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Abstract. The future impact of traffic emissions on atmo- imum of 6 ppbv over the North Atlantic Ocean during sum-
spheric ozone and OH has been investigated separately foner in 2050. The @impact of road traffic emissions in the
the three sectors AlRcraft, maritime SHIPping and ROAD lower troposphere peaks at 3 ppbv over the Arabian Penin-
traffic. To reduce uncertainties we present results from an ensula, much lower than the impact in 2000.
semble of six different atmospheric chemistry models, each Radiative forcing (RF) calculations show that the net
simulating the atmospheric chemical composition in a possi-effect of AIR, SHIP and ROAD combined will change
ble high emission scenario (A1B), and with emissions fromfrom a marginal cooling 0f-0.44+ 13 mW nT2 in 2000
each transport sector reduced by 5 % to estimate sensitivitieso a relatively strong cooling of—32+9.3 (B1) or
Our results are compared with optimistic future emission sce—32+ 18 mW nt2 (A1B) in 2050, when taking into ac-
narios (B1 and B1 ACARE), presented in a companion papercount RF due to changes insOCH4 and CH-induced Q.
and with the recent past (year 2000). Present-day activity inThis is caused both by the enhanced negative net RF from
dicates that anthropogenic emissions so far evolve closer t&HIP, which will change from-19+5.3mW 2 in 2000
A1B than the B1 scenario. to —31+4.8 (B1) or—40+ 9 mW m2 (A1B) in 2050, and

As a response to expected changes in emissions, AIR anftom reduced @ warming from ROAD, which is likely to
SHIP will have increased impacts on atmosphericadd  turn from a positive net RF of 12 8.5 mW nT2 in 2000 to
OH in the future while the impact of ROAD traffic will a slightly negative net RF 6£3.1+2.2 (B1) or—3.1+ 3.4
decrease substantially as a result of technological improvefA1B) mW m~2 in the middle of this century. The negative
ments. In 2050, maximum aircraft-induced Occurs near net RF from ROAD is temporary and induced by the strong
80° N in the UTLS region and could reach 9 ppbv in the zonal decline in ROAD emissions prior to 2050, which only af-
mean during summer. Emissions from ship traffic have theirfects the methane cooling term due to the longer lifetime
largest @ impact in the maritime boundary layer with a max- of CHs compared to @ The & RF from AIR in 2050 is
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strongly dependent on scenario and ranges frosh 68 (B1 viewed for land transport (Uherek et al., 2010), aviation (Lee
ACARE) to 614+ 14 mW n1 2 (A1B). There is also a consid- et al., 2010), and shipping (Eyring et al., 2010).
erable span in the net RF from AIR in 2050, ranging from Estimates of the future impact of traffic emissions on the
-0.544+ 4.6 (B1 ACARE) to 12+ 11 (A1B) mW n12 com- atmospheric chemical composition depend strongly on as-
pared to 6.6 2.2 mW n12 in 2000. sumptions related to the development in economy, popula-
tion and technology. Here we investigate the effects on at-
mospheric @, OH, and the resulting RF in a high emission
scenario for all three transport sectors, while the impacts
1 Introduction of a low emission scenario, including a mitigation scenario
for AIR, have been investigated for AIR and SHIP in a re-
Emissions from the transport sector have been increasingently published companion paper (Hodnebrog et al., 2011,
rapidly during the last decades. Larger transport demandhereafter referred to as H2011). The emission scenarios se-
is expected also for the future due to the growing humanlected for this purpose were the A1B (high), B1 (low) and
population and the increasing mobility. The transport sectorB1 ACARE (mitigation) which are based on the storylines
mainly affects climate through emissions of g@erosols, of the Special Report on Emission Scenarios (SRES) (Na-
water vapour, and ozone §Dprecursors. We focus on the kicenovic et al., 2000). Global GOemissions from fossil
latter group of emissions, which is also important for air fuel and industrial processes for 2010 are estimated to be
quality and the oxidative capacity of the atmosphere, and.14 GtC (Peters et al., 2012), indicating that the emission
consists of the relatively short-lived gases nitrogen oxidesactivity so far is closer to the evolution of the high A1B sce-
(NOy), carbon monoxide (CO) and non-methane hydrocar-nario (9.68 GtC), which is the focus of this study (fog O
bons (NMHCs). On a 100-yr time scale, tropospherig O precursors), than to the low B1 scenario (8.50 Gt C), which
constitutes the second largest positive radiative forcing (RFwas studied in H2011. Due to the assumptions of a rapid de-
term (after CQ) due to present-day (year 2000) traffic emis- cline in ROAD emissions under the B1 scenario, this sector
sions (Fuglestvedt et al., 2008), and one study predicts thatvas not investigated specifically in H2011 but has been in-
in 2030 the traffic sector will constitute 29 % of the total an- cluded for the A1B scenario in this study. Until recently, the
thropogenic ozone RF (Unger et al., 2008). Ozone precursoimpact of ROAD on the atmospheric chemical composition
emissions also alter the levels of OH, normally leading to ahas, unlike the AIR and SHIP sectors, been investigated in
reduction of methane (CH lifetime and thereby a cooling relatively few studies (Granier and Brasseur, 2003; Niemeier
of the atmosphere. et al., 2006; Matthes et al., 2007).

This paper follows a series of recent studies that have Six different atmospheric chemistry models have been
quantified impacts of transport emissions on atmospheriaised to simulate changes i @nd OH from the three trans-
chemistry and climate (Fuglestvedt et al., 2008; Cariolle etport sectors. Section 3 presents these results along with the
al., 2009; Hoor et al., 2009; Skeie et al., 2009; Balkanski etRF calculations. In addition, we present in Sect. 4 a synthe-
al., 2010; Eyring et al., 2010; Huszar et al., 2010; Koffi et sis of O3 and CH, RF estimated from this study, H2011,
al., 2010; Lee et al., 2010; Uherek et al., 2010; Dahlmannand Myhre et al. (2011) to give a consistent set of results
et al., 2011; Hodnebrog et al., 2011; Myhre et al., 2011;from all six models, all three transport sectors, and all sce-
Grewe et al., 2012; Olig et al., 2012), and have been initi- narios, including present-day (year 2000). Such a compari-
ated in the framework of the EU project QUANTIFY (Quan- son is particularly useful when considering mitigation mea-
tifying the Climate Impact of Global and European Emis- sures, and, since a consistent set of models has been used,
sion Systems). As in the earlier studies, the different transdifferences between scenarios are mostly governed by dif-
port sectors AlRcraft, maritime SHIPping and ROAD traf- ferences in emission scenarios rather than disagreements be-
fic have been studied individually. This is important becausetween models.
the different sectors emit various compositions of gases and
particles, and at different locations, which leads to substan-
tially different impacts on climate. More specifically, the cli- 2 Methods and models
mate impact of ROAD is dominated by warming from £0
while AIR is also dominated by warming from contrail cir- We have used gridded emission data of CO,N@nd
rus formation, although the magnitude of this process is un’NMHC (Table 1), which have been developed within QUAN-
certain (Fuglestvedt et al., 2008; Lee et al., 2010; BurkhardfTIFY and can be downloaded fromww.ip-quantify.eu
and Karcher, 2011). On the other hand, SHIP leads to a nefhese data are the same as described in H2011, except that
cooling of climate due to the strong direct and indirect ef- we use the A1B scenario instead of B1. The Al storyline is
fect from sulphate aerosols and due to highyNgnissions  much less optimistic than B1 in terms of emissions, and is
leading to a reduction of the CGHifetime (Fuglestvedt et characterized by very rapid economic growth, a global pop-
al., 2008; Balkanski et al., 2010). Current knowledge of theulation that peaks in 2050, and a quick introduction of new
climate impact of transport emissions has recently been reand more efficient technologies (Nakicenovic et al., 2000).

Atmos. Chem. Phys., 12, 122112225 2012 www.atmos-chem-phys.net/12/12211/2012/


www.ip-quantify.eu

@. Hodnebrog et al.: Future impact of traffic emissions 12213

Table 1. Global annual emissions of NQCO and NMHC provided by QUANTIFYhttp://www.ip-quantify.eli 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).

NOy emissions in Tg(N) \ CO emissions in Tg(C) \ NMHC emissions in Tg(C)

Source 2000 2025A1B 2050A1$ 2000 2025A1B 2050AlB\ 2000 2025A1B 2050A1B References

Aircraft 0.85 142 3.33 - - - - - - Owen et al. (2010)

Ship 456 6.42 8.64 059 1.19 2.30 0.36 0.66 1.20 Eide et al., (2007);
Endresen et al. (2007)

Road 8.89 6.45 1.71 472 277 11.3 114 555 1.70 Borken et al. (2007);
Uherek et al. (2010)

Non-traffic 289 357 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 dckel et al. (2006)

Further, the A1B scenario represents a direction of technoshown mostly relate to either difference in the model res-
logical change that is in between fossil intensive and non-olution and/or chemistry rather than atmospheric transport.
fossil energy sources, i.e. assuming that similar improvemenModel descriptions have been given in H2011 and are briefly
rates apply to all energy sources. For the transport sectorsummarized here:

these assumptions lead to a strong increase in emissions of .

Os precursors for the AIR and SHIP sectors between 2000 1. TM4 (Williams etal., 2010) was operated by KNMI and
and 2025, and also further to 2050 (Table 1; see also Fig. 1  aPplied ata horizontal resolution of 3 2° and with 34

in H2011). On the other hand, ROAD emissions of CO,NO vertical layers.

and NMHC are expected to decrease rapidly and will evolve 2. The p-TOMCAT model (O'Connor et al., 2005) was im-

from bei'ng.the tran.sport sectgr with the highest to the lowest plemented by the University of Cambridge. T21 hori-
NOx emissions during the period from 2000 t0 2050.1n 2050, a1 resolution and 31 vertical layers were used for

ROAD NOy emissions_in _the Al1B scenari_o are Ie_ss than_ZO_% the simulations.

of the year 2000 emissions, due to strict vehicle emission

standards and technological improvements that will outpace 3. OsloCTM2 (Gauss et al., 2003a; Sgvde et al., 2008) was

the steadily growing fuel consumption (Uherek et al., 2010). operated by the University of Oslo and set up with both
Figure 1 shows the global distribution of N@mission tropospheric and stratospheric chemistry, T42 horizon-

changes for the three transport sectors. For the AIR sector, a  tal resolution, and 60 vertical layers.

relatively strong increase is expected along nearly all major

flight routes between 2000 and 2025, with an even stronger 4- The CCM model LMDz-INCA (Hauglustaine et al.,

increase towards 2050 when maxima can be found over Eu- ~ 2004; Folberth et al., 2006) was operated by LSCE with

rope and Southeast Asia. This latter increase is in strong con- @ horizontal resolution of 3.75< 2.5 and 19 vertical

trast to the B1 scenario when major reductions over Europe  layers.

and the US are assumed (Fig. 2 in H2011). Similarly,xNO 5. The UCI CTM (Wild et al., 2003; Hsu et al., 2005) was

(raomLzsslarjn:r%goikzgpzvégl(;n?r:rz‘S:s%Igggen;agyaacl:;sgpr?lnt% implemented by the University of California, and run
u ’ Issl Vol ng with T42 horizontal resolution and 40 vertical layers.

g‘g :; irseczzaggtézlqné ld)égi?lgh;C%Ttr?éa;;nslsign;ifdrgg The model includes both tropospheric and stratospheric
P pidly chemistry —the latter being calculated using a linearized

of this century in_ ne_arly all regions except in India and China ozone scheme (Linoz).
where these emissions are expected to increase between 2000
and 2025. 6. MOCAGE (Teyssgdre et al., 2007) was operated by

Six global atmospheric chemistry models have been used  Méteo-France and used at a resolution of T21 hori-
in this study, where five are Chemistry Transport Models  zontally, and 60 vertical layers. Both tropospheric and

(CTMs) which were driven by 6 hourly operational me- stratospheric chemistry were included in these simula-
teorological data from the European Centre for Medium- tions.

Range Weather Forecasts (ECMWF), and one is a Climate

Chemistry Model (CCM) which was nudged towards the An evaluation of these models can be found in H2011 for
ECMWF data (LMDz-INCA). This provides some consis- comparisons with multi-year sonde observations of ozone
tency between the various models in that the meteorologica@nnual cycles, and in Schnadt et al. (2010) for comparisons

variables are identical meaning the inter-model differencegvith CO aircraft measurements. The models have been run
with meteorological data from year 2003 in all simulations

www.atmos-chem-phys.net/12/12211/2012/ Atmos. Chem. Phys., 12, 122PP25 2012
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2025-2000 2050-2025

AIRCRAFT

SHIP

i £ +2.22 Tg(N)
e T

60:

ROAD

Fig. 1. Spatial distribution of the absolute difference in émission flux for the SRES A1B scenario (unitsl3@nolecules NG m=2s~1
for AIRCRAFT and SHIP; 18* molecules NG m—2 s~1 for ROAD).

while 2002 was used for spin-up. For each model and eaclb % or 100 %, which is consistent with the findings in Hoor et
of the years 2025 and 2050, four simulations were carriedal. (2009). The results may not be misinterpreted as contribu-
out using emissions from the A1B scenario — a reference rurions from the individual sectors to the ozone concentration.
(BASE), and perturbation runs for each of the three transportGrewe et al. (2012) showed that the contribution of road traf-
sectors AIR, SHIP, and ROAD. The reference simulation in-fic emissions to the ozone concentration is underestimated
cluded all anthropogenic and natural emissions while in theby a factor of 5 when the contribution calculation is based on
perturbation simulations, all emitted species of the respecthe ratio of ozone change to emission change. They showed
tive traffic sector were reduced by 5% in accordance within their simulation that the ozone chemistry is already satu-
the QUANTIFY methodology (Hoor et al., 2009; Grewe et rated and a decrease in road traffic emissions lead to larger
al., 2010). It should be noted that the approach of derivingozone production efficiency and larger contributions to ozone
the sensitivity of the atmospheric chemical composition tofrom other sectors. Hence, a large decrease in ozone con-
each emission category by using a small perturbation hagribution from road traffic is accompanied by an increase in
limitations in the calculation of contributions, but is suitable the ozone concentrations from other sectors leading to only
for addressing impacts of e.g. emission policies in the fu-small changes in the ozone perturbation. For simplicity, the
ture (Grewe et al., 2010). Furthermore, Myhre et al. (2011)term “impact” is used throughout this manuscript to describe
found that the non-linear response of a 5 % perturbation comthe response in ©and OH of a 5% decrease in emissions
pared to a 100 % removal of the emission category is smalfrom each transport sector.

compared to the inter-model differences in RF. This implies It should be noted that the CTMs used here have a rather
that the calculated sensitivities are robust, i.e. the calculatedoarse grid resolution, and previous studies have shown that
ozone change per changed mass in emissions is rather irbzone formation may be overestimated when the emissions
dependent from the considered change in emission of eithefrom e.g., aircraft and shipping are instantly diluted in a

Atmos. Chem. Phys., 12, 122112225 2012 www.atmos-chem-phys.net/12/12211/2012/
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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 o0zone 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
each of these transport modes. In the right column, solid white contour lines show the percentage 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 and that th
scales have been reversed in order to shawe@ductions, arising from a 5% decrease in emissions, as positive numbers.

large grid box (e.g., Meijer et al., 1997; Kraabgl et al., 2002;3 Results and discussion — A1B scenario
Franke et al., 2008; Paoli et al., 2011; Vinken et al., 2011).
One study suggests that ozone production due to aircraf8.1 Ozone
emissions may be reduced by 10-25 % in the Northern Hemi-
sphere when subgrid-scale plume effects are taken into acFhe multi-model mean impact of traffic emissions on ozone
count (Cariolle et al., 2009), and another study suggests &or the 2050 A1B scenario is shown in Fig. 2 for the North-
similar reduction for ship emissions — around 10-30 % overern Hemisphere (NH) summer. Many features are similar to
parts of the North Atlantic Ocean (Huszar et al., 2010). Al- results obtained for year 2000 (Hoor et al., 2009) and the op-
though there are relatively large uncertainties related to thdimistic emission scenario, B1, for AIR and SHIP (H2011).
effects of including plume chemistry, the possible overesti-Aircraft-induced Q is mostly confined to the NH UTLS (up-
mation of G production due to the neglect of plume pro- per troposphere/lower stratosphere) region and is relatively
cesses should be kept in mind when interpreting the resultgvell-mixed zonally, while ship emissions have their largest
presented in the subsequent sections. Oz impact in the lower troposphere and particularly over the
Consistent with the studies of Hoor et al. (2009), Myhre et North Atlantic Ocean. Road traffic emissions have their max-
al. (2011) and H2011, the results fog@d OH (Sects. 3.1- imum effects on @ over the Arabian Peninsula, but impacts
3.2) are shown unscaled, i.e. the direct effect of a 5% emiscan also be seen over urban regions in Europe, the US and
sion perturbation, while CHlifetime changes and RF calcu- South Asia which are expected to experience high increases
lations (Sects. 3.3-3.4) have been scaled to 100 % by multiin population by 2050. The strong impact of ROAD over Ara-
plying the effect of the 5 % perturbation by 20. For simplicity, bia is due to a combination of large emissions affibecur-
we will only refer to scaled values in the text. Further details sors, inefficient @ dry deposition, and efficient photo dis-
about the models and the simulation setups can be found isociation, whereas the latter is caused by low zenith angles,
H2011. absence of clouds, and high surface albedo which all yield
high actinic fluxes of solar radiation.

www.atmos-chem-phys.net/12/12211/2012/ Atmos. Chem. Phys., 12, 122PP25 2012
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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 averaged 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 and that the scales have
been reversed in order to showg @ductions, arising from a 5 % decrease in emissions, as positive numbers.

In contrast to the similarity in the global distribution 0§ O  still larger in A1B with a peak value over the North Atlantic
impacts, large differences can be seen regarding the magn®cean of 6 ppbv (Fig. 2) compared to 4 ppbv in B1 (H2011).
tude of the zonal mean impacts in 2050 A1B versus 2050 BIROAD was not included in H2011, but comparison with the
and 2000. While H2011 showed that zonal meandQe to  study of Hoor et al. (2009) for the year 2000 shows that the
aircraft could reach up to 5 ppbv (ensemble mean) at northO3 impact from this traffic sector will decrease substantially.
ern mid- and high latitudes during summer in 2050 under theThe maximum zonal mean0mpact from ROAD in the
B1 scenario, the corresponding number for A1B is 9 ppbvlower troposphere during summer will be about 3 ppbv and
(Fig. 2; note that the figure shows the unscaled response dhe maximum zonal mean relative impaefl % in 2050 A1B
a 5% emission perturbation). The relativg hpact from  (Fig. 2), compared to more than 6 ppbv and 4 %, respectively,
AIR peaks in the upper troposphere and could exceed 8 % ifin year 2000 (Hoor et al., 2009).

2050 A1B, compared to less than 4 % in 2050 B1. This large The time evolution of transport-induced; @npacts since
spread in @ impacts from AIR reflects the strong uncertain- year 2000 towards 2025 and 2050 under the A1B scenario
ties associated with possible future developments of emisis illustrated in Fig. 3. It is evident that AIR will have the
sions. There are also uncertainties caused by differences béargest increase in £lmpacts during this period, particularly
tween the models (e.g. different model resolution and chembetween 2025 and 2050. The main reason is the assumed in-
istry scheme) and this is illustrated in H2011 Figs. B1-B2, crease of aircraft emissions (Fig. 1), but there is also a con-
which show zonal mean £dmpacts from AIR and SHIP for tribution from reduced background levels of N&temming
each of the six models in 2050 B1. Similar inter-model dif- from the rapid decrease of other anthropogenic emissions,
ferences apply for the A1B scenario presented here. The Oparticularly from road traffic, which will act to increase the
impact from SHIP differs less between the scenarios, but i03 enhancement efficiency of aircraft N@missions. The

Atmos. Chem. Phys., 12, 122112225 2012 www.atmos-chem-phys.net/12/12211/2012/
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strong impact of ROAD on the chemical state of the UTLS Table 2. Global annual average of the change ig f@olecules per
in summer was highlighted in Hoor et al. (2009) and H2011.NOx molecule emitted from the different transport sectors, given as
However, Table 2 shows that the effect of increased aircrafensemble means and standard deviations.
emissions will dominate the effect of reduced background
NOy levels and lead to a lower£®nhancement efficiency of AR SHIP ROAD
AIR with time. The reason is that increased emissions nor- 2000 2.0540.51) 0.50940.19) 0.32940.11)
mally leads to a smaller positive ozone perturbation per air- 2025A1B  1.9040.44) 0.46540.18) 0.32340.10)
craft emitted NQ-molecule due to the non-linear nature of 2050A1B 1.6540.27) 0.46040.19) 0.36940.13)
the ozone production (e.g. Groof3 et al., 1998; Grewe et al.,
1999, 2012). Also worth noting for AIR is the expected in-
crease in @ impacts in the Southern Hemisphere betweenple 2). It is also the only traffic sector which has a higher O
2000 and 2050 A1B with almost a factor of 4 difference in enhancement efficiency in 2050 A1B than in 2000, reflecting
the zonal mean local maximum nearr@for both seasons the decrease in NOemissions from ROAD.
(Fig. 3, top left). The large increase in the NH over the same
period is in strong contrast to the B1 ACARE mitigation sce- 3.2 Global OH
nario which showed a considerably lower impact of i@®
2050 than in 2000 (H2011). Figure 4 shows the zonal mean perturbations of the hydroxyl
Emissions of NQ from SHIP are expected to increase radical (OH) in 2050 A1B for 5% perturbations of each of
even more than for AIR between 2000 and 2050 A1B the three transport sectors. Inthe troposphere, OH is the main
(Fig. 1), and a corresponding increase in the ship-induegd ooxidant and changes in its concentrations are particularly rel-
impact can be seen at all latitudes and altitudes for both segvant for this study through the reaction with £&hd sub-
sons (Fig. 3, middle row). However, the absolute increase irsequent consequences for the radiative forcing budget. Due
O3 mixing ratio due to SHIP in the planetary boundary layer t0 the short OH lifetime of less than one second, the global
(PBL) is much lower than that due to AIR in the UTLS. The distribution of transport-induced OH (Fig. 4) reflects the lo-
reason is that near the surface where the SHIP emissions ta@tions of emissions, but is also strongly affected by incom-
place, reservoir species of NGsuch as HN@and PAN, are ing solar radiation, the amount of water vapour, the levels of
more rapidly removed by wet scavenging and dry depositionbackground pollution, and the lifetime of the emitted species.
than in the UTLS (Hoor et al., 2009). In addition, model re- Furthermore, the ratio of CO to N@missions differs largely
sults show that concentrations of Hcrease with decreas- between the three transport sectors. ROAD has the largest
ing altitude, leading to a shorter lifetime of ozone producedratio and thereby lowest OH enhancement efficiency, while
near the surface. This is also reflected in the much loweAIR and SHIP have low CO/N@ratios and are efficient in
O3 enhancement efficiency for SHIP than for AIR (Table 2). perturbing OH.
Similar to AIR, the @ enhancement efficiency is reduced The impact of AIR on OH concentrations in northern sum-
with time as a response to the increased emissions from arfher 2050 A1B peaks south of the North Atlantic flight corri-
thropogenic sources in total. An interesting point regardingdor (where the humidity is larger and solar zenith angle lower
seasonal variations is the much higher sensitivity ghx- _than further north) with a value of 8 10> molecules crn®
ing ratios in the lower troposphere to changes in ship emis{Fig. 4), which is almost twice the value predicted for the
sions, and corresponding lower sensitivity of @ixing ra- ~ Same year under the B1 scenario (H2011). In year 2000,
tios in the upper troposphere, in the NH during summer com-SHIP was the transport sector which had the largest impact
pared to winter (Fig. 3, middle right). All models show this ©n the global OH budget due to large amounts of\dich
signal, indicating that it is a robust feature. Near the surfacevere released into the relatively clean maritime boundary
there is almost a factor of 2 difference in the ensemble mea@yer (Hoor et al., 2009). Our results indicate that the OH
between January and July (for all years), and this is causetmpact from SHIP is even stronger in 2050 A1B and with
by the more stable maritime boundary layer and thereby |les@bsolute values that peak near the surface at northern mid-
efficient vertical transport during summer. latitudes (Fig. 4, middle). As was the case with ozone, the
As mentioned previous|y, the@npact due to ROAD wiill impaCt of ROAD on gIObal OH concentrations is eXpeCted
be reduced dramatically in the future as a consequence dP decrease markedly from 2000 to 2050. While Hoor et
the expected decline ingprecursor emissions for this trans- al. (2009) showed that road traffic emissions led to a max-
port sector. In the PBL zonal mean for NH summer, the O imum zonal mean increase of10°> molecules cm? near
impact from ROAD peaks near 20! with a value exceed- 800hPa and 40N in 2000, the corresponding value is only
ing 3 ppbv in 2000, while the corresponding number is only 2.5x 10* molecules cm® in 2050 A1B (Fig. 4, bottom).
0.5 ppbv in 2050 A1B (Fig. 3, bottom left). Due to the more
polluted continental boundary layer, where ROAD emissions
take place, the @enhancement efficiency for this traffic sec-
tor is the lowest when comparing with SHIP and AIR (Ta-
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Table 3. 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. 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.

AIRCRAFT
Pressure (hPa)

AIR SHIP ROAD

2000 1.304:0.30) 3.68£0.47) 1.44£0.81) 3

2025A1B 1.9140.46) 4.44¢0.39) 1.2140.61) & B

2050A1B  4.0840.83) 5.32¢0.56) 0.33140.11) &
3.3 Methane lifetime
Relative changes in methane lifetime due to reaction with 7
OH are presented in Table 3 (see Table Al for results from 2 s
individual models) for perturbations in each transport sec- o 3

tor and each year. Monthly mean ¢ldnd OH fields were
used for the calculation, and the resulting lifetime changes
were scaled from a 5% perturbation to a 100 % perturba-
tion by multiplying with a factor of 20 (Grewe et al., 2010). Fig. 4. Zonal mean perturbations of OH @@nolecule cn3) dur-
For reference, the model mean and standard deviation of thiag July for the 2050 A1B scenario due to a 5% perturbation of
methane lifetime in the BASE simulation is 84 {.1) yr for aircraft emissions (top), ship emissions (middle), and road traffic
2050 A1B compared to 8.3/1.0) yr in 2000. emissions (bottom). Solid white contour lines show the percentage
The sensitivity of OH to traffic emissions is largest in re- change relative to the BASE simulation while the dashed black line
gions where the amounts of sunlight and water vapour ardndicates the tropopause. Note that different scales have been used
high, and the background concentrations of 0zone, B _for each of the traffic sectors_and tha_t t_he scales have been rever_sed
NMHCs are low. As discussed in Hoor et al. (2009) this leads™ (.)rd?r 1o show OH reductions, arising from a 5% decrease in
to the largest changes in methane lifetime for SHIP, which®MSSIons, @s positive numbers.
emits mainly in the relatively pristine tropical and subtropi-
cal oceans, while the impact of ROAD on methane lifetime (0.33 %) in 2050 (Table 3). When comparing with the low
changes is much lower since these emissions take place amission scenario B1, we see that changes in methane life-
higher latitudes and they can be rapidly transported alofttime may evolve in very different paths, most notably for AIR
over the continents. Additionally, ROAD emissions have awhich will cause a change of only 1.7 % in 2050 B1 and only
much higher CO to NQratio and are also more affected 1.2 % under the B1 ACARE mitigation scenario (H2011).
by other anthropogenic pollution sources. Considering the
much lower NQ emissions from AIR compared to ROAD 3.4 Radiative forcing
and SHIP in year 2000 (Table 1), the efficiency in perturb-
ing methane lifetime is relatively large also for this sector We have used the Oslo radiative transfer model (Myhre
(Table 3). et al., 2000) to calculate cloudy-skys@adiative forcings
In the future, changes in methane lifetime changes largelywith stratospheric temperature adjustment included. Monthly
reflect the evolution of emissions for the various transportmean ozone fields from each of the six models were used
sectors. AIR will have the largest increase, from 1.3 to 4.1 %for the calculations. An interesting finding is that the use
between 2000 and 2050 A1B, and SHIP remains the sectoof a scaling approach, where the global average transport-
with the largestimpact on methane lifetime, with a 5.3 % per-induced Q column were multiplied with the normalized ra-
turbation in 2050 (Table 3). It is likely that regional changes diative forcing (NRF; RF divided by the change i3 ©ol-
in the distribution of emissions contribute to these enhanceumn expressed in Dobson Units (DU)), introduced only mi-
ments since both AIR and SHIP show particularly large emis-nor changes in the results compared to carrying out complete
sion increases at lower latitudes (Fig. 1), where solar ratadiative transfer calculations. However, as the NRFs are de-
diation is stronger and water vapour levels are higher. Fopendent on both the region and altitude of the resulting O
ROAD, however, the large reduction in road traffic-induced change (Berntsen et al., 2000; Gauss et al., 2003b) it is impor-
OH concentrations, discussed in Sect. 3.2, causes this trafant to use separate NRFs for each traffic sector due to the dif-
fic sector to induce only minor changes in methane lifetimeferent locations of emissions from each sector. When using

19%s  e0s 30s EQ 30N 60N 90N
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NRFs for each traffic sector and for each of the six modelsfuture, and will also strengthen between 2025 and 2050. For
based on the results from Myhre et al. (2011) (year 2000) an&SHIP, the cooling terms of RF due to ¢ldnd CH;-induced
H2011 (years 2025/2050 and scenarios B1/B1 ACARE), theO3 changes will dominate and also strengthen over the same
estimated @ RF for the A1B scenario were in most cases period. ROAD yielded the largest positive net RF of the three
less than 5% different from the results of the detailed RFtransport sectors in 2000 (Myhre et al., 2011), but will in
calculations. 2050 shift from a net positive to a net negative forcing. The

The resulting global average transport-inducedRF is reason is the strong decline in ROAD emissions, which leads
presented in Table 4 (see Table A2 for individual model re-to a high factor to correct for the transient response (1.77 as
sults). In the future, AIR will be the transport sector with the noted above). As the short-terny ®F is not influenced by
largest Q RF, and this forcing term will more than double the time-history of emissions, the cooling effect will com-
between 2025 and 2050, if the emissions evolve according tpensate the warming effect and lead to a net negative RF.
the A1B scenario. The 9RF from SHIP will also increase It should be noted here that although all six models yield a
over the same period, while ROAD will evolve from being negative net RF for ROAD in 2050 A1B, the relatively large
the transport sector with the largest @diative forcing in  standard deviation indicates that the magnitude and even the
year 2000 (Myhre et al., 2011) to only represent 6 % of thesign of the net forcing is uncertain.
total transport-induced £RF in 2050 A1B. Further discus-
sion of short-term @RF and comparisons with other studies
are given in Sect. 4. 4 Synthesis of RF in various scenarios

Table 4 also gives the radiative forcings due to changes
in CHs and subsequent changes in @Qong-term effect).  We present here a synthesis of transport-induced RF in var-
Normally, emissions of NQfrom the transport sectors lead ious scenarios based on results from the same set of atmo-
to increased OH concentrations and thereby reductions o$pheric chemistry models, each using the same setup and
CHg, lifetime and concentrations. The secondfRF termis  emissions data. The models and setup have been described in
known as the primary mode and represents the negative longvlyhre et al. (2011), H2011, and Sect. 2 in this paper, while
term effect of the methane perturbation op@.g9. Wild and  the method for RF calculations used to complement the re-
Prather, 2000; Wild et al., 2001). The method of calculatingsults presented in previous literature has been described in
CH4 RF is described in Berntsen et al. (2005) and consists ofSect. 3.4. The results from H2011 have been kept unchanged,
first multiplying the changes in methane lifetime (presentedwhile we have added results from the MOCAGE model to the
in Table 3) with the estimated GHoncentrations from IPCC  year 2000 data presented in Myhre et al. (2011), although this
(2001). A feedback factor of 1.4 was used to take into ac-only introduces minor differences. The results for the B1 sce-
count the impact of Chichanges on its own lifetime (IPCC, nario presented in H2011 did not include ROAD, but these
2001). Next, linearized CiHspecific forcings of 0.33 and results have been added here based on new radiative transfer
0.31mW n12ppbv! were applied, assuming background calculations. The factors to correct for the transient response
CH4 mixing ratios of 2114 and 2400 ppbv for 2025 and 2050 in the calculation of RF due to CHor ROAD in the B1
A1B, respectively. Finally, we have taken into account the scenario are 1.56 and 2.57 for 2025 and 2050, respectively.
impact of CH; changes on stratospheric water vapour (SWV) Figure 5 shows the resulting RF from the six models (en-
by assuming that the RF of SWV is a factor 0.15 times thesemble mean and standard deviation) for each of the three
RF of CH; (Myhre et al., 2007). transport sectors. Focusing on RF due t9 (Big. 5, top),

To calculate the RF from changes in ghhduced Q we there is clearly a large uncertainty in the magnitude of im-
have assumed a 0.64 DU increase igp fiom a CH,; in- pact from AIR in the middle of this century. Although there
crease of 10 % (for a system which has reached a new steadyg a considerable spread between the models (see Holmes
state) (Berntsen et al., 2005), and a specific forcing f O et al. (2011) for a discussion of RF uncertainties when
of 42mWw n1T2 DU~ (IPCC, 2001). Also, to correct for the modelling aviation NQ), the uncertainty is mostly induced
transient response, i.e. that the f£ébncentration may not by the large spread of emissions between the various sce-
be in steady state with the OH change during the simulanarios (Lee et al., 2010), whereas the ensemble mean O
tion year, we have applied factors based on the method deRF is 61 @ 14) mW ni 2 for the A1B scenario and only
scribed in Grewe and Stenke (2008). For the A1B scenario irfl9 (+6.8) mW nt2 for B1 ACARE in 2050, just slightly
2025/2050, these factors are 0.77/0.74 for AIR, 0.85/0.88 forhigher than in 2000 (1& 3.6 mW n12). However, it should
SHIP, and 1.07/1.77 for ROAD. The factors for ROAD are be noted here that B1 ACARE is a mitigation scenario as-
larger than 1 because of the decline in emissions from thisuming extensive technological improvements to the aircraft
transport sector in the years prior to the simulation year.  and is considered very optimistic in terms of emissions (see

As for O3 RF, the RF due to CiHand CH-induced Q H2011). For comparison, Skeie et al. (2009) used the same
will be stronger for AIR and SHIP, and weaker for ROAD in set of emissions data for the A1B and B1 scenarios to yield
the period from 2025 to 2050 (Table 4). The resulting net RFRF due to Q of 82 and 38 mW m?, respectively, signif-
shows that the positive £3erm will dominate for AIR in the  icantly higher than our forcing results. The main reasons
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Table 4. Radiative forcings (mW m2) from changes in ozone, methane (including stratospheric water vapour), and methane-induced ozone
(Os(chy)) for different transport sectors and years given as ensemble means and standard deviations. Note that the history of emissions ha:
been taken into account (see text for details), and that the fully scaled perturbations were used.

AIR \ SHIP \ ROAD

O3 CHz  OgzcHy) total\ O3 CHs  OgzcHy) total\ O3 CHz  OgcHy) total

ooosaig Mean 302 —167  —6.10 7.36| 278 —427 156 -30.5| 214 -146 535 140
o 10 4.0 1.5 7.3 10 3.8 1.4 8.4 5.6 7.4 2.7 8.6
2050A1B mean 61.3 —-36.4 -13.3 11.6| 36.9 -56.6 —-20.7 —-40.4 | 6.48 -7.04 -257 -3.13
o 14 7.4 2.7 11 14 6.0 2.2 95 21 2.4 0.89 3.4
AIRCRAFT SHIP ROAD
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5 b

Net RF
mW m-2

2000 2025 2050 2000 2025 2050 2000 2025 2050
M 2000 (a) (a) From Myhre et al. (2011) except that results from
®A1B the MOCAGE model have been added to the ensemble
(b) From Hodnebrog et al. (2011) for aircraft and ship
m B1 (b)

B1 ACARE (b)

Fig. 5. Global and annual mean RF (m\/\f‘r%) due to changes in short-termg@op row), CH; including CHy-induced QG (middle row)
and the net RF (bottom row) as mean (coloured bars) and standard deviation (error bars) of the six models in the ensemble. Note that the
time-history of emissions and the stratospheric water vapour effect have been taken into account.

are that higher NRFs (18-19 % higher) and ozone enhanceo 22 ( 7.7) mW nT 2 in 2000. Skeie et al. (2009) calculated
ment efficiencies (25-63 % higher) were used in their study.substantially stronger impacts for 2050 with the range 36—
The scaling approach of Lee et al. (2009) yielded even62 mW ni 2, again due to the higher Jenhancement ef-
higher aircraft-induced ©RF for 2050, with a range 59— ficiencies (61-87 % higher) used in their study. Estimates
110 mW nT2, but the NQ emissions used in that study were from the multi-model study of Eyring et al. (2007) were
also higher. much lower than in this study with ©ORF from SHIP of
The emission scenarios show a smaller spread for SHIPL4 mW n12 for 2030, and 9.8 mW ¢ for 2000. Part of the
and therefore the differences in the futurg RF due to ship-  reason is the magnitude of ship N@missions which was
ping are also smaller (Fig. 5, top). In 2050, the BF due lower in their study, but it can also be related to the differ-
to shipping is estimated to be in the range from 259(6) ent geographical emission distribution, whereas the emission
to 37 (& 14) mW n2, depending on the scenario, compared inventory used in Eyring et al. (2007) is more concentrated
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along major shipping routes compared to the QUANTIFY A1B scenario. Maximum impacts of{@lue to AIR occur in
emissions which are more widespread. Due to the non-lineathe UTLS region and could reach 9 ppbv (monthly and zon-
nature of the ozone chemistry, this could lead to very dif-ally averaged) at high northern latitudes during summer in
ferent ozone enhancement efficiencies and subsequent di2050, while SHIP peaks over the North Atlantic Ocean with
crepancies in the forcings. Contrary to AIR and SHIP, thea maximum value of 6 ppbv in the PBL during NH summer in
impact of ROAD emissions on ozone RF is expected to de-2050. On the contrary, ROAD will have a considerably lower
cline rapidly in the future and yield values in the range from impact on atmospheric £3n the future, due to assumptions
1.6 (+0.91) to 6.5 £2.1)mWnT2 in 2050 (Fig. 5, top).  of improvements in the N©technology which will outpace
The decreased impact of ROAD in 2050 compared to 2000 ighe increased demand. In accordance with the evolution of
a consequence of the assumed reduction of Bissions, emissions in the A1B scenario, 0zone enhancement efficien-
and is also consistent with the results of Skeie et al. (2009). cies will increase for ROAD and decrease for AIR and SHIP.
When also taking into account the @HRF and CH- In 2050, SHIP remains as the sector with the largest im-

induced Q RF, the net impact of positive and negative RF pact on global OH concentrations, and consequently yields
terms for AIR nearly cancel out for the two most optimistic the greatest relative change in glfetime with 5.3 %. The
emission scenarios (B1 and B1 ACARE) in 2050, and evenlargest change in the CHifetime reduction between 2000
yield a slightly negative net impact for the mitigation sce- and 2050 is for AIR which will induce a 4.1 % shorter life-
nario (Fig. 5, bottom). On the other hand, the highest emistime in the middle of the 21st century. Part of the increase
sion scenario (A1B) yields net RF due to AIR of 12 {1) for AIR and SHIP is presumably caused by regional changes
mW m~2, almost twice the impact in 2000. For SHIP, the in the emission distributions, with large increases at low lat-
impact on net RF is negative in 2000, and its absolute impacttudes, which favours enhancements of OH concentrations.
will increase in the future for both the A1B and B1 scenar- As for O3, ROAD will have a reduced impact on atmospheric
ios. ROAD had the largest positive impact on net RF in 2000,0H in the future, and cause a relative change in Gldtime
but it will probably shift to yield slightly negative net im- of only 0.33 % in 2050.
pact in 2050 for both scenarios. As mentioned in Section 3.4, Radiative forcing calculations, taking into account
the net negative impact is present because we take into achanges in @ CHy and CH-induced @, show that the fu-
count the time-history of emissions, which in this case givesture impact of AIR will increase for all RF terms, but that
additional weight to the long-lived cooling terms (¢IRF the magnitude of change is largely dependent on the emis-
and CH-induced Q RF) due to the rapid decline of NO sion scenario with a net RF ranging fros0.54+4.6 (B1
emissions for ROAD in the years preceding 2050. It is alsOACARE) to 124+ 11 mW n12 (A1B) in 2050. SHIP will also
worth noting the net RF due to changes ig&hd CH,; from increase its impact for all RF terms in the future, but the in-
all three transport sectors combined, which is slightly nega-crease for the cooling terms (Gldnd CH;-induced Q) will
tive in 2000 (0.44+ 13 mW nT2), and strongly negative in  dominate to yield a stronger net negative RF in the future,
2050 (-32+18mWn1 2 for A1B and—32+9.3mWnt2  namely between-40+ 9.5 (A1B) and—31+ 4.8 mW n12
for B1), partly due to the reduced impact of ROAD. In order (B1) in the middle of this century. Comparison with previous
to assess the total climate impact from the transport sectorditerature reveals large spread in the magnitude of present-
RF due to changesin e.g. GO, and BC must be included day and future ship-induced impact on RF, and suggests
and will yield very different net forcings (see e.g. Oévet  that this issue should be given increased attention, especially
al., 2012). considering the assumed future increase of SHIP emissions.

ROAD will evolve from having the largest impact ors ®F

and the largest positive impact on net RF among the transport
5 Conclusions sectors in 2000, to having only a modest impact are@d a

net RF that is likely to shift to slightly negative in 2050 (net
The future impact of traffic emissions on atmospheric 0zoneRF of —3.1+ 3.4 (A1B) and—3.1+ 2.2 mW n12 (B1)).
and OH has been studied and quantified using six atmo- The sum of net RF, taking into accountz@nd CH
spheric chemistry models. The purpose of this paper iseffects, from all three transport sectors shows that there
twofold. First, new results were presented for a scenario repwill be a shift from slightly negative net RF in 2000
resenting a possible high development of emissions (SRE$—0.44+ 13mW n12) to strong negative net RF in 2050 (of
A1B). Second, the radiative forcing results calculated for —324 9.3 (B1) and—324+ 18 mW n1 2 (A1B)), mainly due
A1B were put in a larger context by comparing with recent to the combined impact of enhanced cooling from SHIP and
literature presenting impacts of traffic emissions in possiblereduced warming from ROAD. However, the total climate
low emission scenarios (B1 and B1 ACARE) and also for effect of future transport emissions, also taking into account
year 2000. the RF terms from aerosols and long-lived greenhouse gases,

We find that the impacts of the non-land based traffic secdis largely positive and dominated by warming due to,CO

tors (AIR and SHIP) on atmospherics@vill increase sub-  emissions from road traffic (Oligiet al., 2012).
stantially in the future if emissions evolve according to the
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Appendix A

Results from individual models

Results from each of the six models are given for relative changes jili@tme in Table A1, and for RF calculations in Table A2.

Table Al. Relative changes (%) in methane lifetime (integrated up to 50 hPa) 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.

TM4 p-TOMCAT OsloCTM2 LMDz-INCA UCICTM MOCAGE

AIR 2000 1.27 161 0.852 1.07 1.60 1.41
AIR 2025A1B 2.03 2.44 1.20 154 2.10 2.18
AIR 2050A1B 4.57 4.58 2.68 3.43 4.65 4.58
SHIP 2000 4.17 3.44 3.77 3.20 4.28 3.24
SHIP 2025A1B 4.99 4.39 4.55 3.90 4.70 4.12
SHIP 2050A1B 5.96 4.87 5.68 4.78 5.85 481
ROAD 2000 1.57 —0.141 1.74 1.50 1.76 221
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

Table A2. Radiative forcings (mW m?) from changes in ozone, methane (including stratospheric water vapour), and methane-induced
ozone (Qch,)) 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.

T™4 \ p-TOMCAT \ OsloCTM2
O3 CHz  OgzcHy total ‘ O3 CHz  OgzcHy total ‘ O3 CHg  OscHy total
AIR 2025A1B 221 -17.7 —6.46 —-2.06| 484 -213 —7.77 19.4| 246 -10.5 -3.82 10.3
AIR 2050A1B 52.1 -40.7 -149 -3.49| 831 -40.8 —-14.9 27.3| 499 -23.9 —-8.74 17.3
SHIP 2025A1B 26.6 —48.0 —-175 -389| 219 —-422 —-154 -35.6 | 40.6 —-43.7 -16.0 -191
SHIP 2050A1B 36.0 —63.3 —-231 -504| 275 -518 —-189 —-43.2| 552 -60.4 —-221 273
ROAD 2025A1B 19.8 -16.2 -590 -223| 118 -1.80 -0.658 9.38| 28,5 —-15.2 —5.54 7.74
ROAD 2050A1B 6.46 —7.06 —258 —-3.17| 251 -4.46 -163 —-358| 860 -6.41 —2.34 -0.158
LMDz-INCA ‘ UCICTM ‘ MOCAGE
O3 CHs  OscHy) total ‘ O3 CHs  OscHy) total ‘ O3 CHz  Os(cHy) total

AIR 2025A1B 20.8 —-13.5 —-4.91 2.43| 309 -18.3 —6.69 5.83| 343 -19.1 —6.96 8.31
AIR 2050A1B 46.4 —-30.6 -11.2 4.67| 67.0 —-41.5 -15.1 10.4| 69.3 -40.9 -14.9 13.5
SHIP 2025A1B 22.1 =375 —-13.7 -29.1| 394 452 -165 -223| 16.0 -39.6 -145 -38.1
SHIP 2050A1B 29.6 -50.8 —185 —-39.7| 53.2 -62.2 —-227 317 19.7 -511 -18.7 -50.1
ROAD 2025A1B 23.8 -15.3 —5.59 2.89| 242 -143 —5.24 4.65| 20.2 -25.1 -9.17 -14.0
ROAD 2050A1B 7.43 -6.68 —244 -1.69 | 748 -6.00 —-2.19 -0.710| 6.42 -11.7 —-4.26 —-9.49
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