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The increase in civil world fleet ship emissions during the
period 2000-2007 and the effects on key tropospheric oxidants
are quantified using a global Chemical Transport Model
(CTM). We estimate a substantial increase of 33% in global
ship emissions over this period. The impact of ship emissions
on tropospheric oxidants is mainly caused by the relatively
large fraction of NOx in ship exhaust. Typical increases in yearly
average surface ozone concentrations in the most impacted
areas are 0.5-2.5 ppbv. The global annual mean radiative forcing
due to ozone increases in the troposphere is 10 mWm-2

over the period 2000-2007. We find global average tropospheric
OH increase of 1.03% over the same period. As a result of
this the global average tropospheric methane concentration is
reduced by approximately 2.2% over a period corresponding
to the turnover time. The resulting methane radiative forcing is
-14 mWm-2 with an additional contribution of -6 mWm-2

from methane induced reduction in ozone. The net forcing of
the ozone and methane changes due to ship emissions changes
between 2000 and 2007 is -10 mWm-2. This is significant
compared to the net forcing of these components in 2000. Our
findings support earlier observational studies indicating that
ship traffic may be a major contributor to recent enhancement
of background ozone at some coastal stations. Furthermore,
by reducing global mean tropospheric methane by 40 ppbv over
its turnover time it is likely to contribute to the recent observed
leveling off in global mean methane concentration.

Introduction
Previous emission inventories for the global ship fleet
reported a significant contribution to global anthropogenic
emissions of pollutants like CO2, NOx, and SO2 (1-4). These
studies presented emissions for the specific years 2000 and
2004. In this study we make an estimate of ship emissions
over the period 2000-2007. This period was selected because
it is characterized by large increases in traffic and thereby

emissions of pollutants. As in Dalsøren et al. (4), the fleet
considered was the civil world fleet of ships above or equal
100 Gross Tons (GT). The gridded ship emission inventory
constructed takes into account growth for the main ship
types in the fleet.

Observations suggest that increasing emissions from
international sea transportation may have a significant
contribution to recent observed trends of pollutants at surface
stations in various regions of the world (5-8), thereby
offsetting the effect of land based regulations.

In this study the impact of increasing ship emissions on
regional ozone and global hydroxyl (OH) and methane
lifetime levels during the period 2000-2007 are quantified
using the global Chemical Transport Model (Oslo CTM2).
Ozone and OH levels are particular sensitive to NOx emissions
from ships (9). We discuss implications for the oxidation
potential further by calculating global hydroxyl changes and
how this in turn influences recent trends of the greenhouse
gas methane. Although there have been large year to year
fluctuations in global methane (10, 11), the significant long-
term trend has gradually leveled off since the 1980s. Several
reasons for this have been discussed (12, 13), but despite
findings that ship traffic has a quite large impact on hydroxyl
and methane (1, 4, 9, 14, 15) the role of the recent increase
in ship emissions was not quantified.

Model and Experiment
The OsloCTM2 model was used to calculate the effects on
oxidants of increasing ship emissions. The setup is similar
to Dalsøren et al. (4, 14), and the model was run in T42
resolution (2.8° × 2.8°) with 60 vertical layers using meteo-
rological data for 2000. Modeled distribution of ozone and
ozone precursors have been evaluated and compared to
observations for ship impacted air in previous studies (1, 14).
The major loss of methane is tropospheric removal by
reaction with hydroxyl. The impacts on hydroxyl and methane
of emission changes of CO, NMVOCs, and NOx in different
regions were studied by the model in Dalsøren et al. (16, 17).
In order to study the response on methane a simple box
model (18) was used to solve eq (1): (dC)/(dt) ) P - Q ·C )
(E)/(�) - (1)/(τ) ·C. C is the mixing ratio of methane (ppbv),
P is the production rate, E is the emission rate, � is a factor
for conversion of emissions to mixing ratio (TgCH4/ppbv),
τ is the lifetime (in years), and Q is the loss rate. Assuming
that the production (E/�) and loss (Q) terms are constant
during the time step ∆t, the differential equation above is
solved to give eq (2): Ct ) (E)/(� ·Q)+ (Ct-1 - (E)/(� ·Q))e-Q ·∆t

where the loss term is Q ) 1/τ. τ is a function of the
instantaneous chemical lifetime (τ0 atm) and the lifetime due
to soil uptake, the methane concentration at former time
step and a factor accounting for the feedback of methane
changes on its own lifetime (18-20). E was varied to study
the impact of typical uncertainties in emission estimates
reported by the IPCC AR4 report (21).

The radiative forcing concept is often used for quantitative
comparisons of various mechanisms causing climate change
(22). The ozone radiative forcing is calculated with solar and
longwave radiative transfer schemes (23, 24) and shown to
compare within 10-15% of other schemes used frequently
for tropospheric ozone (24, 25). Monthly mean ozone fields
from Oslo CTM2 were used in the calculations. The fields of
temperature, water vapor, and cloud data are consistent with
the data used in the Oslo CTM2. We also calculate the
methane and the methane-induced ozone radiative forcing
and follow the approach used in Hoor et al. (9). The calculated
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methane change from eq 2 due to 2000-2007 increased ship
traffic is adopted. Based on detailed radiative transfer
simulations a specific radiative forcing for methane changes
of 0.37 mWm-2 ppbv-1 is used for a background level of
methane of 1740 ppbv and nitrous oxide of 319 ppbv. Since
a methane reduction also leads to a reduction in the ozone
amount, we also estimate this radiative forcing. As described
in ref 9 the methane-induced ozone radiative forcing is 0.42
times the methane forcing. This value is based on multimodel
simulations calculating the increase in ozone and ozone
radiative forcing due to a methane increase.

A new global ship emissions inventory reporting year 2004
emissions for major ship types and ports (4) serves as a basis
for the ship emissions used in the CTM study. The emissions
for the period 2000-2007 were obtained by scaling the 2004
numbers with reported changes in seaborne trade (tonne-
miles) (26) for different ship types. This approach is based
on former studies suggesting a close historical relationship
between development in seaborne trade in tonne-miles and
fuel consumption (15, 27). The approach was also used in
the IMO GHG study (28) to backcast and forecast point
estimates for emissions to compare between studies with
different reference years. The increase in trade is assumed
equal to the increase in fuel consumption (so X% increase
in trade equals X% increase in fuel consumption). This is a
simple approximation, but it is considered justifiable over
the limited time period. Even if Marpol Annex VI (29) entered
into force in 2005 and among other things regulates NOx
emissions from new or converted engines and sulfur emis-
sions in special control areas (and globally) we assume limited
changes in engine emission factors for the period in question.
We also assume that the operational speed of the fleet had
no overall change over the period 2000-2007. We therefore

inferred a one to one relation between changes in fuel
consumption and emissions. The changes in emissions over
the period are shown in Figure 1 and quantified for the total
fleet and separately for the three major ship types (container,
bulk, tanker) constituting approximately 50% of the 2004
fuel consumption. We calculate a total emission increase of
33% from international sea transportation over the period
2000-2007. These findings are supported by the IMO GHG
study (28) which estimated an increase in fuel consumption
of 34% in the period 2000-2007. The increase in emissions
from container ships is estimated to be as high as 100%
whereas bulk ship emissions increase by 49% and tanker
with 22%. As shown in Figure 1 the major ship types have
very different geographical operational patterns, and the
increase in emissions differ. For the fleet not falling into one
of the three major ship types we used one uniform scaling
factor so that the change for this group plus the summed
change for the three major types equaled the change for the
total fleet, i.e. 33%. Based on the above assumptions, yearly
gridded inventories were constructed for the period in
question. Emissions from other sectors, taken from the
RETRO database (30), were fixed at their 2000 levels to discern
the impact of increasing ship emissions from other factors.

Results
The modeled surface ozone distribution for July 2000 is shown
in Figure 2. High ozone concentrations are found in the
vicinity of major precursor emissions and where the me-
teorological conditions are favorable for photochemical
production. In the Northern Hemisphere this is typically
downwind of industrial or populated regions of eastern U.S.,
central/southern Europe, the Middle East, and southeast Asia.

FIGURE 1. Vessel traffic densities (relative number of observations per grid cell) for year 2001/2002 based on the AMVER (2005) data.
Upper left: all cargo and passenger ships in the AMVER merchant fleet, upper right: oil tankers, lower left: bulk carriers, lower right:
container vessels. Red numbers denote the estimated increase in emissions in the period 2000-2007.
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In the Southern Hemisphere high concentrations are found
over a region with intense savanna burning and recirculation
of air masses in Africa. The background concentrations over
the oceans are low, but close to coastal regions near precursor
source regions ozone is sufficiently high to be of concern
with regards to guidelines for vegetation and health damage
(31). As shown in Figures 3 and 4, the surface ozone changes
due to increasing ship emissions in the period 2000-2007
are largest over the background oceans. This is due to the
nonlinearity of the ozone chemistry (32-34) resulting in larger
signals from perturbations in less polluted areas. There are
also substantial increases of surface ozone in coastal regions
of northwestern North America. The container traffic has
the largest emission increase of all segments, and much of

it occurs in the North Pacific (Figure 1). Due to this and the
nonlinearity we find the largest increase in surface ozone in
the North Pacific. The influence on surface ozone of increased
transport across the Pacific between Asia and North America
is clearly evident both in Figures 3 and 4. Though the increases
in coastal waters of Europe are smaller they could be of
significance for the discussion of recent trends at coastal
stations.

Since there has been a reduction of most land based
regional emissions in Europe and North America (35, 36), a
discussion evolves whether the increases found in back-
ground ozone are caused by long-range transport from Asia
or ship emissions (8, 35, 37). In Figure 5 the modeled surface
ozone in 2000 is compared to observed concentrations at
the coastal stations Saturna in western Canada and Mace
Head in Ireland. Mace Head experiences air masses directly
off the North Atlantic Ocean to the immediate west and
sometimes air masses from the polluted regions of conti-
nental Europe to the east (38). The Saturna island is situated
in the midst of major international shipping channels and
is frequently impacted by emissions from marine vessels but
also emissions from surrounding urban areas (39). The model
reproduces the timing of low and high values quite accurately
though the diurnal amplitude is somewhat smaller than the
observed. The calculated levels are also reasonable, the
modeled yearly mean for Saturna is about 4.5 ppbv too high,
and for Mace Head it is 2.7 pbbv too low. The changes in
modeled surface ozone from 2000 to 2007 at the two stations
solely due to ship emissions are shown in Figure 6. We find
that ship emissions increase ozone with 0.13 ppbv/yr for
Saturna (Figure 6) and 0.05-0.4 ppbv/yr along the north-
western North American coast in general (Figures 3 and 4).
For Mace Head we find that increased ship emissions result
in an averaged surface ozone increase of 0.23 ppbv/yr. Chan
(40) estimates a meteorologically adjusted trend in daily
average ozone from 1997-2006 for Pacific Canadian stations
(including Saturna) of 0.32 ( 0.43 ppbv/yr. From the 1990s
up to now, Parrish et al. (8) report an ozone increase of about
0.34 ( 0.09 ppbv/yr for marine boundary layer stations in
northwestern North America (not including Saturna) when
the wind flow is onshore from marine areas. In the same
study a trend for marine air masses of 0.39 ( 0.11 ppbv/yr
is found for Mace Head though this station show indications
of stabilization for the last years. Comparing the modeled
and measured figures it seems likely that increased ship
emissions can explain some of the increase in background
ozone. The numbers given by Parrish et al. (8) are exclusively
for air masses of marine origin, the number from Chan (40)
is meteorologically adjusted, while our estimates include all
air masses using the meteorological year 2000. Zhang et al.
(37) modeled an increase of approximately 0.16-0.25 ppbv/
yr at the west coast of North America due to increasing Asian
emissions over the 2000-2006 period. Combining this finding
with our estimation of the impact from ship emissions one
can get close to the reported increase for marine background
air masses in Parrish et al. (8) and Chan (40).

Figure 7a shows the change in tropospheric ozone column
in Dobson units (DU), and Figure 7b shows the radiative
forcing. The changes in the ozone column roughly follow the
same spatial pattern as the changes in the surface ozone
(Figure 4), but the perturbation is more widespread due to
the longer lifetime of ozone at higher altitudes. The radiative
forcing of the ozone change from 2000 to 2007 is 10.3 mWm-2.
To put this in a perspective this radiative forcing is 1/3 of the
radiative forcing due to ozone from shipping between year
2000 and preindustrial times (18). Due to the much stronger
radiative forcing of ozone change in the upper troposphere
and lower stratosphere (41, 42) and differences in the regional
radiative forcing for a given ozone change (25), the pattern

FIGURE 2. Surface ozone distribution in July 2000 (ppbv).

FIGURE 3. Absolute changes (ppbv) of surface ozone for July
due to 2000-2007 increase in ship emissions.

FIGURE 4. Yearly average absolute increase (ppbv) in surface
ozone due to increase in ship emissions 2000-2007.
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of radiative forcing follows the pattern of ozone change only
to some extent.

With the CTM we calculated a global mean tropospheric
OH increase of 1.03% due to the 2000-2007 increase in sea
transportation. The resulting decrease in global mean
tropospheric methane lifetime was 1.57%. In Figure 8 we
have used eq 2 to calculate the development of global
methane for different year 2007 starting points. Using the
change in methane lifetime calculated by the CTM we have
varied the emission term (E in eq 2) within its uncertainty
to study three different and possible situations: One with
production larger than loss, one where the production and
loss are about equal, and one where the loss exceeds the
production. We have then decreased the methane lifetime
(τ0 atm) in eq 2 by 1.57% and repeated the calculations to
study the impact of the increasing ship emissions. For all
situations we calculate that the methane concentration is
reduced by almost 0.2%/yr over the typical tropospheric
turnover time of methane. Compared to typical trends of
methane of +0.5-1%/yr in the 1980s, +0-0.5%/yr in the

1990s, and only small changes after the millennium this is
significant contribution from one single emission sector. The
calculated methane change of 39 ppbv from eq 2 results in
a RF of -14.4 mWm-2. From 2000 to 2007 the additional
methane-induced ozone RF is then -6.1 mWm-2.

The overall net-global mean forcing due to the changes
in shipping emissions over the period 2000-2007 is then
10.3 - 14.4 - 6.1 ) -10.2 mWm-2 (see Figure 9).

Discussion
The emission estimates used in this study are based on the
most updated trade statistics available at the time, the
UNCTAD 2007 (25) report. After finalizing the model runs
described in this paper, the 2008 UNCTAD Review of maritime
transport (43) was released. The updated UNCTAD (43) report
presents updated figures, in particular for tank, bulk, and
total trade. The updated figures show a growth between 2000
and 2007 of 22% for tank, 63% for dry bulk, and 39% for total
trade. Hence, it is evident that the actual figures reported for

FIGURE 5. Comparison of observed (red) and modeled (blue) surface ozone in 2000 at two coastal stations. Saturna (upper) and Mace
Head (lower). The temporal resolution is 3 h.
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2007 are in good agreement with the estimates used herein
for total trade and tank. For the bulk trade however, the used
estimate is significantly lower than for the figures reported
by UNCTAD 2008 (43).

The major cause of the 2000-2007 increase in seaborne
trade is the blooming of economies in Asia, in particular
China, and the large growth in container trade. However,
with the financial crisis developing in 2008 the market for
shipping has taken a dramatic turn. The collapse was
unexpected and will result in substantial decreased growth
rates the coming years. The true impact of this crisis on
seaborne transport is not yet known. In an interim report on
the impact of the financial crisis, OECD (44) reports an

expected 13.2% decline in worldwide trade for 2009 (not
specific for seaborne trade) and a moderate growth of 1.5%
in 2010. UNCTAD (45) currently estimates world merchandise
trade to fall between 6 and 8% in 2009. However, most long-
term future scenarios on international seaborne trade expect
increases of 1-4%/year (15, 28, 46).

Although the traffic patterns are kept constant for the
period in question, the split into major ship types and
differentiated growth rates ensure that we to a large extent
keep track of shifts in traffic patterns on the world oceans.
There might however be different development of shorter
intraregional transport, and the use of one global uniform
scaling factor per ship type does not capture this. This is also

FIGURE 6. Modeled changes in surface ozone at the two coastal stations Saturna (upper) and Mace Head (lower) solely due to
increasing ship emissions from 2000 to 2007. The meteorological year is 2000, and the temporal resolution is 3 h.

2486 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 7, 2010

http://pubs.acs.org/action/showImage?doi=10.1021/es902628e&iName=master.img-005.jpg&w=374&h=537


FIGURE 7. a: Change in tropospheric ozone column (Dobson Units) due to increasing ship emissions 2000-2007. b: Radiative forcing
(mWm-2) of ozone at the tropopause level due to increasing ship emissions 2000-2007.

FIGURE 8. Relative changes in global averaged tropospheric methane over time solving eq 2 using the modeled change in lifetime and different
emission (E) numbers. Lines show the development using global averaged methane lifetime from a simulation excluding an increase in ship emis-
sions, and the dotted lines take into account the decrease in methane lifetime resulting from increased ship emissions in the period 2000-2007.
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the case for ports where we did a uniform scaling equal to
the change (+33%) for the whole fleet not taking into account
that certain ports are dominated by visits of specific ship
types. The latter effect is likely less important as port
emissions account for only 5% of total shipping emissions
(4).

Box-model studies and measurements (47-53) indicate
enhanced NOx destruction within ship plumes and that global
models might overestimate the effect of ship emissions on
the NOx, OH, and ozone budget. On the other hand, some
studies (52, 53) find reasonable correspondence between
global models and observations. Whereas Dalsøren et al. (14)
states that limited observations in ship impacted air outside
plumes inhibit clear conclusions regarding the performance
of global models.

In this study we used meteorology for the year 2000 in all
simulations. Meteorological variability may have an influence
on calculated ozone trends in North America and Europe
(35, 36, 40). However, this does not change the findings from
several studies that ozone is increasing in background coastal
air masses. It was for instance found by Chan (40) that the
meteorologically adjusted ozone trend is stronger for the
Pacific Canada than the nonadjusted trend. Land based
emissions of ozone precursors have also changed the past
decade. Unfortunately no global emission inventory exists
with data after year 2000 suitable for a global model. It is
possible that recent changes in nonship emissions change
the contribution from shipping due to nonlinearities. Studies
for the future (14, 52, 54) have shown some differences in the
absolute and relative contribution from shipping between
scenarios with very different changes of land based emissions.
However, since our comparison is outside heavy polluted
regions where nonlinearity is strongest and due to our short
time frame (2000-2007), we believe the development in land
emissions has limited influence on our overall conclusion
on the shipping contribution.

Currently, the International Maritime Organisation (IMO)
is imposing international regulations on emissions of key
pollutants (55). Without a successful implementation of
national or international regulations the experiences from
this and other studies (56) indicate that ship emissions may
have significant effects on the trends of greenhouse gases,
key oxidants, and pollutants. In coastal zones of developed
countries ship emissions, if measures are not taken, may
strongly counteract the benefits from likely continuing
reductions in emissions from some land based sectors.
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