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Abstract

The global impact of shipping on atmospheric chemistry and radiative forcing, as well
as the associated uncertainties, have been quantified using an ensemble of ten state-
of-the-art atmospheric chemistry models and a pre-defined set of emission data. The
analysis is performed for present-day conditions (year 2000) and for two future ship5

emission scenarios. In one scenario emissions stabilize at 2000 levels; in the other
emissions increase with a constant annual growth rate of 2.2% up to 2030 (termed
the “Constant Growth Scenario”). The first key question addressed by this study is
how NOx and SO2 emissions from international shipping might influence atmospheric
chemistry in the next three decades if these emissions increase unabated. The mod-10

els show future increases in NOx and ozone burden which scale almost linearly with
increases in NOx emission totals. For the same ship emission totals but higher emis-
sions from other sources a slightly smaller response is found. The most pronounced
changes in annual mean tropospheric NO2 and sulphate columns are simulated over
the Baltic and North Seas; other significant changes occur over the North Atlantic, the15

Gulf of Mexico and along the main shipping lane from Europe to Asia, across the Red
and Arabian Seas. Maximum contributions from shipping to annual mean near-surface
ozone are found over the Atlantic (5–6 ppbv in 2000 reaching up to 8 ppbv in the 2030
Constant Growth Scenario). Large increases in tropospheric ozone column are found
over the Atlantic and even stronger over the Indian Ocean (1 DU in 2000 and up to20

1.8 DU in 2030). Tropospheric ozone forcings due to shipping are 9.8±2.0 mW/m2 in
2000 and 13.6±2.3 mW/m2 in 2030. Whilst increasing ozone, ship NOx simultaneously
enhances OH, reducing the CH4 lifetime by 0.13 yr in 2000, and by up to 0.17 yr in 2030,
introducing a negative radiative forcing. Over Europe, the increase in ship emissions
under the “Constant Growth Scenario” will enhance the positive trend in NO2 over land25

up to 2030. In addition, efforts to lower European sulphate levels through reductions
in SO2 emissions from anthropogenic sources on land will be partly counteracted by
the rise in ship emissions. Globally, shipping contributes with 3% to increases in ozone
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burden until 2030 and with 4.5% to increases in sulphate. The results discussed above
are calculated under the assumption that all other emissions follow the IPCC SRES A2
scenario. However, if future ground based emissions follow a more stringent scenario,
the relative importance of ship emissions becomes larger. The second key issue of
this work is to examine the range of results given by the individual models compared to5

the ensemble mean. Uncertainties in the different model approaches in the simulated
ozone contributions from ships are found to be significantly smaller than estimated un-
certainties stemming from the ship emission inventory, mainly the ship emission totals,
the neglect of ship plume dispersion, and the distribution of the emissions over the
globe.10

1 Introduction

Seagoing ships emit exhaust gases and particles into the marine boundary layer con-
tributing significantly to the total budget of anthropogenic emissions from the trans-
portation sector (e.g. Olivier et al., 2001; Eyring et al., 2005a). Emissions of nitrogen
oxides and other ozone precursors from shipping lead to tropospheric ozone formation15

and perturb the hydroxyl radical (OH) field, and hence the lifetime of methane (CH4),
which changes the Earth’s radiation budget as ozone and methane are greenhouse
gases. Evidence for the importance of ship emissions comes from satellite observa-
tions from GOME (Beirle et al., 2004) and SCIAMACHY (Richter et al., 2004) that show
enhanced tropospheric NO2 columns along the major international shipping routes in20

the Red Sea and over the Indian Ocean. A number of atmospheric model studies
quantifying the impact of ship emissions on the chemical composition of the atmo-
sphere and on climate have been published in recent years. All these studies used a
global fuel consumption of about 150 million metric tons (Mt, or Tg) per year derived
from energy statistics (Corbett and Fischbeck, 1997; Corbett et al., 1999; Olivier et25

al., 2001; Endresen et al., 2003). However, recent estimates of the fuel consumption
calculated with an activity-based approach suggest higher fuel consumption of around
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280 Mt (Corbett and Köhler, 2003; Eyring et al., 2005a). Even though existing model
studies used the lower total fuel consumption, it has been shown that models over-
estimate the observed NOx distribution for example over the Atlantic (Lawrence and
Crutzen, 1999; Kasibhatla et al., 2000; Davis et al., 2001; Endresen et al., 2003), but
underestimate SO2 observations (Davis et al., 2001).5

It is now believed that the discrepancy between measured and modelled NOx can
be reduced by accounting for ship plume dispersion in global models (Kasibhatla et al.,
2000; Davis et al., 2001; Song et al., 2003; von Glasow et al., 2003; Chen et al., 2005).
In ship plumes the lifetime of NOx is significantly reduced compared to the background
and NOx in the plume is rapidly converted before it can be diluted to the grid size of10

global models (Kasibhatla et al., 2000; Chen et al., 2005). In order to consider chemical
and microphysical processes of sub-scale effects in a global atmospheric model with
a horizontal resolution typically of the scale between 100 and 500 km, the processes
have to be parameterised, e.g. by the use of effective emission indices depending on
the meteorology and background conditions. However, there is no clear consensus15

on the effective global emissions from ships. In this study we use relatively low global
emission estimates, to implicitly account for plume effects.

In addition to NOx, shipping contributes significantly to global SO2 emissions as the
average sulphur content of the fuel burned in marine diesel engines of 2.4% is high
compared to other transport sectors (EPA, 2002). In large areas of the Northern Hemi-20

sphere SO2 emissions from ships are comparable to biogenic dimethyl sulphide (DMS)
emissions, which are the main natural source of sulphur over the oceans (Corbett et
al., 1999; Capaldo et al., 1999; Derwent et al., 2005). The main oxidation processes
for SO2 are believed to be either via OH in the gas phase or in the liquid phase via
O3 or H2O2 in cloud droplets (Langner and Rohde, 1991). As SO2 is primarily con-25

trolled by aqueous processes, it is expected that SO2 is largely independent of plume
chemistry (Davis et al., 2001). The increase in sulphate concentration has a direct and
indirect effect on climate. The direct effect results from enhanced scattering of solar
radiation (Haywood and Shine, 1995). The indirect effect of sulphate particles (SO4)
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from shipping results from changes in the microphysical, optical and radiative proper-
ties of low marine clouds. These modified clouds can be identified as long curves in
satellite images, known as ship tracks (e.g. Scorer, 1987; Durkee et al., 2000).

The world merchant fleet in terms of numbers of ships has been substantially in-
creased by 35% over the past 50 years, accompanied by a significant increase in emis-5

sion totals (Eyring et al., 2005a). At the end of the year 2001 it consisted of around
90 000 ocean-going ships of 100 gross tons (GT) and above (Lloyd’s, 2002). Ship-
ping is currently one of the less regulated sources of anthropogenic emissions with
a high reduction potential through technological improvements, alternative fuels and
ship modifications. Emission scenario calculations up to the year 2050 show that if no10

control measures are taken beyond existing International Maritime Organization (IMO)
regulations (International Maritime Organization, 1998), NOx emissions might increase
with an annual growth rate of 1.7% between 2000 and 2030 and up to a value of present
day global road transport by 2050 (38.8 Tg (NO2)/yr) (Eyring et al., 2005b). If the sul-
phur content remains at present day levels a doubling of ship SO2 emissions can be15

expected. However, given the air quality issue of shipping emissions, further emission
reductions of total NOx and SO2 emissions are likely. Using aggressive NOx emission
reduction technologies, a significant decrease up to 85% of today’s NOx emissions
could be reached through technological improvements by 2050, in spite of a growing
fleet. A detailed summary of current national and international maritime regulations is20

given in Eyring et al. (2005b).
Currently there is a large uncertainty about the overall impact of emissions from

international shipping which needs to be explored using global atmospheric modelling.
The first key question addressed in this study is how the emissions of international
shipping might influence atmospheric chemistry, in particular tropospheric ozone and25

sulphate, in the next three decades, if these emissions increase unabated. To address
this, impacts of NOx and SO2 emissions from international shipping are assessed with
the help of an ensemble of state-of-the-art global atmospheric chemistry models. The
second major issue is to examine the range of results given by the individual models
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compared to the ensemble mean to give an estimate of the uncertainties introduced
by different modelling approaches. The participating models have also been evaluated
and used in accompanying studies (e.g. Stevenson et al., 2006; Dentener et al., 2006a,
b; Shindell et al., 2006, van Noije et al., 2006) as part of the European Union project
ACCENT (“Atmospheric Composition Change: the European NeTwork of excellence”;5

http://www.accent-network.org).
The models and model simulations used in this study together with the method to

analyse the results are described in Sect. 2. Large-scale chemistry effects on NO2
and ozone distributions due to NOx emissions from ships are discussed in Sect. 3.1
for present-day conditions and in Sect. 3.2 for 2030, while impacts of SO2 emissions10

from ships on sulphate distributions are discussed in Sect. 3.3. In Sect. 3.4 radiative
forcings (RFs) from tropospheric ozone calculated with the help of an offline radiation
code are summarised and RFs due to CO2 and sulphate are estimated. Section 4
discusses possible uncertainties in the presented results mainly stemming from the
emission inventory itself, the neglect of plume chemistry and assumptions in the future15

scenarios for background as well as ship emissions. Section 5 closes with a summary
and conclusions.

2 Models and model simulations

2.1 Participating models

Ten global atmospheric chemistry models have participated in this model inter-20

comparison. Seven of the ten models are Chemistry-Transport Models (CTMs) driven
by meteorological assimilation fields and three models are atmospheric General Cir-
culation Models (GCMs). Two of the GCMs are driven with the dynamical fields calcu-
lated by the GCM in climatological mode, but the fully coupled mode (interaction be-
tween changes in radiatively active gases and radiation) has been switched off in the25

simulations of this study. The other GCM runs in nudged mode, where winds and tem-
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perature fields are assimilated towards meteorological analyses. Therefore, changes
in the chemical fields do not influence the radiation and hence the meteorology in any
of the model simulations used here; so for a given model, each scenario is driven by
identical meteorology. The main characteristics of the ten models are summarised in
Table 1 and the models are described in detail in the cited literature.5

The horizontal resolution ranges from 5.6◦×5.6◦ (MATCH-MPIC) to 2.8◦×2.8◦

(CHASER-CTM, FRSGC/UCI, UIO CTM2) and 3◦×2◦ (TM4). The vertical resolution
varies in terms of number of vertical layers and upper boundary and ranges from 9
layers with a model top at 100 hPa (STOCHEM-HadAM3) to 52 layers with a model top
at 0.006 hPa (GMI/CCM3).10

All models use detailed tropospheric chemistry schemes even though notable differ-
ences exist between the models, e.g. in the hydrocarbon chemistry. Of the ten mod-
els, four included the tropospheric sulphur cycle (CHASER-CTM, STOCHEM-HadAM3,
STOCHEM-HadGEM, and TM4). These models include anthropogenic and natural sul-
phur sources, and account for oxidation in the gas phase by OH, and in the aqueous15

phase (in cloud droplets) by H2O2 and O3. Sulphate aerosol is predominantly removed
by wet-deposition processes. Models also differ in the representation of cloud pro-
cesses and hydrological processes and a variety of different advection schemes are
used.

Differences in the main characteristics as listed above will lead to differences in the20

modelled response to NOx and SO2 emissions from shipping, even if near-identical
forcings (e.g., sea surface temperatures, natural and anthropogenic emissions, and
meteorology) are used. A more detailed discussion of the sources of differences be-
tween the models is included in Stevenson et al. (2006).

The models have been evaluated in accompanying studies. For example, ozone25

fields have been compared to ozone-sonde measurements (Stevenson et al., 2006),
NO2 columns have been compared to three state-of-the-art retrievals from measure-
ments of the Global Ozone Monitoring Experiment (van Noije et al., 2006), CO has
been compared to near-global observations from the MOPITT instrument and local sur-
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face measurements (Shindell et al., 2006), deposition budgets have been compared to
nearly all information on wet and dry deposition available worldwide (Dentener et al.,
2006b), and finally modelled surface ozone fields have been compared to observations
from various measurement sites (Dentener et al., 2006a). In all these studies, the en-
semble mean was among the best when comparing to measurements. In this study we5

build on the model evaluation work listed above as well as on the individual evaluation
of the models and make the assumption that the models produce reasonable simula-
tions of the key chemical species. We use the ensemble mean to assess large-scale
chemistry effects resulting from ship emissions for the present day and in the future.

2.2 Model simulations10

Two of the five simulations that have been defined as part of the wider PHOTOCOMP-
ACCENT-IPCC study have been used in this work: a year 2000 base case (S1) and a
year 2030 emissions case (S4) following the IPCC (Intergovernmental Panel on Climate
Change) SRES (Special Report on Emission Scenarios) A2 scenario (Nakicenovic et
al., 2000). Full details on the emissions used in the S1 and S4 simulations are sum-15

marised in Stevenson et al. (2006) and only the key aspects for this study are given
here.

To retain consistency with all other emissions, ship emissions in the year 2000 (S1)
are based on the EDGAR3.2 dataset (Olivier et al., 2001) at a spatial resolution of
1◦ latitude×1◦ longitude. The global distribution of ship emissions in EDGAR3.2 is20

based on the world’s main shipping routes and traffic intensities (Times Books, 1992;
IMO, 1992). EDGAR3.2 includes data for 1995, which have been scaled to 2000 val-
ues assuming a growth rate of 1.5%/yr, resulting in annual NOx and SO2 emissions
of 3.10 Tg(N) and 3.88 Tg(S), respectively, similar to the emission totals published by
Corbett et al. (1999). Table 2 summarises the global annual anthropogenic surface25

emission and ship emission totals for NOx and SO2. In the 2000 simulation (S1), ship
emissions account for about 11.2% of all anthropogenic surface nitrogen oxide emis-
sions and for about 7.2% of all anthropogenic sulphur emissions. Other emissions from
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ships such as CO, particulate matter, methane (CH4) and non-methane hydrocarbons
(NMHCs) were not included in this inventory and were therefore not considered in this
study. However, Endresen et al. (2003) showed that the effects of CH4 and NMHC
emissions from ships on ozone are very small. The effect of CO emitted by ships is
also expected to be small, as large marine vessels emit very little CO (Eyring et al.,5

2005a).
As noted in Stevenson et al. (2006) in the S4 simulation emissions from ships were

included at year 2000 levels by mistake. All other anthropogenic sources (except
biomass burning emissions, which remain fixed at year 2000 levels) vary according
to A2 broadly representing a “pessimistic” future situation. The simulation S4 is used10

in this study to assess the impact of ship emissions under different background levels.
An additional model simulation for 2030 (S4s) has been designed to assess the impact
of shipping if emission growth remains unabated. Ship emissions in S4s are based on
a “Constant Growth Scenario” in which emission factors are unchanged and emissions
increase with an annual growth rate of 2.2% between 2000 and 2030. In the S4s sce-15

nario emissions from shipping increase to 5.95 Tg(N) for NOx and 7.36 Tg(S) for SO2
in 2030. Note that the only difference between the scenarios S4 and S4s is that S4
uses 2000 ship emissions whereas S4s includes an increase in ship emissions. As an
example, the global distribution of surface NOx emissions for the years 2000 (S1) and
2030 (S4s) is displayed in Fig. 1. Vessel traffic distributions are assumed to stay the20

same for all model simulations presented here.
To assess the impact of ship emissions on chemistry and climate in 2000 and 2030,

two sensitivity simulations have been defined that use identical conditions to S1 or
S4/S4s except that ship emissions are excluded. The year 2000 and 2030 experiments
without ship emissions are denoted as S1w and S4w.25

All 2030 model experiments (S4, S4s and S4w) are driven by the same meteorolog-
ical data as the 2000 simulations (S1 and S1w). Global methane mixing ratios have
been specified across the model domain (1760 ppbv in 2000 and 2163 ppbv in 2030)
to save time spinning up the models and to help constrain the results (for details see
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Stevenson et al., 2006). Nine of the ten models performed single year simulations with
spin-ups of at least 3 months and one model (STOCHEM-HadGEM) performed a four
year simulation. For the multi-annual simulations the results have been averaged over
all four years to reduce the effects of inter-annual variability.

2.3 Model analyses5

Each model provided output for 3-D monthly mean NOx, ozone and sulphate mixing
ratios as well as the mass of each grid-box on the native model grid for all five simu-
lations. As models used a variety of vertical co-ordinate systems and resolutions, the
output has been converted to a common vertical grid. To be comparable to the results
reported in Stevenson et al. (2006) we use the same grid and method to mask the10

tropopause. Model results are interpolated to the 19 hybrid (sigma-pressure) levels of
the Met Office HadAM3 model where up to 14 of these levels span the troposphere.
Results were also interpolated to a common horizontal resolution of 5◦×5◦. However,
for the comparison of model results to tropospheric NO2 columns measured by SCIA-
MACHY, the models have been interpolated to a finer horizontal resolution of 0.5◦×0.5◦.15

To calculate the ensemble mean on the common grid the simulated fields have been
masked at the chemical tropopause (O3=150 ppbv) similar to the method applied in
Stevenson et al. (2006). For the 2000 simulations (S1 and S1w) we apply a consis-
tent mask by using the ozone field from the S1w simulation for each model and all
species. For the 2030 simulations (S4, S4s, and S4w) the S4w ozone field is used to20

mask the tropopause. To calculate global tropospheric burdens, model results were
masked in the same way (O3=150 ppbv) but summed on their native grids, to avoid
the introduction of errors associated with the interpolation (Sect. 3.2). The impact of
ship emissions on NOx, ozone and sulphate distributions is assessed by calculating
the difference between the reference simulation (S1 for 2000; S4 or S4s for 2030) and25

the ensemble mean of the no-ships scenario (S1w for 2000; S4w for 2030). For the
calculation of instantaneous tropospheric ozone forcings the differences in ozone fields
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between sensitivity and reference simulations on the common grid were used.

3 Results

3.1 Large-scale chemistry effects of NOx ship emissions in 2000

To examine the range of results given by the individual models compared to the en-
semble mean, Fig. 2 shows differences in annually averaged zonal mean ozone versus5

height between the 2000 base case simulation (S1) and the model simulation with-
out shipping (S1w) for each model and the ensemble mean. Standard deviations are
shown in addition indicating regions of large intermodel variability. All models show
the maximum contributions from ships in zonal annual mean near-surface ozone in
northern mid-latitudes between 10◦ N and 55◦ N, where most of the global ship emis-10

sions are released into the atmosphere (see Fig. 1). A rapid decrease of the impact
on ozone distributions with height is simulated. There are notable differences in the
magnitude of the response to ship emissions between the individual models which can
be attributed to differences in the main characteristics of the models (see Sect. 2.1) or
to slightly different background emissions (see Stevenson et al., 2006). The two mod-15

els that show the strongest response of ozone to ship emissions are the UIO CTM2
and the STOCHEM-HadAM3 models; the ones with the weakest response are the
LMDz/INCA-CTM and the TM4 models. Previous studies reported that the production
of ozone depends on the resolution of the model with models having higher resolution
simulating less ozone production than those with a coarser resolution (e.g. Esler, 2003;20

Wild and Prather, 2006). However, there are large differences in the responses of the
UIO CTM2, CHASER and FRSGC/UCI models, all running at the highest resolution
used here (2.8◦×2.8◦), while the MATCH-MPIC model running at the coarsest horizon-
tal resolution (5.6◦×5.6◦) has a low ozone response. It is therefore clear that factors
other than resolution play an important role in explaining the differences. For example,25

the parameterisation of sub-grid scale convection has been shown to be important and
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differences in the cloud processing, dry and wet deposition, boundary layer mixing or
the chemical reactions considered likely also play a role. The ensemble mean shows
the largest increase in near-surface zonal mean ozone due to ships of up to 1.3 ppbv in
northern mid-latitudes with intermodel differences around 20% (Figs. 2k, l). In the free
troposphere at latitudes further north changes still reach 1 ppbv with intermodel differ-5

ences of around 0.16 ppbv (16%). In the Southern Hemisphere no significant changes
in zonal mean ozone distribution are simulated in all models. We conclude that the
range of results given by the individual models indicates uncertainties of the presented
ensemble means of the order of 20% near the surface and slightly lower in the free
troposphere. The high standard deviations in the tropical tropopause layer are due to a10

single model (CHASER). The main conclusions in the subsequent sections are based
on the models’ ensemble mean.

Despite the fact that there are no seasonal variations in the ship emission inven-
tory, the simulated ozone response shows some seasonal variability. Figure 3 displays
absolute and relative changes in the ensemble mean near-surface NO2 and ozone dis-15

tributions between the S1 and the S1w simulation in January (left) and July (right). Due
to the short lifetime of NO2 in the boundary layer, near-surface changes in NO2 follow
closely the main shipping routes, but the dispersion is a few hundred kilometres, which
is partly due to coarse resolutions of the models, but also transport. Maximum changes
of 2.3 ppbv are found over the Baltic Sea in both months. In the English Channel and20

along the west coast of Europe (from Ireland to Morocco) NO2 changes are also signif-
icant (around 0.5 ppbv). Enhanced NO2 levels up to 0.2 ppbv are also simulated over
large areas of the Atlantic and e.g. in the Red Sea and along the main shipping lane to
the southern tip of India, to Indonesia and north towards China and Japan as well as in
the Gulf of Mexico. In July NO2 changes are in general slightly smaller than in January25

and cover a smaller area. For example, over the Atlantic and Europe, as the lifetime of
NOx in the summer months is shorter due to higher chemical activity. Relative changes
in NO2 strongly depend on the background conditions. For example, even though ab-
solute NO2 changes over the Baltic and the North Sea are large, relative changes are
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less pronounced because of high background NO2 levels. The largest relative changes
of up to 80% in January and 96% in July are found over the remote Atlantic and along
the major shipping lanes, where background levels are small and NOx emissions from
ships are the dominant source (see Fig. 1).

Substantial differences are simulated between the near-surface January and July5

ensemble mean ozone changes (Fig. 3, lower panels). The reason for the difference
is that in winter time additional NOx emissions from shipping lead to ozone titration
in the highly polluted regions over the continents, whereas in summer the additional
NOx leads to ozone production. Ozone concentrations in January show a decrease of
around 1 ppbv with maximum decreases of up to 2.8 ppbv over the Baltic. The changes10

in July over this region are rather small but positive. The largest increases in January
are found southward of 30◦ N, where the available solar radiation is sufficient for ozone
production to outweigh direct removal of NO. Most pronounced increases of 3.3 ppbv
are simulated over the Indian Ocean and along the main shipping lane west of the
coast of Southern Africa. The simulated large decrease in ozone over a large area15

in Europe in winter, which has not been reported in e.g. the Endresen et al. (2003)
study, might be due high vessel traffic densities in particular over the Baltic Sea in the
inventory used here. Vessel traffic densities derived from different sources such as
AMVER (Automated Mutual-assistance Vessel Rescue system) or the Purple Finder
(PF) data set (available at http://www.purplefinder.com) report fewer observations there20

(Endresen et al., 2003).
In July, the geographical pattern in ozone changes is similar to the pattern in

Lawrence and Crutzen (1999) showing most pronounced changes over wide areas
of the Atlantic up to 12 ppbv (approx. 35%) and over the Western and Northern Pacific
up to 5 ppbv (approx. 25%). Changes of the order of 5 ppbv (approx. 10%) are also25

simulated over the Indian Ocean. The simulated changes over the Atlantic and the
Indian Ocean are in good agreement with results reported in Endresen et al. (2003),
but smaller over the Pacific. Differences between the two studies are likely related to
the difference in vessel traffic densities (see Sect. 4.1). Due to the longer lifetime of

8566

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/6/8553/2006/acpd-6-8553-2006-print.pdf
http://www.atmos-chem-phys-discuss.net/6/8553/2006/acpd-6-8553-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.purplefinder.com


ACPD
6, 8553–8604, 2006

Impact of ship
emissions on
chemistry and

climate

V. Eyring et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

EGU

ozone compared to NO2 in the boundary layer, ozone changes are less tightly tied to
the main shipping lanes compared to NO2 changes, and affect larger areas. Non-linear
effects of ozone photochemistry are significant. For example, over the Baltic and the
North Sea, where background NO2 levels are relatively high, changes in ozone are
comparatively small, whereas they are substantial over more remote areas.5

The peak response in the ensemble mean NO2 column due to shipping revealed from
the difference between the S1 and S1w ensemble mean is simulated over the Baltic
Sea, reaching up to 2.5×1015 molecules/cm2 in 2000 (not shown). Large changes
are also simulated over a wide area of the Atlantic (up to 0.7×1015 molecules/cm2) as
well as over the main shipping lane from Europe to Asia and in the Gulf of Mexico.10

Peak values of about 0.4×1015 molecules/cm2 are found in these regions. Recently,
enhanced tropospheric NO2 columns have been observed over the Red Sea and along
the main shipping lane to the southern tip of India, to Indonesia and north towards
China and Japan (Beirle et al., 2004; Richter et al., 2004). Here we intercompare
the tropospheric NO2 columns derived from SCIAMACHY nadir measurements from15

August 2002 to April 2004 (Richter et al., 2004) to the ensemble mean in 2000 (S1
simulation). The ensemble mean in Fig. 4 consists of the eight models that provided
tropospheric NO2 columns at 10:30 a.m. local time, which is close to the overpass time
of the ERS-2 satellite. The two STOCHEM models provided output only as 24 h mean,
and are not included in the ensemble mean shown in Fig. 4. To compare the model data20

to the satellite measurements, individual model results and SCIAMACHY data were
interpolated to a common grid (0.5◦×0.5◦). The models simulate similar tropospheric
NO2 columns over the remote ocean as observed by SCIAMACHY and also reproduce
the overall pattern of the geographical distribution reasonably well. However, although
the shipping signal is clearly visible in the satellite data it is not resolved by the models,25

because the intercomparison of modelled and observed NO2 columns is complicated
by several factors. First of all, the spatial resolution of the SCIAMACHY measurements
(30×60 km2) is much higher than that of the global models (typically 5◦×5◦) leading
to higher NO2 values in the localized plumes from ship emissions. Secondly, in the
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particular scene shown in Fig. 4, shipping routes are rather close to land. Given the
low resolution of the models, the grid boxes close to the coast are dominated by NOx
emissions from land sources which are much stronger than emissions from shipping.
Thus, the shipping signal cannot be identified in the coarse resolution model data. From
this point of view, an intercomparison over the remote ocean (e.g. over the Atlantic) far5

away from any land source would be preferable. However, up to now, no statistically
significant satellite data on ship emissions are available for remote oceans.

3.2 Large-scale chemistry effects of NOx ship emissions in 2030

3.2.1 Ozone distributions

Figure 5 shows modelled ensemble mean ozone changes due to ship emissions for10

the year 2000 (S1–S1w) and for two different scenarios in 2030 (S4–S4w; S4s–S4w).
As vessel traffic densities are the same in all model simulations the 2030 results mainly
show a scaling of the 2000 results, but non-linearity effects also play a role.

Ozone changes versus height in 2000 (Fig. 5a) have already been discussed in
Sect. 3.1. The largest ozone response is found near the surface between 10–55◦ N,15

and rapidly decreases with altitude. Keeping emissions from shipping at 2000 levels
but with all other emissions increasing, the pattern in zonal mean changes remains
the same but the impact is slightly less than in 2000 due to lower O3 production rates
under the influence of higher background of NOx (Fig. 5d; S4–S4w). Under the S4s
scenario near-surface ozone changes of about 1.7 ppbv are simulated in the zonal20

mean between 10–55◦ N, and even in the free troposphere changes in ozone reach up
to 1.3 ppbv (Fig. 5g).

Changes in the annual mean near-surface level reach 5.5 ppbv over the Atlantic
(Fig. 5b) and increase up to 7.4 ppbv in the S4s scenario in 2030 (Fig. 5h). Over
Northern Europe where there are high levels of NOx, and relatively low levels of in-25

solation (even in summer), the increase in NOx from shipping decreases, rather than
increases, ozone levels. This is due to reduction in oxidant levels as OH is removed by
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the reaction NO2 + OH → HNO3, and in winter to direct titration of ozone by NO2. The
effect is stronger in the 2030 scenarios due to the increased background level of NOx
in Northern Europe, with shipping decreasing ozone by 3 ppbv in the S4s scenario.

The most pronounced changes in tropospheric ozone columns are found over the
Indian Ocean (1.16 DU in 2000 and 1.72 DU in 2030), related to the higher tropopause5

there and to more effective transport of ozone from the boundary into the upper tropo-
sphere. A second peak is simulated over the Atlantic (Figs. 5c, f, i).

3.2.2 Linearities in NOx and O3 burden response to ship emissions

Changes in annual mean NOx and ozone burdens are calculated for the two 2030 sce-
narios (S4–S4w; S4s–S4w) as described in Sect. 2.3 for four different regions (global10

mean, Atlantic Ocean, Baltic Sea, and Indian Ocean; see Fig. 6). A linear regression
is performed for the changes in NOx and O3 burdens due to shipping over the three
scenarios S4w, S4 and S4s and the origin (zero NOx ship emissions/zero changes in
NOx and O3 burdens). The changes in global tropospheric NOx burden associated with
these two scenarios show a fairly linear relationship for all models (Fig. 7, left), and a15

doubling of NOx emissions approximately results into a doubling of the ensemble mean
NOx burden.

For ozone the correlation is also broadly linear (Fig. 7, right). Only small satura-
tion effects are visible as the ozone burden for the low emission scenario (3.10 Tg(N))
lies above the multi-regression line whereas the one for the high emission scenario20

(5.95 Tg(N)) lies below the multi-regression line for all models. This is to be expected
due to non-linearities in the ozone chemistry. In contrast to the relatively small degree
of saturation computed here, Labrador et al. (2004) computed a substantial saturation
effect for lightning NOx emissions as they were increased from 0 to 20 Tg(N)/yr, with
the saturation already becoming clearly evident between 5 and 10 Tg(N)/yr. Although25

there are only three data points available here (0, 3.1 and 5.95 Tg(N)/yr), there is ev-
idence in these results that the ship NOx effect is only weakly subject to saturation in
its current magnitude range, and that saturation cannot be expected to help mitigate
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the effects of near-future increases. Overall, similar to NOx burdens, a doubling in NOx
ship emissions results in approximately a doubling in ozone burdens in the ensemble
mean. Note that, whereas the majority of the models (eight out of ten) show similar
response, the two STOCHEM models simulate NOx burden changes around a factor
of 3 (STOCHEM-HadAM3) or 6 (STOCHEM-HadGEM) higher than the other models,5

which explains the large standard deviations of the ensemble mean NOx burden. As
further discussed below, this can mainly be attributed to the wintertime chemistry in
these two models. For the annual ozone burdens the two STOCHEM models show
similar results compared to all other models, why the inter-model standard deviations
for ozone are small (<15%).10

Similar to the global annual burdens, eight out of the ten models show similar re-
sponse in the seasonal cycle of NOx and ozone burden changes for the S4s–S4w sce-
nario over the Atlantic Ocean, the Baltic Sea, the Indian Ocean and globally (Fig. 8). As
expected, the seasonal cycle in both NOx and ozone is most pronounced in the Baltic
Sea (northern hemispheric mid-latitudes), whereas the seasonal cycle in the Indian15

Ocean is relatively small. Two of the ten models (STOCHEM-HadGEM and STOCHEM-
HadAM3, both using the same chemistry scheme) show significantly higher changes
in NOx burdens in winter time in northern mid-latitude regions (Atlantic and Baltic Sea).
An additional analysis showed that the reason for the high changes in NOx burdens
in winter in the two STOCHEM models is likely related to an accumulation of NOx in20

the Arctic in winter. An improved representation of the heterogeneous NOx loss shows
dramatic decreases in northern winter NOx, which improves the consistency with the
other models shown here (M. Sanderson, personal communication), but this scheme
has not been applied to the model simulations used in this study. The change in en-
semble mean ozone burdens reach peak values of 0.9 Tg over the Atlantic in August,25

0.25 Tg over the Indian Ocean in October, and 0.04 Tg over the Baltic Sea in June.
The global change in NOx burden due to ship emissions as simulated by the en-

semble mean in the S4s scenario is enhanced by 25 Gg in summer. The global ozone
burden is enhanced by about 4 Tg with peak changes in October and smallest changes
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in January.

3.3 Large-scale chemistry effects of SO2 ship emissions in 2000 and 2030

Large amounts of SO2 are emitted by international shipping which is expected to en-
hance sulphate levels (e.g. Capaldo et al., 1999; Endresen et al., 2003). SO2 can
be removed from the atmosphere by wet and dry deposition or oxidised to sulphate.5

Two important oxidation mechanisms exist, namely the reaction of SO2 with OH form-
ing sulphuric acid (H2SO4) in the gas phase, and the oxidation of SO2 e.g. by O3 or
hydrogen peroxide (H2O2) in the liquid phase of cloud droplets forming H2SO4 and
ammonium sulphate. H2SO4 in the gas phase can condense on pre-existing aerosol
particles such as sea salt resulting in an increase of particle mass or form new aerosols10

by nucleation. SO4 produced within cloud droplets is released into aerosol phase once
the cloud evaporates. Thus, SO2 emitted by shipping changes the chemical compo-
sition of the aerosol by increasing sulphate concentrations. In addition, aerosol size
distribution and particle number concentration of the background aerosol are modified.
These changes in the physical and chemical properties of the aerosol result in modi-15

fied absorption and scattering of solar radiation (direct aerosol effect) and changes in
cloud microphysical properties through changes in properties of the cloud condensa-
tion nuclei (indirect aerosol effects). Thus, although SO2 is not radiatively active, SO2
emissions impact on climate by formation of SO4 modifying basic aerosol properties.

A subset of four models (CHASER, STOCHEM-HadAM3, STOCHEM-HadGEM, and20

TM4) included a detailed sulphur cycle. The ensemble mean of these four models
has been applied to quantify changes due to shipping in sulphate distributions now
and in the future. Figure 9 shows the modelled ensemble mean SO4 change for the
years 2000 (scenario S1–S1w) and 2030 (scenarios S4–S4w, S4s–S4w). Maximum
changes are located in the boundary layer of the northern mid-latitudes around 40◦ N.25

These changes result in about 30 pptv in the year 2000 simulations and 50 pptv in the
year 2030 (S4s–S4w). With increasing height, the changes in SO4 decrease continu-
ously to about 3–5 pptv (2000) and 6–9 pptv (2030) in the upper troposphere. In the
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lowermost boundary layer over the Atlantic Ocean at the west coast of Europe and
over the Baltic Sea, maximum annual sulphate changes amount to about 200 pptv in
2000 and 300 pptv in 2030. The geographical pattern shows the main shipping routes
over the Atlantic Ocean between Europe and North America and over the Red Sea
and the Indian Ocean between the Arabian Peninsula and India. In all other parts of5

the world, changes in sulphate due to SO2 emissions from shipping remain low in gen-
eral. Globally, shipping contributes with 4.5% to sulphate increases until 2030 under
the “Constant Growth Scenario”.

3.4 Radiative forcing

Ozone distributions from all scenarios and all models were inserted into an offline radia-10

tion code (Edwards and Slingo, 1996), with all other parameters held constant, broadly
representing the present-day atmosphere. In the stratosphere, ozone was overwritten
by a climatology, so the changes discussed here are purely tropospheric. Comparing
instantaneous short-wave and long-wave radiative fluxes at the tropopause between
scenarios yields ozone radiative forcings (see Stevenson et al., 1998 for more details15

on the method). The code includes effects of clouds, but does not include stratospheric
temperature adjustment. Previous studies with this set up have consistently found a
22% reduction in the instantaneous forcing compared to the equivalent forcing with
stratospheric adjustment. Following Stevenson et al. (2004) we apply the 22% as a
constant correction, to make the ozone forcings directly comparable to methane and20

CO2 forcings from the same scenarios. Figure 10a shows maps of multi-model en-
semble mean annual mean instantaneous ozone radiative forcings for the 2030 high
emissions case (S4s) relative to the scenario without ships (S4w). Similar distributions
were found for the other scenarios. The peak forcing occurs over the Indian Ocean,
the site of the largest column ozone changes (Fig. 5), but also a region with relatively25

high surface temperatures, and a high, cold tropopause. A secondary peak occurs
over the Caribbean for similar reasons. Further north over the Atlantic the forcing is
less, despite a significant ozone change, reflecting the smaller surface-to-tropopause
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temperature contrast and increasing cloudiness.
Figure 10b shows the inter-model standard deviation, which is typically 15–25%. The

ensemble mean forcings and standard deviations for the three cases (S1–S1w, S4–
S4w and S4s–S4w), applying a 22% reduction to account for stratospheric temperature
adjustment, are 9.8±2.0, 7.9±1.4 and 13.6±2.3 mW/m2, respectively. The influence of5

ship emissions on the ozone forcing slightly reduces as the background ozone levels
rise, but the relationship between ship NOx emissions and resultant O3 forcing is close
to linear. Comparing with the total ozone forcing between 2000 and 2030, as discussed
in Stevenson et al. (2006), the contribution from ships in the S4s case to the global
projected tropospheric ozone forcing is 4%.10

Ship NOx emissions also affect the radiatively active gas methane, by increasing
OH and reducing the methane lifetime. Five models (CHASER-CTM, FRSGC/UCI,
LMDzINCA, STOCHEM-HadAM3 and TM4) provided methane destruction fluxes for
each scenario, and these were used to calculate whole atmosphere CH4 lifetimes, as
described in Stevenson et al. (2006). For four of the five models, changes in lifetime15

between scenarios were very consistent (within 4% of each other), but STOCHEM-
HadAM3 was nearly twice as sensitive, and considered an outlier. Here we use en-
semble mean results from the four models to assess ship impacts on CH4 lifetime. For
present-day, ship NOx shortens the CH4 lifetime by 0.13 yr (1.56±0.05%) (S1-S1w); in
2030 the same ship NOx perturbation reduces the lifetime by 0.10 yr (1.14 ± 0.02%)20

(S4-S4w), again illustrating the slightly lower sensitivity when background levels are
higher. Following the “Constant Growth Scenario” the methane lifetime is reduced by
an additional 0.07 yr (0.77±0.02%) in 2030 (S4s-S4). Ship NOx therefore introduces
a negative radiative forcing by reducing the build-up of methane. A full calculation of
the magnitude of the negative forcing from this mechanism is not included here, but25

globally it is expected to probably outweigh the positive ozone forcing (e.g., Wild et al.,
2001).

The various contributions to the radiative forcing from shipping also include radia-
tive forcing due to CO2 and sulphate changes. The corresponding radiative forcing
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of CO2 is estimated from the fraction of the ship emission totals in the year 2000
(136.7 Tg(C)/yr, Endresen et al. (2003)) to the total annual CO2 emissions in 2000
(7970 Tg(C)/yr; IPCC, 2001; scenario A2). This fraction (1.7%) is used to scale the RF
resulting from all CO2 sources (1.51 W/m2; IPCC, 2001; scenario A2, ISAM reference
case) linearly, resulting in a RF of 26 mW/m2 due to shipping. The same approach is5

used to estimate CO2 RF for the year 2030, with annual emissions of 14 720 Tg(C)/yr
for all sources (IPCC, 2001; scenario A2) and a total CO2 RF of 2.59 W/m2 (IPCC,
2001; scenario A2, ISAM reference case). The emissions from shipping are assumed
to increase at an annual rate of 2.2% since 2000, resulting in 262.6 Tg(C)/yr in 2030.
For the simulation S4, shipping contributes with 0.9% to the total annual CO2 emis-10

sions, for S4s with 1.8%. This results in CO2 RF of about 24 mW/m2 (S4–S4w) and
46 mW/m2 (S4s–S4w) due to shipping in 2030. However, since CO2 has a long aver-
age lifetime, the time integral of ship emissions would be needed to estimate a more
accurate number for RF. Thus calculations with a linear response model similar to the
RF estimates for aviation (Sausen and Schumann, 2000) will give more accurate re-15

sults.
Direct sulphate forcings are calculated from the change in total SO4 burdens due

to shipping. The relative change of the SO4 burdens is used to scale the total direct
radiative forcing of sulphate particles given by IPCC (2001) (scenario A2) of –0.4 W/m2

for the year 2000 and –0.65 W/m2 for the year 2030. The relative contribution of ship-20

ping to the total sulphate burdens is about 3.6% (S1–S1w), 2.0% (S4–S4w), and 4.0%
(S4s–S4w). This results in a RF of –14 mW/m2 (2000, S1–S1w), –13 mW/m2 (2030,
S4–S4w), and –26 mW/m2 (2030, S4s–S4w). It should be noted that the sulphate RFs
are only rough estimates, as it is expected that SO4 forcings show a significant vari-
ability with emission site and cloud cover, which is not accounted for in this estimate.25

RFs from shipping O3 and CO2 as well as the direct sulphate forcings for the different
scenarios are summarized in Table 3. We have not evaluated the full impact of ship
emissions of NOx on radiative forcing, since the long-term radiative cooling from CH4
perturbations has not been quantified (Wild et al., 2001). Also not included are contri-
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butions to the RF resulting from the indirect aerosol effect. The indirect aerosol effect
is negative (Capaldo et al., 1999) and probably larger than the direct sulphate effects
estimated here.

4 Discussion

In the previous section, impacts of ship emissions on NO2, ozone and sulphate dis-5

tributions have been presented for present-day and 2030 conditions. In general, the
results derived from the ensemble mean comprising ten atmospheric chemistry mod-
els agree with previous studies based on single models (Lawrence and Crutzen, 1999;
Kasibhatla et al., 2000; Davis et al., 2001; Endresen et al. 2003; Derwent et al., 2005).
In this section we discuss the main uncertainties that could impact on results presented10

in Sect. 3 (Sect. 4.1) and how the results might change in the context of other emission
scenarios (Sect. 4.2).

4.1 Uncertainties

4.1.1 Uncertainties in ship emission inventories

Uncertainties in the emission inventory include uncertainties in the vessel traffic densi-15

ties as well as uncertainties in the emission totals and the species that are considered.
Several emission inventories for shipping based on energy statistics have been pub-
lished in recent years resulting in a total fuel consumption below or around 170 Mt per
year (e.g. Corbett and Fischbeck, 1997; Corbett et al., 1999; Olivier et al., 2001; En-
dresen et al., 2003). For example, Endresen et al. (2003) estimate the international20

fuel consumption from large cargo and passenger vessels above or equal to 100 GT
to be 166 Mt/yr, if an additional 10% for auxiliary engines and 5% for port operations
are added to the estimated fuel. However, recent studies which used an activity-based
approach and statistical information of the total fleet greater than 100 GT including the
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larger military vessels and auxiliary engines (Lloyd’s, 2002) suggest a fuel consump-
tion of 289 Mt/yr (Corbett and Köhler, 2003) or 280 Mt/yr (Eyring et al. 2005a) for the
year 2001. Ideally, the fuel consumption calculated from energy statistics and with an
activity-based approach would be the same. However, there is an ongoing discussion
on the baseline value for 2000 fuel consumption. Endresen et al. (2004) questioned5

the estimated fuel consumption of 289 Mt calculated in the Corbett and Köhler (2003)
study, whereas Corbett and Köhler (2004) considered alternative input parameters in
their activity-based fuel consumption and emission model and conclude that alterna-
tive assumptions in the input parameters could reduce their estimates, but not by more
than 14% to 16%. Eyring et al. (2005a) also discussed the different approaches and10

concluded that any fuel consumption below 220 Mt would lead to unrealistically low
average engine hours. The emission totals for NOx used in this study are around a
factor of two lower than those calculated from activity-based approaches.

Vessel traffic densities in the inventory used here are based on EDGAR 3.2 (Olivier
et al., 2001). Compared to other data sets such as the Comprehensive Ocean-15

Atmosphere Data Set (COADS, see http://www.wmo.ch/web/www/ois/ois-home.htm)
or the Automated Mutual-assistance Vessel Rescue system (AMVER; Endresen et al.,
2003), shipping routes are probably too narrow in this inventory. As pointed out by
Lawrence and Crutzen (1999) this could lead to an underestimation of ozone produc-
tion, as photochemical production is more efficient at lower NOx concentrations (Liu et20

al., 1987). However, the emissions are instantaneously diluted into the large model grid
boxes (see Table 1) which partly compensates this effect. Over the Baltic emissions in
the EDGAR3.2 inventory are higher than in the COADS and AMVER data sets. Note
that significant differences between the COADS and AMVER data sets have also been
reported (Endresen et al., 2003), as only small subsets of the world-merchant fleet25

finds input into these data bases.
Assuming that changes in ozone burden scale linearly with increasing NOx emis-

sions (Sect. 3.2), we conclude that the uncertainty arising from NOx emission totals
in the inventory itself could lead to an underestimation of up to 100% in the simulated
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ozone response. We also conclude that due to the inventory used, the process of
titration might be overestimated over the Baltic Sea.

The uncertainties in emission inventories discussed above apply also for the future
scenarios. In the future, the global distribution of vessel traffic might change. For ex-
ample, while international trade in north-south direction and within the Southern Hemi-5

sphere is likely increasing, the east-west trade on the long-term might reach a level
of saturation and hence reduced growth (Eyring et al., 2005b). However, changes in
vessel traffic densities are likely to have only small effects on the global scale, though
they could regionally be important. For example, with sea ice expected to recede in
the Arctic during the 21st century as a result of projected climate warming, Granier et10

al. (2006) showed that the opening of new shipping routes in the Arctic could lead to
an important increase in ozone levels in this remote region.

4.1.2 The role of plume dispersion

Emission totals discussed in Sect. 4.1 are based on specific fuel-oil consumption rates
and emission indices measured at the manufacturers’ engine test beds (e.g. Eyring15

et al., 2005a). The emission totals are distributed over the globe with the help of
vessel traffic densities derived in various ways and are instantaneously spread onto
large inventory grid boxes, usually 1◦ longitude×1◦ degree latitude, without accounting
for chemical dispersion on the sub-grid scale. Those inventories are used as inputs in
emission databases such as EDGAR (Olivier et al., 2001) and global modelling studies.20

The horizontal resolution in the global models used in this study all have even larger
grid sizes of a few hundred kilometres (see Table 1). Therefore, emissions from ships
are further instantaneously distributed within the large grid boxes. However, several
studies have pointed to the importance of chemical conversion in the near field of
ships (Kasibhatla et al., 2000; Davis et al., 2001; Song et al., 2003; von Glasow et al.,25

2003; Chen et al., 2003). Uncertainties in the modelled ozone changes arising from
the neglect of plume chemistry are hard to quantify, in particular because the studies
cited above are all based on certain meteorological situations, amount of emissions
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released by the ship, and daytime. However, the studies all agree in this respect that
the lifetime of NOx is significantly reduced in the plumes, corresponding to high in-
plume NOx destruction. Chen et al. (2005) used a box model and found that more than
80% of the NOx loss is due to the reaction of NO2 with OH and the rest due to PAN
formation. Comparing the model output to emission plume measurements they found5

the largest model biases for HNO3, likely due to an underestimation of HNO3 sinks due
to particle scavenging. The processes have been shown to be highly dependent on the
initial concentration of ship plume NOx, and in general it has been found that the higher
the initial NOx concentration in the plume, the shorter was the NOx lifetime (Song et
al., 2003). Differences in meteorological situations, time of day of the emissions and10

emission strength due to different types of the ships make it a challenge to develop
a useful parameterisation for global models. To ensure mass conservation, it might
also be important to introduce effective emissions which include species that are not
primarily emitted, similar to those that have been developed for aviation (Petry et al.,
1998). As those parameterisations are not yet available, the model simulations have15

been run without accounting for sub-grid plume chemistry. However, given that we
have used a relatively low total emission estimate (Sect. 4.1) we estimate that the
uncertainty due to ship plume processes is less than that in the emissions themselves.

4.1.3 Uncertainties due to different model approaches

Uncertainties in different model approaches presented here and discussed in Sect. 3.120

arise from differences in the main characteristics in the models (see Sect. 2.1). The
advantage of this study compared to all previous assessments on ship emissions is
that an ensemble of ten models has been used, which makes the results more ro-
bust, because the models have performed the same experiments with quite different
treatments of chemical and dynamical processes. In summary, the differences in the25

simulated contributions from shipping to ozone, NO2, sulphate and RF are smaller than
20%, as revealed by the intermodel standard deviations.
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4.2 Results in the context of other emission scenarios

Up to now we have only quantified the impact of ship emissions in 2030 under the
assumption that all other emissions vary as projected in the A2 scenario. The A2 sce-
nario is a rather pessimistic scenario, which describes a very heterogeneous world with
high population growth. Economic development is primarily regionally oriented and per5

capita economic growth and technological changes are more fragmented and slower
than in other IPCC SRES storylines. NOx emissions in A2 increase to 179 Tg(NO2) yr−1

in 2030. However, if ground based emissions grow less rapidly than under A2, the rel-
ative contribution of ship emissions will become more important. The “RAINS Current
Legislation Scenario (CLE)” scenario takes into account the current perspectives of in-10

dividual countries on future economic development and anticipated effects of presently
decided emission control legislation in the individual countries and the “Maximum tech-
nically Feasible Reduction” (MFR) scenario considers the scope for emission reduc-
tions offered by full implementation of the presently available emission control tech-
nologies, while maintaining the projected levels of anthropogenic activities. A detailed15

description of the two scenarios can be found in Dentener et al. (2005). Compared to
today’s anthropogenic NOx emissions (91.3 Tg(NO2) yr−1 in S1; not including biomass
burning), NOx emissions in the CLE scenario increase to 108 Tg(NO2) yr−1 and de-
crease to 43.0 Tg(NO2) yr−1 in the MFR scenario in 2030 (Stevenson et al., 2006, Ta-
ble 3). Differences in tropospheric ozone burden between 2030 and 2000 for the three20

scenarios A2, CLE, and MFR have been calculated from an ensemble of 26 models in
Stevenson et al. (2006), their Table 6. The simulated inter-scenario ensemble mean
changes in ozone burdens between 2030 and 2000 resulted in 53±10 Tg(O3) in the
A2 scenario with ship emissions remaining at 2000 levels (S4–S1), 20±4 Tg(O3) in the
CLE scenario, and –16±4 Tg(O3) in the MFR scenario. If we add on the 1.75 Tg(O3)25

increase in ozone burdens due to ship emission increase under the “Constant Growth
Scenario” calculated in this study (see Fig. 7) to the difference in ozone burden between
the S4 and the S1 simulation from Stevenson et al. (2006), the global mean relative
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contribution from shipping is around 3% under the A2 scenario. However, under the
CLE scenario the relative contribution of ships to ozone burden trends until 2030 in-
creases to around 9%. If land-based emissions fall, as under the MFR scenario, but
ship emissions continue to grow, they will significantly counteract the benefits derived
from the land-based emissions reductions.5

As an example how increases in ship emissions might impact on future trends,
Fig. 11 shows differences in near-surface NO2, ozone and sulphate between the 2030
A2 scenario and 2000 over Europe if ship emissions are zero in 2030 (S4w–S1; left
column), remain constant at 2000 levels (S4–S1; middle column), or increase with a
constant growth rate of 2.2%/yr (S4s–S1; right column).10

If NOx emissions from shipping fall to zero in 2030, a decrease in near-surface NO2
concentrations between 2030 and 2000 of up to 2 ppbv over Scandinavia and 0.4 ppbv
over the Atlantic can be reached (a reduction of over 50%), whereas central Europe is
dominated by increases due to the rise in land NOx emissions (Fig. 11a). On the other
hand, with constant or increasing emissions from shipping (Figs. 11b, c) near-surface15

NO2 levels are enhanced over the continent by up to 2 ppbv (>50%), in particular over
the coastal regions of the North Sea and the Baltic Sea as well as over the southern
part of Great Britain. Only small differences in ozone are simulated under the three
different ship emission scenarios (Figs. 11d–f). In a world without ship NOx emissions
in 2030, the positive trend in near-surface ozone will be reduced over most of Europe20

(Fig. 11d), whereas it will be enhanced in the “Constant Growth Scenario” (Fig. 11f).
The strongest impact of ship emissions to the trends up to 2030 is simulated in

the sulphate distributions. A significant decrease in sulphate is simulated in a world
without ship emissions in 2030 (Fig. 11g). If ship emissions however remain at today’s
levels, this negative trend over Central Europe and the United Kingdom is reduced25

and even changes sign over large areas of the Atlantic and over Scandinavia under
the “Constant Growth Scenario” (Fig. 11i). Thus, increasing emissions from shipping
would significantly counteract the benefits derived from reducing SO2 emissions from
all other anthropogenic sources under the A2 scenario over the continents in Europe.
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5 Summary and conclusions

In this study we have used an ensemble of ten state-of-the-art global atmospheric
chemistry models to assess the impact of NOx emissions from international shipping
on ozone for present-day conditions (year 2000). This multi-model approach accounts
for intermodel differences and therefore makes the results more robust compared to5

previous studies. In addition this study for the first time quantifies the potential im-
pact of ship emissions in the future (year 2030). A subset of four models included the
tropospheric sulphur cycle. The ensemble mean of these four models has been ap-
plied to investigate the changes in sulphate distributions due to SO2 emissions from
international shipping for present-day conditions and in 2030.10

For present-day conditions we find the most pronounced changes in annual mean
tropospheric NO2 and SO4 columns over the Baltic and the North Sea, and also though
smaller over the Atlantic, Gulf of Mexico, and along the main shipping lane from Europe
to Asia. Maximum near-surface ozone changes due to NOx ship emissions are simu-
lated over the North Atlantic in July (∼12 ppbv) in agreement with previously reported15

results (Lawrence and Crutzen, 1999; Endresen et al., 2003). However, in contrast
to Endresen et al. (2003), a decrease in ozone in winter is found over large areas
in Europe (∼3 ppbv) due to titration. Overall NOx emissions most effectively produce
ozone over the remote ocean, where background NOx levels are small. Evaluation of
the models’ response to ship emissions with satellite data is still at a preliminary stage.20

The intercomparison of global models with satellite measurements of tropospheric NO2
columns is currently limited by the coarse spatial resolution of the models, the uncer-
tainty in the measurements and the difficulty to separate ship emissions from other
even stronger emission sources. Unambiguous detection of ship emissions in satellite
data is currently only available for the region of the Red Sea and the Indian Ocean25

(Beirle et al., 2004; Richter et al., 2004), where shipping routes are close to the costal
area. Thus, the NO2 columns in the large grid boxes of the models are strongly influ-
enced or even dominated by land emissions. Reduction in measurement uncertainties
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through use of long-term averages and data from more instruments (e.g. OMI and
GOME-2) combined with better constraints on land-based sources and higher spatial
resolution in the models should facilitate such an intercomparison in the future.

The two 2030 scenarios both specify emissions following the IPCC SRES A2 sce-
nario (Nakicenovic et al., 2000). The first future scenario assumes that ship emissions5

remain constant at 2000 levels and under this scenario a slightly smaller response in
ozone and sulphate changes due to shipping is found compared to the present-day
contribution from shipping. This indicates that higher background levels tend to slightly
reduce the perturbation from ships. The second emission scenario addresses the
question of how NOx and SO2 emissions from international shipping might influence10

atmospheric chemistry in the next three decades if these emissions grow unabated
and one assumes a constant annual growth rate of 2.2% between 2000 and 2030
(“Constant Growth Scenario”). The models show future increases in NOx and ozone
burden which scale almost linearly with increases in NOx emission totals under the
same background conditions. Therefore, there is evidence that the ship NOx effect15

is only weakly subject to saturation in its current magnitude range, and that saturation
cannot be expected to help mitigate the effects of near-future increases. In other words
a doubling of NOx emissions from ships in the future might lead to a doubling in atmo-
spheric ozone burdens due to ship emissions. In addition, increasing emissions from
shipping would significantly counteract the benefits derived from reducing SO2 emis-20

sions from all other anthropogenic sources under the A2 scenario over the continents
for example in Europe. Under the “Constant Growth Scenario” shipping globally con-
tributes with 3% to increases in ozone burden until 2030 and with 4.5% to increases
in sulphate. The results discussed above are calculated under the assumption that
all other emissions follow the A2 scenario broadly representing a “pessimistic” future25

situation. However, if future ground based emissions follow a more stringent scenario,
the relative importance of ship emissions becomes larger.

Tropospheric ozone forcings due to ships of 9.8 mW/m2 in 2000 and 13.6 mW/m2

in 2030 are simulated by the ensemble mean, with standard deviations of 10–15%.
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Compared to aviation (∼20 mW/m2; Sausen et al., 2005) tropospheric ozone forcings
from shipping are of the same order in 2000, despite the much higher NOx emissions
from ships (Eyring et al., 2005a). This can be understood because peak changes in
ozone due to shipping occur close to the surface, whereas changes in ozone due to
aviation peak in the upper troposphere (Grewe et al., 2002). The net radiative forcing5

is most sensitive to NOx emissions at altitudes of about 8–12 km because of longer
NOx and O3 lifetimes, and colder temperatures compared to the surface (Lacis et al.,
1990; Brasseur et al., 1998). Ship NOx reduces the CH4 lifetime by 0.13 yr in 2000 and
by up to 0.17 yr in 2030, introducing a negative radiative forcing that globally probably
outweighs the positive ozone radiative forcing, although it is not specifically quanti-10

fied here. A rough estimate of RF from shipping CO2 suggests 26 mW/m2 in 2000
compared to 23 mW/m2 from aviation CO2. The direct effect from SO2 ship emissions
is approximately –14 mW/m2 in 2000 and decreases to a more negative value of –
26 mW/m2 in 2030 under the “Constant Growth Scenario”.

The recent rapid rise in ship emissions may have generated O3 trends that have15

hitherto been attributed to increases in hemispheric background, and related to North
American or Asian anthropogenic emissions, or to changes in forest fire activities
(e.g. observations at Mace Head, Simmonds et al., 2005). For example, Lelieveld
et al. (2004) report significant surface ozone trends over the Atlantic Ocean, although
not particularly over the North Atlantic, where ships appear to have their largest impact20

in our study. The large rise in ship emissions and the associated increase in ozone may
be compromising measures to reduce O3 in some regions, e.g. Europe and potentially
elsewhere (India, western North America). Of the estimated 0.35 Wm−2 radiative forc-
ing since 1750 due to increases in tropospheric ozone, our results indicate that about
3% of this is due to ship NOx emissions.25

This study has also investigated the range of results given by the individual models
compared to other uncertainties. Uncertainties in the simulated ozone contributions
from ships for the different model approaches revealed by the intermodel standard
deviations are found to be significantly smaller than estimated uncertainties stemming
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from the ship emission inventory, mainly the ship emission totals, the neglect of ship
plume dispersion, and the distribution of the emissions over the globe. This reflects
that the simulated net change from ship emissions under otherwise relatively clean
conditions in global models is rather similar and shows that the atmospheric models
used here are suitable tools to study these effects.5
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Table 1. Participating models. The models are listed alphabetically by name. The horizontal
resolution is given in degrees longitude × latitude.

Model Institute Contact author Resolution
(lon/lat)
levels, top level

Underlying meteorology Tropospheric chemistry Stratospheric chemistry References

CHASER-
CTM

FRCGC /
JAMSTEC

K. Sudo 2.8◦×2.8◦

L32
3 hPa

CTM: ECMWF operational
analysis data for 2000

53 species
140 reactions,
Interactive SO4 aerosol

O3 relaxed above
50 hPa to
observations

Sudo et al. (2002a, b)
Sudo et al. (2003)

FRSGC/
UCI

FRCGC/
JAMSTEC

O. Wild 2.8◦×2.8◦

L37
2 hPa

CTM: ECMWF-IFS pieced-
forecast data for 2000

35 species, using ASAD
(Carver et al., 1997)

LINOZ
(McLinden et al., 2000)

Wild and Prather (2000)
Wild et al. (2003)

GMI/
CCM3

NASA
Global
Modeling
Iniative

J. M. Rodriguez
S. Strahan

5◦×4◦

L52
0.006 hPa

CTM: NCAR MACCM3 85 species
offline aerosol surface area

O3 influx from
SYNOZ: 550 Tg/yr

Rotman et al. (2001)
Bey et al. (2001)

GMI/
DAO

NASA
Global
Modeling
Initiative

J. M. Rodriguez
S. Strahan

5◦×4◦

L46
0.048 hPa

CTM: GEOS-1-DAS as-
similated fields for March
1997–Feb 1998

85 species
offline aerosol surface area

O3 influx from
SYNOZ: 550 Tg/yr

Rotman et al. (2001)
Bey et al. (2001)

LMDz/
INCA

LSCE D. Hauglustaine
S. Szopa

3.75◦×2.5◦

L19
3 hPa

GCM: nudged to ECMWF
ERA-40 reanalysis data for
2000

85 species
303 reactions

Stratospheric O3
nudged towards
climatologies
above 380 K

Sadourny and Laval
(1984)
Hauglustaine
et al. (2004)

MATCH-
MPIC

Max
Planck
Institute
for Chem-
istry/NCAR

T. Butler
M. Lawrence

5.6◦×5.6◦

L28
2 hPa

CTM: NCEP/NCAR reanal-
ysis data for 2000

60 species
145 reactions

Zonal mean O3
climatology
above 30 hPa;
above tropopause:
NOy set to prescribed
NOy/O3 ratios

von Kuhlmann et
al. (2003a, b)
Lawrence et al. (1999)
Rasch et al. (1997)

STOCHEM-
HadAM3

University
of
Edinburgh

D. Stevenson 5◦×5◦

L9
100 hPa

GCM:
HadAM3 vn4.5

70 species
174 reactions
SOx-NOy-NHx aerosols; in-
teractive

Prescribed O3
concentration gradient
at 100 hPa

Collins et al. (1997)
Stevenson et al. (2004)

STOCHEM-
HadGEM

UK
Met. Office

M. Sanderson
B. Collins

3.75◦×2.5◦

L20
40 km

GCM:
HadGEM

70 species
174 reactions
SOx-NOy-NHx aerosols; in-
teractive

Relaxed towards SPARC
O3 climatology
above tropopause
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Table 2. Specified global annual anthropogenic (not including biomass burning emissions)
surface emission totals for each scenario.

Name Meteorology

Emissions

NOx (Tg N) SOx (Tg S)

Total Thereof from
Shipping

Total Thereof from
Shipping

S1 2000/
1995–2004

2000 (EDGAR3.2) 27.80 3.10 54.00 3.88

S1w 2000/
1995–2004

2000 (EDGAR3.2), but without ship
emissions

24.70 0.00 50.12 0.00

S4 2000/
1995–2004

2030 SRES A2, but with ship emis-
sions of the year 2000

54.60 3.10 100.00 3.88

S4s 2000/
1995–2004

2030 SRES A2, Traffic A2s; Ship
emissions increase with a flat in-
crease of 2.2%/yr compared to the
year 2000

57.45 5.95 103.48 7.36

S4w 2000/
1995–2004

2030 SRES A2, but without ship
emissions

51.50 0.00 96.12 0.00
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Table 3. Radiative forcings due to shipping in 2000 and 2030.

O3, mW/m2 SO4(direct), mW/m2 CO2 mW/m2

2000 (S1–S1w) 9.8 ± 2.0 –14 26
2030 (S4–S4w) 7.9 ± 1.4 –13 24
2030 (S4s–S4w) 13.6 ± 2.3 –26 46
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Fig. 1. Annual surface NOx emissions including industry and power generation, traffic, domestic
heating, and biomass burning (average 1997–2002 (van der Werf et al. (2004)) in g(N)/(m2 yr).
The left plot shows the emissions used as input for the model experiment S1 (year 2000,
38.0 Tg(N)/yr total), the right plot the emissions for experiment S4s (year 2030, 67.6 Tg(N)/yr
total).
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Fig. 2. Modelled zonal annual mean ozone change (ppbv) between case S1 (year 2000) and
S1w (year 2000 without ship emissions): (a)–(j) individual models (k) ensemble mean (all 10
models) and (l) absolute standard deviations. Individual model results were interpolated to a
common grid (5◦×5◦×19 levels) and masked at the chemical tropopause (O3=150 ppbv).
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Fig. 3. Modelled ensemble mean near-surface NO2 and ozone change between case S1 (year
2000) and S1w (year 2000 without ship emissions) in January (left) and July (right). 1st row
shows absolute changes in near-surface NO2 (a, b), 2nd row shows relative changes in near-
surface NO2 (c, d), 3rd row shows absolute changes in near-surface O3 (e, f), and 4th row
shows relative changes in near-surface O3 (g, h).
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Fig. 4. NOx signature of shipping in the Indian Ocean (5◦ S to 40◦ N and 25◦ E to 125◦ E). Left:
Tropospheric NO2 columns derived from SCIAMACHY data from August 2002 to April 2004
(Richter et al., 2004). Right: Ensemble mean NO2 tropospheric columns at 10:30 local time
for 2000. The ensemble mean comprises 8 out of the 10 models. Individual model results and
SCIAMACHY data were interpolated to a common grid (0.5◦×0.5◦).
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Fig. 5. Modelled ensemble mean ozone change between (a)–(c) case S1 (year 2000) and S1w
(year 2000 without ship emissions), (d)–(f) case S4 (year 2030) and S4w (year 2030 without
ship emissions), and (g)–(i) case S4s (year 2030) and S4w. Figures 5a, d, and g are zonal
mean changes (ppbv), Figs. 5b, e, and h are near-surface ozone changes (ppbv) and Figs. 5c,
f, and i are tropospheric ozone column changes (DU).
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Fig. 6. Regions used in the analysis for Figs. 7 and 8: The Atlantic Ocean (85◦ W, 15◦ N–5◦ W,
60◦ N), the Baltic Sea (10◦ E, 54◦ N–30◦ E, 66◦ N), the Indian Ocean (50◦ E, 0◦ N–100◦ E, 25◦ N)
and global.
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Fig. 7. Global total change in annual mean tropospheric NOx burden (left) and ozone burden
(right) due to ship emissions (S4–S4w and S4s–S4w) in each individual model (coloured lines)
and the ensemble mean (black line). Inter-model standard deviations are shown as bars.
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Fig. 8. Seasonal variation in tropospheric NOx (left) and ozone (right) burden due to shipping
versus change in total ship emissions of NOx for the scenario S4s–S4w in different regions that
are shown in Fig. 6: (a) Atlantic Ocean, (b) Baltic Sea, (c) Indian Ocean, and (d) global.
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Fig. 9. Modelled ensemble mean tropospheric sulphate changes between (a)–(c) case S1
(year 2000) and S1w (year 2000 without ship emissions), (d)–(f) case S4 (year 2030) and S4w
(year 2030 without ship emissions), and (g)–(i) case S4s (year 2030) and S4w. Figures 10a, d,
and g are zonal mean changes (pptv), Figs. 10b, e, and h are near-surface sulphate changes
(pptv) and Figs. 10c, f, and i are tropospheric sulphate column changes (mg/m2). Individual
model results were interpolated to a common grid (5◦×5◦×19 levels) and masked at the chem-
ical tropopause (O3=150 ppbv). The ensemble mean comprises four models.
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Fig. 10. Ensemble mean for instantaneous tropospheric ozone forcing (a) plus standard devi-
ations (b) in mW/m2.
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Fig. 11. Changes 2030–2000 over Europe under the IPCC SRES A2 scenario with different
assumptions for ship emissions. Left: Changes in a world without ship emissions in 2030;
Middle: Changes in a world with ship emissions remaining at 2000 levels; Right: Changes
under the “Constant Growth Scenario”. 8604
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