growth, a global population that peaks
in 2050, and a quick introduction of new and more efficient technologies (Nakicenovic
et al., 2000). Further, the A1B scenario represents a direction of technological change
that is in between fossil intensive and non-fossil energy sources, i.e. assuming that
similar improvement rates apply to all energy sources. For the transport sectors, these
assumptions lead to a strong increase in emissions of O precursors for the AIR and
SHIP sectors between 2000 and 2025, and also further to 2050 (Table 1; see also Fig. 1
in H2011). On the other hand, ROAD emissions of CO, NO, and NMHC are expected
to decrease rapidly and will evolve from being the transport sector with the highest to
the lowest NO, emissions during the period from 2000 to 2050. In 2050, ROAD NO,
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emissions in the A1B scenario are less than 20 % of the year 2000 emissions, due to
strict vehicle emission standards and technological improvements that will outpace the
steadily growing fuel consumption (Uherek et al., 2010).

Figure 1 shows the global distribution of NO, emission changes for the three trans-
port sectors. For the AIR sector, a relatively strong increase is expected along nearly
all major flight routes between 2000 and 2025, with an even stronger increase towards
2050 when maxima can be found over Europe and Southeast Asia. This latter increase
is in strong contrast to the B1 scenario when major reductions over Europe and the
US are assumed (Fig. 2 in H2011). Similarly, NO, emissions from SHIP will increase
along nearly all shipping routes from 2000 to 2050 if emissions evolve according to the
A1B scenario (Fig. 1). On the contrary, emissions from ROAD are expected to decline
rapidly towards the middle of this century in nearly all regions except in India and China
where these emissions are expected to increase between 2000 and 2025.

Six global atmospheric chemistry models have been used in this study, where five
are Chemistry Transport Models (CTMs) which were driven by 6 hourly operational
meteorological data from the European Centre for Medium-Range Weather Forecasts
(ECMWEF), and one is a Climate Chemistry Model (CCM) which was nudged towards
the ECMWF data (LMDz-INCA). This provides some consistency between the various
models in that the meteorological variables are identical meaning the inter-model differ-
ences shown mostly relate to either difference in the model resolution and/or chemistry
rather than atmospheric transport. Model descriptions have been given in H2011 and
are briefly summarized here:

1. TM4 (Williams et al., 2010) was operated by KNMI and applied at a horizontal
resolution of 3° x 2° and with 34 vertical layers.

2. The p-TOMCAT model (O’Connor et al., 2005) was implemented by the University
of Cambridge. T21 horizontal resolution and 31 vertical layers were used for the
simulations.
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3. OsloCTM2 (Gauss et al., 2003a; Sgvde et al., 2008) was operated by the Univer-
sity of Oslo and set up with both tropospheric and stratospheric chemistry, T42
horizontal resolution, and 60 vertical layers.

4. The CCM model LMDz-INCA (Hauglustaine et al., 2004; Folberth et al., 2006)
was operated by LSCE with a horizontal resolution of 3.75° x 2.5° and 19 vertical
layers.

5. The UCI CTM (Wild et al., 2003; Hsu et al., 2005) was implemented by the Univer-
sity of California, and run with T42 horizontal resolution and 40 vertical layers. The
model includes both tropospheric and stratospheric chemistry — the latter being
calculated using a linearized ozone scheme (Linoz).

6. MOCAGE (Teyssedre et al., 2007) was operated by Météo-France and used at
a resolution of T21 horizontally, and 60 vertical layers. Both tropospheric and
stratospheric chemistry were included in these simulations.

An evaluation of these models can be found in H2011 for comparisons with multi-year
sonde observations of ozone annual cycles, and in Schnadt et al. (2010) for compar-
isons with CO aircraft measurements. The models have been run with meteorological
data from year 2003 in all simulations while 2002 was used for spin-up. For each model
and each of the years 2025 and 2050, four simulations were carried out using emis-
sions from the A1B scenario — a reference run (BASE), and perturbation runs for each
of the three transport sectors AIR, SHIP, and ROAD. The reference simulation included
all anthropogenic and natural emissions while in the perturbation simulations, all emit-
ted species of the respective traffic sector were reduced by 5% in accordance with
the QUANTIFY methodology (Hoor et al., 2009; Grewe et al., 2010). It should be noted
that the approach of deriving the sensitivity of the atmospheric chemical composition to
each emission category by using a small perturbation has limitations in the calculation
of contributions, but is suitable for addressing impacts of e.g. emission policies in the
future (Grewe et al., 2010). Furthermore, Myhre et al. (2011) found that the non-linear
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response of a 5 % perturbation compared to a 100 % removal of the emission category
is small compared to the inter-model differences in RF. This implies that the calculated
sensitivities are robust, i.e. the calculated ozone change per changed mass in emis-
sions is rather independent from the considered change in emission of either 5% or
100 %, which is consistent with the findings in Hoor et al. (2009). The results may not
be misinterpreted as contributions from the individual sectors to the ozone concentra-
tion. Grewe et al. (2012) showed that the contribution of road traffic emissions to the
ozone concentration is underestimated by a factor of 5 when the contribution calcula-
tion is based on the ratio of ozone change to emission change. They showed in their
simulation that the ozone chemistry is already saturated and a decrease in road traffic
emissions lead to larger ozone production efficiency and larger contributions to ozone
from other sectors. Hence, a large decrease in ozone contribution from road traffic is
accompanied by an increase in the ozone concentrations from other sectors leading to
only small changes in the ozone perturbation. For simplicity, the term “impact” is used
throughout this manuscript to describe the response in O; and OH of a 5% decrease
in emissions from each transport sector.

Consistent with the studies of Hoor et al. (2009), Myhre et al. (2011) and H2011, the
results for O5 and OH (Sects. 3.1-3.2) are shown unscaled, i.e. the direct effect of a 5 %
emission perturbation, while CH, lifetime changes and RF calculations (Sects. 3.3-3.4)
have been scaled to 100 % by multiplying the effect of the 5% perturbation by 20. For
simplicity, we will only refer to scaled values in the text. Further details about the models
and the simulation setups can be found in H2011.

3 Results and discussion — A1B scenario

3.1 Ozone

The multi-model mean impact of traffic emissions on ozone for the 2050 A1B sce-
nario is shown in Fig. 2 for the Northern Hemisphere (NH) summer. Many features are
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similar to results obtained for year 2000 (Hoor et al., 2009) and the optimistic emission
scenario, B1, for AIR and SHIP (H2011). Aircraft-induced O3 is mostly confined to the
NH UTLS (upper troposphere/lower stratosphere) region and is relatively well-mixed
zonally, while ship emissions have their largest O3 impact in the lower troposphere
and particularly over the North Atlantic Ocean. Road traffic emissions have their max-
imum effects on O5 over the Arabian Peninsula, but impacts can also be seen over
urban regions in Europe, the US and South Asia which are expected to experience
high increases in population by 2050. The strong impact of ROAD over Arabia is due
to a combination of large emissions of O3 precursors, inefficient O5 dry deposition, and
efficient photo dissociation, whereof the latter is caused by low zenith angles, absence
of clouds and high surface albedo which all yield high actinic fluxes of solar radiation.
In contrast to the similarity in the global distribution of O5 impacts, large differences
can be seen regarding the magnitude of the zonal mean impacts in 2050 A1B versus
2050 B1 and 2000. While H2011 showed that zonal mean O5 due to aircraft could
reach up to 5 ppbv (ensemble mean) at northern mid- and high latitudes during summer
in 2050 under the B1 scenario, the corresponding number for A1B is 9 ppbv (Fig. 2;
note that the figure shows the unscaled response of a 5 % emission perturbation). The
relative O3 impact from AIR peaks in the upper troposphere and could exceed 8 % in
2050 A1B, compared to less than 4 % in 2050 B1. This large spread in O3 impacts from
AIR reflects the strong uncertainties associated with possible future developments of
emissions. There are also uncertainties caused by differences between the models
(e.g. different model resolution and chemistry scheme) and this is illustrated in H2011
Figs. B1 and B2, which show zonal mean O impacts from AIR and SHIP for each of
the six models in 2050 B1. Similar inter-model differences apply for the A1B scenario
presented here. The O impact from SHIP differs less between the scenarios, but is
still larger in A1B with a peak value over the North Atlantic Ocean of 6 ppbv (Fig. 2)
compared to 4 ppbv in B1 (H2011). ROAD was not included in H2011, but comparison
with the study of Hoor et al. (2009) for the year 2000 shows that the O3 impact from
this traffic sector will decrease substantially. The maximum zonal mean O impact from
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ROAD in the lower troposphere during summer will be about 3 ppbv and the maximum
zonal mean relative impact ~ 1% in 2050 A1B (Fig. 2), compared to more than 6 ppbv
and 4 %, respectively, in year 2000 (Hoor et al., 2009).

The time evolution of transport-induced O3 impacts since year 2000 towards 2025
and 2050 under the A1B scenario is illustrated in Fig. 3. It is evident that AIR will have
the largest increase in O5 impacts during this period, particularly between 2025 and
2050. The main reason is the assumed increase of aircraft emissions (Fig. 1), but there
is also a contribution from reduced background levels of NO, stemming from the rapid
decrease of other anthropogenic emissions, particularly from road traffic, which will
act to increase the O3 enhancement efficiency of aircraft NO, emissions. The strong
impact of ROAD on the chemical state of the UTLS in summer was highlighted in
Hoor et al. (2009) and H2011. However, Table 2 shows that the effect of increased
aircraft emissions will dominate the effect of reduced background NO, levels and lead
to a lower O3 enhancement efficiency of AIR with time. The reason is that increased
emissions normally leads to a smaller positive ozone perturbation per aircraft emitted
NO,-molecule due to the non-linear nature of the ozone production (e.g. Groof3 et al.,
1998; Grewe et al., 1999, 2012). Also worth noting for AIR is the expected increase
in O5 impacts in the Southern Hemisphere between 2000 and 2050 A1B with almost
a factor of 4 difference in the zonal mean local maximum near 30° S for both seasons
(Fig. 3, top left). The large increase in the NH over the same period is in strong contrast
to the B1 ACARE mitigation scenario which showed a considerably lower impact on O4
in 2050 than in 2000 (H2011).

Emissions of NO, from SHIP are expected to increase even more than for AIR be-
tween 2000 and 2050 A1B (Fig. 1), and a corresponding increase in the ship-induced
O3 impact can be seen at all latitudes and altitudes for both seasons (Fig. 3, middle
row). However, the absolute increase in O3 mixing ratio due to SHIP in the planetary
boundary layer (PBL) is much lower than that due to AIR in the UTLS. The reason
is that near the surface where the SHIP emissions take place, reservoir species of
NO,, such as HNO3; and PAN, are more rapidly removed by wet scavenging and dry
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deposition than in the UTLS (Hoor et al., 2009). In addition, model results show that
concentrations of HO, increase with decreasing altitude, leading to a shorter lifetime of
ozone produced near the surface. This is also reflected in the much lower O5 enhance-
ment efficiency for SHIP than for AIR (Table 2). Similar to AIR, the O3 enhancement
efficiency is reduced with time as a response to the increased emissions from all an-
thropogenic sources. An interesting point regarding seasonal variations is the much
higher sensitivity of O3 mixing ratios in the lower troposphere to changes in ship emis-
sions, and corresponding lower sensitivity of O3 mixing ratios in the upper troposphere,
in the NH during summer compared to winter (Fig. 3, middle right). All models show
this signal, indicating that it is a robust feature. Near the surface there is almost a factor
of 2 difference in the ensemble mean between January and July (for all years), and this
is caused by the more stable maritime boundary layer and thereby less efficient vertical
transport during summer.

As mentioned previously, the Oz impact due to ROAD will be reduced dramatically
in the future as a consequence of the expected decline in O3 precursor emissions
for this transport sector. In the PBL zonal mean for NH summer, the O3 impact from
ROAD peaks near 40° N with a value exceeding 3 ppbv in 2000, while the correspond-
ing number is only 0.5 ppbv in 2050 A1B (Fig. 3, bottom left). Due to the more polluted
continental boundary layer, where ROAD emissions take place, the O; enhancement
efficiency for this traffic sector is the lowest when comparing with SHIP and AIR (Ta-
ble 2). It is also the only traffic sector which has a higher O; enhancement efficiency in
2050 A1B than in 2000, reflecting the decrease in NO, emissions from ROAD.

3.2 Global OH

Figure 4 shows the zonal mean perturbations of the hydroxyl radical (OH) in 2050
A1B for 5% perturbations of each of the three transport sectors. In the troposphere,
OH is the main oxidant and changes in its concentrations are particularly relevant for
this study through the reaction with CH, and subsequent consequences for the radia-
tive forcing budget. Due to the short OH lifetime of less than one second, the global
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distribution of transport-induced OH (Fig. 4) reflects the locations of emissions, but
is also strongly affected by incoming solar radiation, the amount of water vapour, the
levels of background pollution, and the lifetime of the emitted species. Furthermore,
the ratio of CO to NO, emissions differs largely between the three transport sectors.
ROAD has the largest ratio and thereby lowest OH enhancement efficiency, while AIR
and SHIP have low CO/NO, ratios and are efficient in perturbing OH.

The impact of AIR on OH concentrations in northern summer 2050 A1B peaks south
of the North Atlantic flight corridor (where the humidity is larger and solar zenith an-
gle lower than further north) with a value of 3 x 10° molecules cm™ (Fig. 4), which is
almost twice the value predicted for the same year under the B1 scenario (H2011). In
year 2000, SHIP was the transport sector which had the largest impact on the global
OH budget due to large amounts of NO, which were released into the relatively clean
maritime boundary layer (Hoor et al., 2009). Our results indicate that the OH impact
from SHIP is even stronger in 2050 A1B and with absolute values that peak near the
surface at northern mid-latitudes (Fig. 4, middle). As was the case with ozone, the
impact of ROAD on global OH concentrations is expected to decrease markedly from
2000 to 2050. While Hoor et al. (2009) showed that road traffic emissions led to a max-
imum zonal mean increase of 1 x 10° molecules cm™ near 800 hPa and 40° N in 2000,
the corresponding value is only 2.5 x 10* molecules cm™2 in 2050 A1B (Fig. 4, bottom).

3.3 Methane lifetime

Relative changes in methane lifetime due to reaction with OH are presented in Table 3
(see Table A1 for results from individual models) for perturbations in each transport
sector and each year. Monthly mean CH, and OH fields were used for the calculation,
and the resulting lifetime changes were scaled from a 5% perturbation to a 100 %
perturbation by multiplying with a factor of 20 (Grewe et al., 2010). For reference, the
model mean and standard deviation of the methane lifetime in the BASE simulation is
8.4 (£1.1) yr for 2050 A1B compared to 8.3 (£1.0) yr in 2000.
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The sensitivity of OH to traffic emissions is largest in regions where the amounts
of sunlight and water vapour are high, and the background concentrations of ozone,
NO, and NMHCs are low. As discussed in Hoor et al. (2009) this leads to the largest
changes in methane lifetime for SHIP, which emits mainly in the relatively pristine trop-
ical and subtropical oceans, while the impact of ROAD on methane lifetime changes is
much lower since these emissions take place at higher latitudes and they can be rapidly
transported aloft over the continents. Additionally, ROAD emissions have a much higher
CO to NO, ratio and are also more affected by other anthropogenic pollution sources.
Considering the much lower NO, emissions from AIR compared to ROAD and SHIP in
year 2000 (Table 1), the efficiency in perturbing methane lifetime is relatively large also
for this sector (Table 3).

In the future, changes in methane lifetime changes largely reflect the evolution of
emissions for the various transport sectors. AIR will have the largest increase, from 1.3
to 4.1 % between 2000 and 2050 A1B, and SHIP remains the sector with the largest
impact on methane lifetime, with a 5.3 % perturbation in 2050 (Table 3). It is likely that
regional changes in the distribution of emissions contribute to these enhancements
since both AIR and SHIP show particularly large emission increases at lower latitudes
(Fig. 1), where solar radiation is stronger and water vapour levels are higher. For ROAD,
however, the large reduction in road traffic-induced OH concentrations, discussed in
Sect. 3.2, causes this traffic sector to induce only minor changes in methane lifetime
(0.33 %) in 2050 (Table 3). When comparing with the low emission scenario B1, we see
that changes in methane lifetime may evolve in very different paths, most notably for
AIR which will cause a change of only 1.7 % in 2050 B1 and only 1.2 % under the B1
ACARE mitigation scenario (H2011).

3.4 Radiative forcing

Radiative forcings due to O3 have been calculated for each of the six models by mul-

tiplying the global average transport-induced O5 column with the normalized radiative

forcing, which is defined as the RF divided by the change in the O column expressed
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in Dobson Units (DU). As the NRFs are dependent on both the region and altitude of
the resulting O3 change (Berntsen et al., 2000; Gauss et al., 2003b) it is important to
use separate NRFs for each traffic sector due to the different locations of emissions
from each sector. Here we have calculated NRFs for each traffic sector and for each
of the six models based on the results from Myhre et al. (2011) for year 2000 (AIR,
SHIP and ROAD), and from H2011 for years 2025/2050 under the B1 scenario (AIR
and SHIP) and the B1 ACARE mitigation scenario (AIR).

Averages of all years (2000, 2025 B1/B1 ACARE, and 2050 B1/B1 ACARE) were
made to obtain NRF model means and standard deviations of 35.9 (+3.8), 30.1 (+0.70)
and 33.9 (£3.2) mWm™2 DU~ for AIR, SHIP and ROAD, respectively. Despite the re-
gional changes in the emission distribution, the difference in NRF between each year
was relatively small and typically less than 1-2 %, but a maximum of 14 % was found
for one of the models for one of the transport sectors. Note that the value for ROAD
is based on a five model average because the MOCAGE model was not included in
Myhre et al. (2011) and ROAD was not included in H2011. To calculate O3 RF due to
ROAD from MOCAGE we have therefore used the five model averaged NRF. To check
the validity of calculating O; RFs by using NRFs instead of a radiative transfer model,
we have compared the detailed RF calculations in Myhre et al. (2011) with RFs calcu-
lated using NRFs derived from H2011 for AIR and SHIP. This test shows that our simple
approach of using NRFs yield differences of only 0.57 % and —1.0 % in the ensemble
mean O5; RF due to AIR and SHIP, respectively. Dahlmann et al. (2011) have inves-
tigated the temporal evolution of NRFs during the period of 1960 to 2020 and found
only minor changes for road and ship traffic, and changes for air traffic NRF in the 60s
were in the order of 2%, only. The comparison to Myhre et al. (2011) and Dahimann
et al. (2011) both indicate that our method is robust.

The resulting global average transport-induced Oz RF is presented in Table 4 (see
Table A2 for individual model results). In the future, AIR will be the transport sector with
the largest O3 RF, and this forcing term will more than double between 2025 and 2050,
if the emissions evolve according to the A1B scenario. The O3 RF from SHIP will also
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increase over the same period, while ROAD will evolve from being the transport sector
with the largest O3 radiative forcing in year 2000 (Myhre et al., 2011) to only represent
6 % of the total transport-induced O; RF in 2050 A1B. Further discussion of short-term
O3 RF and comparisons with other studies are given in Sect. 4.

Table 4 also gives the radiative forcings due to changes in CH, and subsequent
changes in O3 (long-term effect). Normally, emissions of NO, from the transport sec-
tors lead to increased OH concentrations and thereby reductions of CH, lifetime and
concentrations. The second CH, RF term is known as the primary mode and repre-
sents the negative long-term effect of the methane perturbation on O3 (e.g. Wild and
Prather, 2000; Wild et al., 2001). The method of calculating CH, RF is described in
Berntsen et al. (2005) and consists of first multiplying the changes in methane life-
time (presented in Table 3) with the estimated CH, concentrations from IPCC (2001).
A feedback factor of 1.4 was used to take into account the impact of CH, changes
on its own lifetime (IPCC, 2001). Next, linearized CH, specific forcings of 0.33 and
0.31 mWm™2 ppbv_1 were applied, assuming background CH, mixing ratios of 2114
and 2400 ppbv for 2025 and 2050 A1B, respectively. Finally, we have taken into ac-
count the impact of CH, changes on Stratospheric Water Vapour (SWV) by assuming
that the RF of SWV is a factor 0.15 times the RF of CH, (Myhre et al., 2007).

To calculate the RF from changes in CH,-induced O3 we have assumed a 0.64 DU
increase in O5 from a CH, increase of 10 %, and a specific forcing of O3 of 42 mW m~2
DU~ (IPCC, 2001). Also, to correct for the transient response, i.e. that the CH, con-
centration may not be in steady state with the OH change during the simulation year,
we have applied factors based on the method described in Grewe and Stenke (2008).
For the A1B scenario in 2025/2050, these factors are 0.77/0.74 for AIR, 0.85/0.88 for
SHIP, and 1.07/1.77 for ROAD. The factors for ROAD are larger than 1 because of the
decline in emissions from this transport sector in the years prior to the simulation year.

As for O3 RF, the RF due to CH, and CH,-induced O3 will be stronger for AIR and
SHIP, and weaker for ROAD in the period from 2025 to 2050 (Table 4). The resulting
net RF shows that the positive O3 term will dominate for AIR in the future, and will
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also strengthen between 2025 and 2050. For SHIP, the cooling terms of RF due to
CH, and CH,-induced O5 changes will dominate and also strengthen over the same
period. ROAD yielded the largest positive net RF of the three transport sectors in 2000
(Myhre et al., 2011), but will in 2050 shift from a net positive to a net negative forcing.
The reason is the strong decline in ROAD emissions, which leads to a high factor to
correct for the transient response (1.77 as noted above). As the short-term O3 RF is
not influenced by the time-history of emissions, the cooling effect will compensate the
warming effect and lead to a net negative RF. It should be noted here that although all
six models yield a negative net RF for ROAD in 2050 A1B, the relatively large standard
deviation indicates that the magnitude and even the sign of the net forcing is uncertain.

4 Synthesis of RF in various scenarios

We present here a synthesis of transport-induced RF in various scenarios based on
results from the same set of atmospheric chemistry models, each using the same setup
and emissions data. The models and setup have been described in Myhre et al. (2011),
H2011, and Sect. 2 in this paper, while the method for RF calculations (e.g. using
NRFs to calculate RF due to O3) used to complement the results presented in previous
literature has been described in Sect. 3.4. The results from H2011 have been kept
unchanged, while we have added results from the MOCAGE model to the year 2000
data presented in Myhre et al. (2011), although this only introduces minor differences.
The results for the B1 scenario presented in H2011 did not include ROAD, but these
results have been added here by using NRFs (see Sect. 3.4) to calculate RF due to
O;. The factors to correct for the transient response in the calculation of RF due to CH,
for ROAD in the B1 scenario are 1.56 and 2.57 for 2025 and 2050, respectively.
Figure 5 shows the resulting RF from the six models (ensemble mean and standard
deviation) for each of the three transport sectors. Focusing on RF due to O3 (Fig. 5,
top), there is clearly a large uncertainty in the magnitude of impact from AIR in the
middle of this century. Although there is a considerable spread between the models
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(see Holmes et al. (2011) for a discussion of RF uncertainties when modelling avi-
ation NO,), the uncertainty is mostly induced by the large spread of emissions be-
tween the various scenarios (Lee et al., 2010), whereas the ensemble mean O; RF
is 62 (£14) mW m~2 for the A1B scenario and only 19 (£6.8) mW m~2 for B1 ACARE in
2050, just slightly higher than in 2000 (18 £ 3.5 me'Z). However, it should be noted
here that B1 ACARE is a mitigation scenario assuming extensive technological im-
provements to the aircraft and is considered very optimistic in terms of emissions (see
H2011). For comparison, Skeie et al. (2009) used the same set of emissions data for
the A1B and B1 scenarios to yield RF due to O of 82 and 38 me'z, respectively,
significantly higher than our forcing results. The main reasons are that higher NRFs
(18—19 % higher) and ozone enhancement efficiencies (25-63 % higher) were used in
their study, but it should also be noted that they removed all aircraft emissions, while
we used a 5 % perturbation approach to calculate the impact of aviation. The scaling
approach of Lee et al. (2009) yielded even higher aircraft-induced O5 RF for 2050, with
arange 59-110 mWm™2, but the NO, emissions used in that study were also higher.
The emission scenarios show a smaller spread for SHIP, and therefore the differ-
ences in the future O3 RF due to shipping are also smaller (Fig. 5, top). In 2050, the O4
RF due to shipping is estimated to be in the range from 25 (+9.6) to 37 (+16) mW m~2,
depending on the scenario, compared to 22 (+7.8) mW m™~2 in 2000. Skeie et al. (2009)
calculated substantially stronger impacts for 2050 with the range 36—62 mW m=2, again
due to the higher O3 enhancement efficiencies (61-87 % higher) used in their study.
Estimates from the multi-model study of Eyring et al. (2007) were much lower than in
this study with O3 RF from SHIP of 14 mW m~2 for 2030, and 9.8 mW m~2 for 2000. Part
of the reason is the magnitude of ship NO, emissions which was lower in their study, but
it can also be related to the different geographical emission distribution, whereas the
emission inventory used in Eyring et al. (2007) is more concentrated along major ship-
ping routes compared to the QUANTIFY emissions which are more widespread. Due to
the non-linear nature of the ozone chemistry, this could lead to very different ozone en-
hancement efficiencies and subsequent discrepancies in the forcings. Contrary to AIR
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and SHIP, the impact of ROAD emissions on ozone RF is expected to decline rapidly in
the future and yield values in the range from 1.8 (+0.53) to 6.3 (£2.2) mW m~2 in 2050
(Fig. 5, top). The decreased impact of ROAD in 2050 compared to 2000 is a conse-
quence of the assumed reduction of NO, emissions, and is also consistent with the
results of Skeie et al. (2009).

When also taking into account the CH, RF and CH,-induced O4 RF, the net impact
of positive and negative RF terms for AIR nearly cancel out for the two most optimistic
emission scenarios (B1 and B1 ACARE) in 2050, and even yield a slightly negative
net impact for the mitigation scenario (Fig. 5, bottom). On the other hand, the highest
emission scenario (A1B) yields net RF due to AIR of 12 (£11) mW m™~2, about twice the
impact in 2000. For SHIP, the impact on net RF is negative in 2000, and its absolute im-
pact will increase in the future for both the A1B and B1 scenarios. ROAD had the largest
positive impact on net RF in 2000, but it will probably shift to yield slightly negative net
impact in 2050 for both scenarios. As mentioned in Sect. 3.4, the net negative impact
is present because we take into account the time-history of emissions, which in this
case gives additional weight to the long-lived cooling terms (CH, RF and CH,-induced
O3 RF) due to the rapid decline of NO, emissions for ROAD in the years preceding
2050. It is also worth noting the net RF due to changes in O5 and CH, from all three
transport sectors combined, which is slightly negative in 2000 (- 0.38 £ 13mW m'2),
and strongly negative in 2050 (- 31 +20 mWm™2 for A1B and -32+8.9mWm™2 for
B1), partly due to the reduced impact of ROAD. In order to assess the total climate
impact from the transport sectors, RF due to changes in e.g. CO,, SO, and BC must
be included and will yield very different net forcings (see e.g. Olivié et al., 2012).

5 Conclusions

The future impact of traffic emissions on atmospheric ozone and OH has been studied
and quantified using six atmospheric chemistry models. The purpose of this paper is
twofold. First, new results were presented for a scenario representing a possible high
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development of emissions (SRES A1B). Second, the radiative forcing results calculated
for A1B were put in a larger context by comparing with recent literature presenting
impacts of traffic emissions in possible low emission scenarios (B1 and B1 ACARE)
and also for year 2000.

We find that the impacts of the non-land based traffic sectors (AIR and SHIP) on
atmospheric O3 will increase substantially in the future if emissions evolve according
to the A1B scenario. Maximum impacts of O3 due to AIR occur in the UTLS region and
could reach 9ppbv (monthly and zonally averaged) at high northern latitudes during
summer in 2050, while SHIP peaks over the North Atlantic Ocean with a maximum
value of 6 ppbv in the PBL during NH summer in 2050. On the contrary, ROAD will
have a considerably lower impact on atmospheric O in the future, due to assumptions
of improvements in the NO, technology which will outpace the increased demand. In
accordance with the evolution of emissions in the A1B scenario, ozone enhancement
efficiencies will increase for ROAD and decrease for AIR and SHIP.

In 2050, SHIP remains as the sector with the largest impact on global OH concentra-
tions, and consequently yields the greatest relative change in CH, lifetime with 5.3 %.
The largest change in the CH, lifetime reduction between 2000 and 2050 is for AIR
which will induce a 4.1 % shorter lifetime in the middle of the 21st century. Part of the
increase for AIR and SHIP is presumably caused by regional changes in the emission
distributions, with large increases at low latitudes, which favours enhancements of OH
concentrations. As for O3, ROAD will have a reduced impact on atmospheric OH in the
future, and cause a relative change in CH, lifetime of only 0.33 % in 2050.

Radiative forcing calculations, taking into account changes in O;, CH, and CH,-
induced Og, show that the future impact of AIR will increase for all RF terms, but that
the magnitude of change is largely dependent on the emission scenario with a net
RF ranging from -0.54 +4.6 (B1 ACARE) to 12+ 11 mWm™2 (A1B) in 2050. SHIP
will also increase its impact for all RF terms in the future, but the increase for the
cooling terms (CH, and CH,-induced O3) will dominate to yield a stronger net negative

RF in the future, namely between —-40+ 11 (A1B) and -31+4.8 mwWm™2 (B1) in the
20994

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
12, 20975-21012, 2012

Future impact of
traffic emissions on
atmospheric ozone

and OH

@. Hodnebrog et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/20975/2012/acpd-12-20975-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/20975/2012/acpd-12-20975-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

middle of this century. Comparison with previous literature reveals large spread in the
magnitude of present-day and future ship-induced impact on O3 RF, and suggests that
this issue should be given increased attention, especially considering the assumed
future increase of SHIP emissions. ROAD will evolve from having the largest impact on
O3 RF and the largest positive impact on net RF among the transport sectors in 2000,
to having only a modest impact on O; and a net RF that is likely to shift to slightly
negative in 2050 (net RF ranging from —-3.3+ 3.8 (A1B) to —-2.9+1.7mW m™2 (B1)).

The sum of net RF, taking into account O3 and CH, effects, from all three trans-
port sectors shows that there will be a shift from slightly negative net RF in 2000
(-0.38 13me'2) to strong negative net RF in 2050 (ranging from -32 + 8.9 (B1)
to —31+£20mWm™ (A1B)), mainly due to the combined impact of enhanced cooling
from SHIP and reduced warming from ROAD. However, the total climate effect of future
transport emissions, also taking into account the RF terms from aerosols and long-lived
greenhouse gases, is largely positive and dominated by warming due to CO, emissions
from road traffic (Olivié et al., 2012).

Appendix A

Results from individual models

Results from each of the six models are given for relative changes in CH, lifetime in
Table A1, and for RF calculations in Table A2.
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Table 1. Global annual emissions of NO,, CO and NMHC provided by QUANTIFY (www.ip-
quantify.eu) for the years 2000, 2025 and 2050 in the A1B scenario. The 2000 emissions are
from the final QUANTIFY dataset and thereby differ from the preliminary emissions used in
Hoor et al. (2009).

NO, emissions in Tg(N)

CO emissions in Tg(C)

NMHC emissions in Tg(C)

Source 2000 2025A1B 2050A1B 2000 2025A1B 2050A1B 2000 2025A1B 2050A1B References

Aircraft 0.85 1.42 3.33 - - - - - - (Owen et al., 2010)

Ship 4.56 6.42 8.64 0.59 1.19 2.30 0.36 0.66 1.20 (Eide et al., 2007;
Endresen et al.,

2007)
Road 8.89 6.45 1.71 47.2 27.7 11.3 114 5.55 1.70 (Borken et al., 2007;
Uherek et al., 2010)

Non-traffic 28.9 35.7 30.1 365 485 459 108 135 119 (van Aardenne et
al., 2005; van der
Werf et al., 2006)

Biogenic, soil  6.89 6.89 6.89 48.2 48.2 48.2 341 341 341 (Jockel et al., 2006)
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Table 2. Global annual average of the change in O3 molecules per NO, molecule emitted from
the different transport sectors, given as ensemble means and standard deviations.

AIR SHIP ROAD

2000 2.05 (+0.51) 0.509 (+0.19) 0.329 (+0.11)
2025A1B  1.90 (+0.44) 0.465 (+0.18) 0.323 (+0.10)
2050A1B  1.65 (£0.27) 0.460 (+0.19) 0.369 (+0.13)
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Table 3. Relative changes (%) in methane lifetime (integrated up to 50 hPa) due to a 5% de-
crease in traffic emissions. Values are global annual averages given relative to the BASE simu-
lation, and are scaled to 100 % by multiplying with 20. Both the mean of the six models and the
standard deviations (indicating the spread of the models) are given. Note that this table does
not include the feedback effect of methane changes on its own lifetime.

AIR SHIP ROAD

2000 1.30 (+0.30) 3.68 (+0.47)  1.44 (+0.81)
2025A1B  1.91 (+0.46) 4.44 (+0.39) 1.21 (+0.61)
2050A1B  4.08 (+0.83) 5.32 (+0.56) 0.331 (+0.11)
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Table 4. Radiative forcings (mW m‘2) from changes in ozone, methane (including stratospheric
water vapour), and methane-induced ozone (Ozcy,) for different transport sectors and years
given as ensemble means and standard deviations. Note that the history of emissions has been
taken into account, and that the fully scaled perturbations were used.

AIR SHIP ROAD
O3 CH, Opggcn, total Os CH,;  Oggcp, total O3 CH,  Opggcp, total

mean 30.8 -167 -6.10 7.94 281 -427 -156 -30.2 207 -146 -535 0.699
2025A1B ;49 40 15 71 11 38 1.4 90 61 74 27 9.1
mean 621 -364 -133 125 37.4 -566 -20.7 -39.9 628 -7.04 -257 -3.33
2050A1B 44 74 27 11 16 60 22 11 22 24 089 38
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Table A1. Relative changes (%) in methane lifetime (integrated up to 50hPa) due to a 5%
decrease in traffic emissions. Values are global annual averages given relative to the BASE
simulation, and are scaled to 100 % by multiplying with 20. Note that this table does not include

the feedback effect of methane changes on its own lifetime.

T™M4 p- OsloCTM2 LMDz- UCICTM MOCAGE
TOMCAT INCA
AIR 2000 1.27 1.61 0.852 1.07 1.60 1.41
AIR 2025A1B 2.03 2.44 1.20 1.54 2.10 2.18
AIR 2050A1B 4.57 4.58 2.68 3.43 4.65 4.58
SHIP 2000 417 3.44 3.77 3.20 4.28 3.24
SHIP 2025A1B 4.99 4.39 4.55 3.90 4.70 412
SHIP 2050A1B 5.96 4.87 5.68 4.78 5.85 4.81
ROAD 2000 1.57 -0.141 1.74 1.50 1.76 2.21
ROAD 2025A1B  1.33 0.148 1.25 1.26 1.18 2.07
ROAD 2050A1B  0.332 0.210 0.302 0.314 0.282 0.548
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Table A2. Radiative forcings (MWm™2) from changes in ozone, methane (including strato-
spheric water vapour), and methane-induced ozone (Ozcy,)) for different transport sectors and
years. Note that the history of emissions has been taken into account, and that the fully scaled
perturbations were used.

™4 p-TOMCAT OsloCTM2
O; CH, Oggny total Oy CH, Oyeyy total Oy CH, Oggy, total

AIR 2025A1B 232 -17.7 -6.46 -0929 489 -213 -7.77 199 253 -105 -3.82 11.0
AIR 2050A1B 53.8 -40.7 -149 -172 839 -408 -14.9 28.1 525 -239 -8.74 19.8
SHIP 2025A1B  27.0 -480 -175 -386 227 -422 -154 -348 414 -437 -16.0 -183
SHIP 2050A1B  36.7 -63.3 -23.1 -498 29.0 -518 -189 -417 569 -604 -221 -255
ROAD 2025A1B 200 -16.2 -590 -2.11 105 -180 -0658 805 283 -152 -554 7.55
ROAD 2050A1B 6.62 -7.06 -2.58 -3.02 230 -446 -163 -378 866 -6.41 -234 -0.098

LMDz-INCA UCI CTM MOCAGE
O3 CH;  Ogcp, total O3 CH;  Ogcn,) total O3 CH, Opgcn, total

AIR 2025A1B 215 -135 -4.91 3.09 322 -183 -6.69 718 334 -191 -6.96 7.41

AIR 2050A1B 472 -306 -11.2 548 694 -415 -151 128 66.0 -409 -14.9 10.2
SHIP 2025A1B 225 -375 -13.7 -28.7 405 -452 -165 -211 143 -396 -145 -39.8
SHIP 2050A1B  30.0 -50.8 -185 -394 545 -622 -227 -304 171 -511 -187 -527
ROAD 2025A1B 236 -15.3 -5.59 266 240 -143 -524 437 179 -2561 -917 -16.3
ROAD 2050A1B 7.41 -6.68 -244 -171 737 -6.00 -219 -0.819 534 -11.7 -426 -10.6
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Fig. 1. Spatial distribution of the absolute difference in NO, emission flux for the SRES A1B sce- %
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Fig. 2. Mean perturbations of ozone (ppbv) during July for the 2050 A1B scenario due to a 5%
perturbation of aircraft emissions (top), ship emissions (middle), and road traffic emissions
(bottom). The left column shows ozone perturbations in the upper troposphere (300-200 hPa)
for aircraft and in the lower troposphere (> 800 hPa) for ship and road traffic, while the right
column shows zonal mean perturbations for all transport modes. In the right column, solid
white contour lines show the change relative to the BASE simulation while the dashed black
line indicates the tropopause. Note that different scales have been used for each of the traffic
sectors.
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Fig. 3. Mean perturbations of ozone (ppbv) due to a 5 % perturbation of aircraft emissions (top),
ship emissions (middle), and road traffic emissions (bottom). The left column shows zonally av-
eraged ozone perturbations in the upper troposphere (300—200 hPa) for aircraft and in the lower
troposphere (> 800 hPa) for ship and road traffic, while the right column shows the horizontally
averaged perturbations in the Northern Hemisphere for all transport modes. The right y-axes
in the left column and the top x-axes in the right column show the ozone perturbations when
scaled from 5 % to 100 % by applying a factor of 20. Note that different scales have been used.
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Fig. 4. Zonal mean perturbations of OH (10* moleculecm™) during July for the 2050 A1B sce-
nario due to a 5% perturbation of aircraft emissions (top), ship emissions (middle), and road
traffic emissions (bottom). Solid white contour lines show the change relative to the BASE sim-
ulation while the dashed black line indicates the tropopause. Note that different scales have
been used for each of the traffic sectors.
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