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Abstract. Nitrogen oxide (NOx) emissions from maritime
shipping produce ozone (O3) and hydroxyl radicals (OH),
which in turn destroy methane (CH4). The balance between
this warming (due to O3) and cooling (due to CH4) deter-
mines the net effect of ship NOx on climate. Previous esti-
mates of the chemical impact and radiative forcing (RF) of
ship NOx have generally assumed that plumes of ship ex-
haust are instantly diluted into model grid cells spanning
hundreds of kilometers, even though this is known to produce
biased results. Here we improve the parametric representa-
tion of exhaust-gas chemistry developed in the GEOS-Chem
chemical transport model (CTM) to provide the first estimate
of RF from shipping that accounts for sub-grid-scale ship
plume chemistry. The CTM now calculates O3 production
and CH4 loss both within and outside the exhaust plumes and
also accounts for the effect of wind speed. With the improved
modeling of plumes, ship NOx perturbations are smaller than
suggested by the ensemble of past global modeling studies,
but if we assume instant dilution of ship NOx on the grid
scale, the CTM reproduces previous model results. Our best
estimates of the RF components from increasing ship NOx
emissions by 1 Tg(N) yr−1 are smaller than that given in the
past literature:+3.4± 0.85 mW m−2 (1σ confidence inter-
val) from the short-lived ozone increase,−5.7±1.3 mW m−2

from the CH4 decrease, and−1.7± 0.7 mW m−2 from the
long-lived O3 decrease that accompanies the CH4 change.
The resulting net RF is−4.0± 2.0 mW m−2 for emissions
of 1 Tg(N) yr−1. Due to non-linearity in O3 production as
a function of background NOx, RF from large changes in
ship NOx emissions, such as the increase since preindus-
trial times, is about 20 % larger than this RF value for small
marginal emission changes. Using sensitivity tests in one

CTM, we quantify sources of uncertainty in the RF com-
ponents and causes of the±30 % spread in past model re-
sults; the main source of uncertainty is the composition of
the background atmosphere in the CTM, which is driven by
model formulation (±10 to 20 %) and the plausible range of
anthropogenic emissions (±10 %).

1 Introduction

Maritime shipping affects climate through emissions of CO2,
nitrogen oxides (NOx ≡ NO + NO2), and SO2, the latter two
of which indirectly influence methane, ozone, aerosols, and
clouds. Other climate impacts due to ship emissions of CO,
volatile organic compounds (VOCs), and primary aerosols
have significant uncertainties, but are much smaller (Eyring
et al., 2010). While ships produce only 3 % of anthropogenic
CO2, they emit 17 % of anthropogenic NOx and 10 % of an-
thropogenic SO2 due to high engine temperatures and effi-
ciencies, use of high-sulfur fuel, and general lack of emis-
sion controls (Lamarque et al., 2010). CO2 unambiguously
warms the climate and sulfate aerosol derived from SO2 un-
ambiguously cools it; the net forcing from NOx, however,
involves both warming and cooling components. NOx emis-
sions, whether from ships or other sources, favor ozone pro-
duction (warming) as well as hydroxyl (OH) production that
destroys methane (cooling). The net balance of these com-
peting effects is cooling for most ground-based NOx emis-
sion sources, including ships (e.g., Fiore et al., 2012), but can
be warming for aviation NOx (Holmes et al., 2011). Here,
we summarize all previous reports of methane and ozone ra-
diative forcing (RF) from ship NOx and then calculate an
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improved RF that accounts for non-linear chemistry in the
exhaust plumes.

Rapidly growing international trade has spurred rising ship
traffic in recent decades, maintaining around 4 % annual
growth in the 2000s decade, with important impacts on air
quality as well as climate (Dalsøren et al., 2010; Eyring et al.,
2010). Ozone generated by increased shipping may explain
much of the observed rise in background ozone concentra-
tions reported at coastal sites (Chan, 2009; Dalsøren et al.,
2010; Parrish et al., 2009). Holmes et al. (2013) found that
rising ship NOx emissions since 1980 have been one of the
most important drivers of decreasing atmospheric methane
lifetime and that the wide range of modeled sensitivities to
ship emissions is one of the larger uncertainties in calculating
trends in methane lifetime. These ship emissions and impacts
on climate and air quality are projected to continue growing
rapidly through the coming decades unless major changes
in emission control technology are adopted (Corbett et al.,
2010; Dalsøren et al., 2013; Eyring et al., 2005a; Hodnebrog
et al., 2011; Koffi et al., 2010; Paxian et al., 2010).

Early efforts to include ship NOx emissions in global 3-
D chemical transport models (CTMs) found that NOx con-
centrations were severely overestimated (Davis et al., 2001;
Kasibhatla et al., 2000). Subsequent work indicated that the
problem was not caused by emission inventory errors, but
instead arose from the expedient but inaccurate modeling as-
sumption that ship exhaust instantly mixes into a model grid
cell, which is typically hundreds of kilometers wide. Under
this instant dilution assumption coarse-resolution models by-
pass the early stages of plume dilution when high NOx con-
centrations intensify NOx chemical losses and suppress O3
formation severalfold (Chen et al., 2005; Kim et al., 2009;
Song et al., 2003). While the non-linear nature of NOx–HOx–
O3 chemistry in plumes is well known (e.g., Lin et al., 1988)
and numerical techniques have been developed for modeling
sub-grid-scale plumes from other sources (e.g., Paoli et al.,
2011; Sillman et al., 1990), many global CTMs have contin-
ued to use the instant dilution assumption for ship NOx while
acknowledging its deficiency. As a result, these models over-
estimate O3 and OH production by ships and generate biased
impacts on climate and air quality. To date, all estimates of
RF due to ship NOx come from models that assume instant
dilution (Eyring et al., 2010).

Large-eddy simulations at various spatial resolutions sug-
gest the errors in surface O3 and OH enhancements caused
by instant dilution of ship emissions in global CTMs are as
large as 60 % (Charlton-Perez et al., 2009), although some
Gaussian plume models find larger errors in northern hemi-
spheric shipping corridors (Franke et al., 2008; von Glasow
et al., 2003). In a European regional CTM, parameterizing
ship plume chemistry reduces ship-caused surface O3 by
20 % over the North Atlantic Ocean and more near coasts,
as compared to instant dilution (Huszar et al., 2010). Vinken
et al. (2011, 2014), using a different plume-in-grid approach
in the GEOS-Chem global CTM, found similar magnitude

reductions in O3 and also showed that the parameteriza-
tion improved the model’s agreement with NOx observations
across several ocean basins.

In this paper we further develop the plume parameteriza-
tion in GEOS-Chem to better represent CH4 oxidation within
ship exhaust plumes. We then calculate the global impact of
ship NOx on abundances of O3 and CH4 and on RF. These
impact estimates change under different plume modeling as-
sumptions and accounting for sub-grid-scale chemistry re-
duces the RF of ship NOx compared to the ensemble of past
studies. We also identify major sources of uncertainty in ship
NOx RF using similar methods to our earlier work on avia-
tion NOx (Holmes et al., 2011): by decomposing the RF into
factors that can be assessed individually and by reproducing
the spread of past results in a single model.

2 Model description

GEOS-Chem is a global tropospheric CTM driven by as-
similated meteorological data from the NASA Goddard
Earth Observing System (GEOS-5) (Rienecker et al., 2008).
The version used here (9-01-03,www.geos-chem.org) has
2◦

× 2.5◦ horizontal resolution and 47 layers. The tropo-
spheric chemical mechanism simulates HOx–NOx–VOC-O3
reactions, including bromine (Parrella et al., 2012). Anthro-
pogenic emissions are based on the EDGAR and RETRO
global inventories (Olivier and Berdowski, 2001; van Aar-
denne et al., 2005; van Donkelaar et al., 2008; van het
Bolscher, 2008), which are replaced with regional invento-
ries over the United States (NEI2005), Canada (CAC), Mex-
ico (BRAVO), Europe (EMEP) and East Asia (Streets). Ship
emissions are described further below.

Figure 1 shows ship NOx emissions in GEOS-Chem which
are 5.0 Tg(N) yr−1 and distributed according to ship loca-
tions in the AMVER-ICOADS database for each month (Lee
et al., 2011; Wang et al., 2008). This is close to the best es-
timate of 5.4 Tg(N) yr−1 for year 2000 (Eyring et al., 2010),
and well within the plausible range of 3.0–10.4 Tg(N) yr−1

(Corbett and Koehler, 2003; Endresen et al., 2007, 2003;
Eyring et al., 2005b). GEOS-Chem also includes ship emis-
sions of SO2 (8.5 Tg(S) yr−1; Eyring et al., 2005b), CO
(1.1 Tg yr−1; Wang et al., 2008), and VOCs, although ship
CO and VOCs are small compared to other sources of those
gases. We quantify the effects of ship emissions by compar-
ing a simulation with the base inventory to one with a uni-
form 5 % increase in ship NOx emissions and another with
zero ship NOx emissions. Results are derived from a simula-
tion of year 2006 after spin-up from July 2005.

2.1 Plume chemistry and dispersion

Previous versions of GEOS-Chem assumed that sub-grid
chemistry in ship plumes convert each mole of NOx emis-
sions into 10 mole of O3 and 1 moles of HNO3 – an ozone
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Figure 1. Annual ship NOx emissions (mmol m−2 yr−1) used in
GEOS-Chem. The CTM includes monthly variations in locations
and magnitude (not shown).

production efficiency (OPE) of 10 – based on observations
of aged ship plumes (Chen et al., 2005). Imposing a globally
constant effective emission factor obviously neglects diurnal,
seasonal, and regional influences on plume chemistry. In ad-
dition, using this method underestimates NOx concentrations
in ship tracks, since some NOx survives oxidation until the
plume has expanded to the global grid resolution. To redress
these shortcomings, Vinken et al. (2011) used a Gaussian
plume chemistry model to calculate the dilution and chem-
ical evolution of the exhaust over 5 h, at which point the
plume approximately fills a grid cell in the global CTM. The
final OPE and fraction of NOx oxidized to HNO3 are tabu-
lated for various environmental conditions in a look-up table
that GEOS-Chem uses to determine locally appropriate emis-
sion factors for ship NOx, O3, and HNO3. These aged plume
emissions are then injected into the global CTM, which
then accounts for the subsequent grid-scale photochemistry
and large-scale advection. Although Gaussian plume mod-
els poorly simulate the first several minutes of plume ag-
ing, when turbulent transport limits the rates of fast NOx-
O3 chemical reactions (Galmarini et al., 1995; Sykes et al.,
1992), they can provide a good representation of plume com-
position after about ten minutes (several kilometers) of aging,
once turbulent dispersion homogenizes the plume (Galmarini
et al., 1995). Indeed Vinken et al. (2011) demonstrated that
their Gaussian plume model predicts NOx, O3, and OH con-
centrations consistent with field observations over several
hours of ship plume aging (Chen et al., 2005).

In this work, we update the Gaussian plume model to
calculate CH4 oxidation within the ship plume and verify
that the updated model still reproduces field observations of
NOx, O3, and OH concentrations (Fig. S1 in the Supple-
ment). We also add wind speed as a factor in the look-up
table, since CH4 oxidation and O3 production can vary by
a factor of 2 between wind speeds of 2 and 18 m s−1. Our
updated plume-in-grid parameterization depends on 8 mete-
orological and chemical factors: ambient concentrations of
NOx and O3, solar zenith angle at emission time and 5 h
later, photolysis rates of NO2 and O3, temperature, and wind

speed. Figure S2 in the Supplement shows how the parame-
terization responds to each of these factors. Clouds affect the
parameterized plume chemistry through photolysis rates, but
not through dispersion rates (Verzijlbergh et al., 2009). The
global CTM with updated plume chemistry has up to 3 % less
NOx and 1 % less O3 in the marine boundary layer compared
to the earlier parameterization. Therefore, comparisons of the
CTM to observations over the North Atlantic and North Pa-
cific oceans shown by Vinken et al. (2011; their Figs. 4, 5) are
unchanged. Specifically, in regions that are impacted by ship
emissions but outside distinct plumes, the parametric plume
chemistry predicts median NOx abundances within 30 % of
observed values while instant dilution over predicts NOx by a
factor of 2. Ozone observations in the same regions are con-
sistent with the plume parameterization but unable to falsify
other model variants.

We compare the chemical and climate impact of shipping
under three different modeling assumptions about plume di-
lution and chemistry:

1. Instant dilution. We neglect sub-grid chemistry and emit
NOx into the CTM grid, at the rate specified by the
emission inventory, as done in previous studies with
other models.

2. Fixed OPE. We assume that sub-grid chemistry converts
each mole of ship NOx to 10 moles of O3 and 1 mole of
HNO3.

3. Parametric plume chemistry. This is our best represen-
tation of sub-grid plume chemistry using the look-up
tables described above.

2.2 Radiative forcing calculations

The global-mean RF (F) from ship NOx emissions con-
sists of a short-lived O3 component (FO3) that decays within
months after emissions and long-lived CH4 and O3 compo-
nents that persist for over a decade (FCH4 andFlong-O3, re-
spectively):

F = FO3 + FCH4 + Flong-O3. (1)

We calculate these components in steady state from the CTM
output using a similar decomposition as Holmes et al. (2011):

FO3 = (d[O3]/dE)(dF/d[O3])1E, (2)

FCH4 = (dlnτtotal/dE)f [CH4](dF/d[CH4])S1E, (3)

and

Flong-O3 = aFCH4/S, (4)

where d[O3]/dE is the steady-state response to ship
NOx emissions (E) while holding [CH4] constant and
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Table 1.Radiative efficiency of O3 generated from ship NOx.

Source Value or range, mW m−2 DU−1

Eyring et al. (2007) 33.2–33.7a,b

Fuglestvedt et al. (2008) 27.8a

Hoor et al. (2009) 36.7± 3.0b,c

Myhre et al. (2011) 30.1± 1.6b,c

This work 33.0± 4d

a Calculated by removing all ship NOx emissions.
b Derived from reported O3 burden and RF.
c Calculated for 5 % perturbation to year 2000 ship NOx emissions.
d Average of models used by Hoor et al. (2009) and Myhre et al. (2011).

dlnτtotal/dE is the accompanying change in total at-
mospheric CH4 lifetime, dF/d[O3] and dF/d[CH4] are
the radiative efficiencies of tropospheric O3 and CH4,
[CH4] = 1.76 ppm is the global-mean CH4 mole fraction in
2000,f is the CH4 feedback factor that prolongs the life-
time of CH4 perturbations,S = 1.15 is the enhancement of
FCH4 due to CH4-derived stratospheric water vapor (Myhre
et al., 2007), anda = 0.34± 0.13 describes the perturba-
tions to O3 abundance and RF that accompany global CH4
changes. Thea term derives from a literature survey of mul-
tiple CTMs and radiative transfer models (see SI and Holmes
et al., 2011). This CTM and most prior publications re-
port changes in the CH4 lifetime due to tropospheric OH (τ)

rather than the total atmospheric lifetime; these are related
via (d lnτtotal) = b(dlnτ), where the best estimates of all at-
mospheric methane losses implyb = 0.82± 0.03 (Prather et
al., 2012).

CTM diagnostics provide d[O3]/dE and dlnτ/dE for
each plume chemistry treatment based on 5 % perturbations
to global ship NOx emissions. Values and 1σ (68 %) confi-
dence intervals for other factors in Eqs. (2)–(4) are given in
Holmes et al. (2011), with the following updates. Recent data
suggest a smaller feedback factor,f = 1.34± 0.06 (Holmes
et al., 2013). We use a ship-specific radiative efficiency for
O3, which is smaller than that of aviation O3 and that of
long-lived O3 changes (cf. Fuglestvedt et al., 2008; Holmes
et al., 2011) because ship O3 is mostly confined to low alti-
tudes and high latitudes (e.g., Hoor et al., 2009). We adopt a
value of 33±4 mW m−2 DU−1, based on the mean of recent
studies (Table 1; Hoor et al., 2009; Myhre et al., 2011), rec-
ognizing that radiative efficiency depends on the distribution
of the O3 burden and that radiative transfer models differ by
about 10 % (Myhre et al., 2011). While models assuming in-
stant dilution of ship NOx were used to calculate the ozone
radiative efficiency, we show below that the pattern of ship
ozone perturbations is similar with the parametric plume as-
sumption.
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Figure 2.Time-averaged ozone production efficiency (top row) and
methane oxidation efficiency (bottom row) for marginal increases in
ship NOx emissions within the sub-grid plume (left panels) and total
(plume plus grid chemistry, right panels). Values are shown from the
CTM with parametric plume chemistry only where ship NOx emis-
sions exceed 104 molec m−2 s−1. Inset numbers give global aver-
ages.

3 Chemical response to ship-NOx emissions

3.1 Ozone production

Figure 2 shows simulated, time-averaged OPE of ship NOx
with parametric plume chemistry. OPE is defined here as
1P(Ox)/1L(NOx), whereP(X) and L(X) are the time-
integrated production and loss of species X, Ox is the odd
oxygen family (O + O3 + NO2 + 2NO3 + many reservoirs of
NO2 and NO3, see e.g., Parrella et al., 2012), and1 refers
to a steady-state change caused by a 5 % increase in ship
NOx emission. Chemical oxidation to HNO3 and nitrate is
the main NOx loss process, but surface deposition of NO2,
N2O5, and organic nitrates are about 6 % of globalL (NOx)

and 2 % of1L(NOx). The parametric plume chemistry cal-
culates a global-mean OPE of 1.7 during young plumes.
Some ship NOx survives beyond the 5 h scope of the plume
parameterization and its subsequent chemical effects are cal-
culated with the grid-resolved chemistry. The global-mean
total OPE (plume plus grid chemistry) is 8.5. Although OPE
is negative at night and episodically in polluted continental
outflow, the annual-mean OPE is positive everywhere, both
in the first 5 h and total. The busiest shipping corridors in the
North Atlantic and North Pacific oceans have an OPE of 4–8

Atmos. Chem. Phys., 14, 6801–6812, 2014 www.atmos-chem-phys.net/14/6801/2014/



C. D. Holmes et al.: The climate impact of ship NOx emissions 6805

60°S 30°S 0 30°N 60°N

m
m

ol
(N

O
x)

 m
-2
 y

r-1

m
ol

(O
3) 

m
ol

(N
O

x)
-1

D
U

0

1

2

3

0.0

0.5

1.0

1.5

2.0

Ship emissions

Δ O3 column

Plume chemistry
Instant dilution
Fixed OPE
All

0

10

20

30OPE12.5

8.5

8.0

0.8
0.5

0.6

Figure 3. Annual- and zonal-mean NOx emission and ozone
changes caused by maritime shipping plotted against sine latitude
for each plume dilution assumption. OPE is averaged over regions
where ship NOx emissions exceed 104 molec m−2 s−1. Ozone col-
umn changes (1 O3) are calculated from 5 % perturbations to full
ship emissions, then multiplied by 20. Inset numbers give global
averages.

while values around 40 are found in the least-trafficked areas
of the equatorial Pacific Ocean. Figure 3 shows zonal-mean
OPE for the other plume assumptions. With the instant di-
lution assumption OPE is 12.5. Thus, the parametric plume
chemistry has the intended effect of suppressing O3 produc-
tion by 30 %, relative to instant dilution. The fixed OPE sce-
nario assumes OPE to be 10 in the plume, but subsequently
global O3 production is suppressed in grid-resolved chem-
istry since no NOx is released so the total OPE is 8.0.

O3 enhancements generated by ship NOx concentrate over
the major emission regions in the Atlantic and Pacific oceans
and a narrow strip in the Indian Ocean, as seen in Fig. 4. The
largest O3 enhancements are displaced eastward relative to
the emissions in each ocean basin, as found in previous stud-
ies, reflecting cumulative downwind production (Endresen
et al., 2003; Eyring et al., 2007). Figure 3 compares the
zonal-mean O3 column enhancements across the three plume
chemistry simulations. The pattern is similar in the instant
dilution and parametric plume simulations and this justifies
our use of O3 radiative efficiencies that were derived in mod-
els with instant dilution. O3 column enhancements in the
fixed OPE simulation are qualitatively different and concen-
trated mainly in the high northern latitudes, because OPE is
not suppressed in winter or by high NOx emissions in this
scenario. As Table 2 reports, the global-mean O3 column
change for a 1 Tg(N) yr−1 increase in ship NOx is 0.10 DU
in the parametric plume model, compared to 0.16 DU under

0.00 0.40 0.80 1.20 1.60 DU

 0.51 DU

Parametric plume chemistry

Figure 4. Annual-mean O3 column enhancements due to ship NOx
emissions with parametric plume chemistry. Values are calculated
from a 5 % emission perturbation and multiplied by 20. Inset num-
ber gives the global-mean change. Patterns are similar in the instant
dilution simulation, but with fixed OPE, the O3 enhancements shift
toward high northern latitudes (Fig. 3).

the instant dilution assumption and 0.12 DU under fixed OPE
assumption. These column perturbations are not strictly pro-
portional to the OPE across scenarios because the lifetime of
O3 increases towards the poles. Previous CTM studies using
instant dilution found 0.14–0.2 DU enhancements for emis-
sions of 1 Tg(N) yr−1 (Hodnebrog et al., 2011; Hoor et al.,
2009), which encompasses our estimate under instant dilu-
tion.

3.2 Methane oxidation

NOx emissions affect OH concentrations and CH4 oxidation
in two general ways: directly by recycling HO2 and RO2 back
to OH, which increases the OH / HO2 ratio and reduces the
HOx sink via HO2 self reaction; and indirectly by increas-
ing O3, which is a primary source of OH through photolysis
in the presence of water vapor. We define a time-averaged
CH4 oxidation efficiency (MOE) similar to OPE above, as
1L(CH4)/1L(NOx). The MOE is 0.42 in the first 5 h of
plume aging, as calculated by the parametric plume chem-
istry (Fig. 2). MOE is low in the young plume because of
rapid NOx loss, despite high OH concentrations in the plume
that can be double the ambient values (Chen et al., 2005;
Song et al., 2003). The NOx lifetime and MOE increase in
the grid-scale chemistry, so that the total MOE is 3.1 with
parametric plume chemistry. The instant dilution assumption
raises the overall MOE to 4.4, while in the fixed OPE simula-
tion, the MOE is only 1.2 because the direct chemical effects
of ship NOx on OH are neglected.

Table 3 reports the sensitivity of CH4 lifetime to increasing
ship NOx emissions by 1 Tg(N) yr−1. The largest response
occurs under instant dilution (−1.0 %) and the smallest un-
der fixed OPE (−0.26 %), with the parametric plume falling
in the middle (−0.7 %). The instant dilution value is similar
to those that we previously found in the University of Califor-
nia, Irvine (UCI) CTM and Oslo CTM3,−0.8 and−0.9 %,
respectively (Holmes et al., 2013), and within the range of
values in literature (−0.9± 0.3 %, Table 3). In past studies,

www.atmos-chem-phys.net/14/6801/2014/ Atmos. Chem. Phys., 14, 6801–6812, 2014
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Table 2.Effect of ship-NOx emissions on O3 column and RFa.

Instant Parametric
dilution Fixed OPE plume chemistry

d[O3]
dE

dFO3
dE

d[O3]
dE

dFO3
dE

d[O3]
dE

dFO3
dE

This work
GEOS-Chemb 0.16 5.3 0.12 3.8 0.10 3.4

Holmes et al. (2013)
GEOS-Chemc,d 0.12 3.8
UCI CTMd 0.17 5.6
Oslo CTM3d 0.23 7.7

Literature
modelse 0.18± 0.04 6.0± 1.9

a d[O3]/dE is the derivative of ozone column density with respect to ship NOx emissions, reported in DU [Tg(N) yr−1]−1.
dFO3

/dE is the derivative of O3 RF with respect to ship NOx emissions, reported in mW m−2 [Tg(N) yr−1]−1. Both
d[O3]/dE anddFO3

/dE are calculated from steady-state 5 % perturbations to ship NOx emissions on top of the base
emission inventory.
b Emissions as described in Sect. 2. Ship NOx emissions are 5.0 Tg(N) yr−1.
c Holmes et al. (2013) used GEOS-Chem version 9-01-02, while this work uses version 9-01-03.
d Configured as described by Holmes et al. (2013), using representative concentration pathway (RCP) emissions for year
2000. These include 5.4 Tg(N) yr−1 from ships.
e From modeling studies by Endresen et al. (2003), Hoor et al. (2009), Dalsøren et al. (2010, 2013), Borken-Kleefeld et
al. (2010), Unger et al. (2010), Myhre et al. (2011), Olivié et al. (2012), and Eide et al. (2013) excluding Lee et al. (2007)
and Eyring et al. (2007) for reasons given in Sect. 4. Emission inventories and perturbation magnitudes differ, but all
assume instant dilution.

the largest CH4 lifetime changes per Tg(N) yr−1 (−1.3 to
−1.4 %) derived from models that used small inventories of
ship emissions and calculated sensitivities by removing all
ship NOx emissions (Endresen et al., 2003; Lawrence and
Crutzen, 1999). This suggests that the non-linear aspects of
NOx-ozone chemistry influence the spread of model results
and we investigate this further in Sect. 4.

Treatment of ship plume chemistry has an important ef-
fect on the current CH4 lifetime, as well as its perturbations
(Table 3). In many CTMs, the CH4 lifetime due to tropo-
spheric OH is shorter than observed and the cause of this
discrepancy remains unknown (e.g., Holmes et al., 2013;
Naik et al., 2013). We find that instant dilution produces the
shortest CH4 lifetime of the three plume chemistry scenarios
(9.2 yr). The more realistic treatment of ship plume chem-
istry afforded by the parametric plume model raises the life-
time to 9.4 yr, but the discrepancy with observations remains
(Prather et al., 2012). While the fixed OPE model is longer
(9.7 yr), it cannot be considered more realistic. Neglecting all
ship NOx emissions, the CH4 lifetime is 9.8 yr. Thus, with
parametric plume chemistry, ship NOx drives about 4 % of
all CH4 oxidation by tropospheric OH and 13 % of that oc-
curs in the first 5 h of plume aging. Our results here include
bromine chemistry, which acts as an O3 and HOx sink. Re-
moving bromine chemistry from a simulation with fixed OPE
shortens the CH4 lifetime by about 0.5 yr, but the chemical
impact of ship emissions is nearly unchanged from the val-
ues in Tables 2 and 3.

4 Radiative forcing from ship NOx emissions

Figure 5 shows all past reports of the CH4 and short-lived
O3 RF components from ship NOx emissions. These include
CTMs (Dalsøren et al., 2010, 2013, 2009, 2007; Eide et al.,
2013; Endresen et al., 2003; Eyring et al., 2007; Fuglestvedt
et al., 2008; Hodnebrog et al., 2011; Hoor et al., 2009;
Lawrence and Crutzen, 1999; Myhre et al., 2011) and global
climate models with chemistry (Eyring et al., 2007; Hoor et
al., 2009; Myhre et al., 2011; Olivie et al., 2012; Unger et
al., 2010), as well as some derived from literature synthe-
sis (Borken-Kleefeld et al., 2010; Lee et al., 2007). Where
possible, we calculateFCH4 from the reported changes in
CH4 lifetime using Eq. (3), in order to use consistent as-
sumptions about CH4 lifetime, feedback, and radiative ef-
ficiency. RF values are scaled to emissions of 1 Tg(N) yr−1

and are for steady-state conditions. We report results from
individual models in multi-model studies where possible. All
of these RF estimates have assumed instant dilution of ship
emissions, which biases the RF values as we show below.

From the literature ensemble, we estimate the O3 RF
to be +6.0± 1.9 mW m−2 and the CH4 RF to be−8.0±

2.4 mW m−2 for 1 Tg(N) yr−1. This average neglects two
studies with small absolute magnitudes that were clearly re-
lated to unjustified modeling assumptions. Early work by
Lee et al. (2007) used CH4 and O3 sensitivities to land
NOx emissions, rather than ship-specific sensitivities that
tend to be higher. The ship emission inventory used by one
multi-model study (Eyring et al., 2007) was subsequently
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Table 3.Effect of ship NOx emissions on CH4 lifetime and RFa.

Instant dilution Fixed OPE Parametric plume chemistry

τ dlnτ
dE

dFCH4
dE

τ dlnτ
dE

dFCH4
dE

τ dlnτ
dE

dFCH4
dE

This work
GEOS-Chemb 9.2 −1.0 −8.5 9.7 −0.26 −2.2 9.4 −0.7 −5.7

Holmes et al. (2013)
GEOS-Chemc,d 10.0 −0.31 −2.6
UCI CTMc 8.5 −0.8 −6.8
Oslo CTM3c 8.7 −0.9 −7.6

Literature
Modelse −0.9± 0.3 −8.0± 2.4
Observationsf 11.2± 1.3 11.2± 1.3 11.2± 1.3

a τ is the CH4 lifetime due to tropospheric OH, reported in years.(dlnτ)/dE is the derivative ofτ with respect to ship NOx emissions, reported in % [Tg(N) yr−1]−1.
dFCH4

/dE is the derivative of CH4 RF with respect to ship NOx emissions, reported in mW m−2 [Tg(N) yr−1]−1. Bothdτ/dE anddFCH4
/dE are calculated from steady-state

5 % perturbations to ship NOx emissions on top of the base emission inventory.
b Emissions as described in Sect. 2. Ship NOx emissions are 5.0 Tg(N) yr−1.
c Holmes et al. (2013) used GEOS-Chem version 9-01-02, while this work uses version 9-01-03.
d Configured as described by Holmes et al. (2013), using representative concentration pathway (RCP) emissions for year 2000. These include 5.4 Tg(N) yr−1 from ships.
e From modeling studies used in Table 2, plus Lawrence and Crutzen (1999), Dalsøren et al. (2007, 2009), and Hodnebrog et al. (2011). Emission inventories and perturbation
magnitudes differ, but all assume instant dilution.
f From observations of methyl chloroform (Prather et al., 2012).

found to unrealistically concentrate ship emissions along
narrow corridors and underestimate emissions in the trop-
ics, as acknowledged in their work, both of which tend to
underestimate O3 production. Figure 5 also shows three RFs
estimates derived from our previous analysis of CH4 lifetime
(Holmes et al., 2013). Two of these estimates lie within the
cluster of literature values and are based on CTMs that as-
sume instant dilution, while the outlying third estimate based
on an earlier version of GEOS-Chem with fixed OPE demon-
strates that plume chemistry significantly influences the cli-
mate impact of ships.

In this work, the short-lived O3 and CH4 RFs with para-
metric plume chemistry are+3.4 and−5.7 mW m−2, respec-
tively, for emissions of 1 Tg(N) yr−1. With instant dilution,
the RF components are close to the central estimate from past
literature and about 40 % larger than our best estimate:+5.3
and−8.5 mW m−2. The fixed OPE model, unlike the others,
predicts that warming from short-lived O3 (+3.8 mW m−2)

exceeds the CH4 cooling (−2.2 mW m−2) because instantly
converting NOx emissions to HNO3 neglects its direct effect
on OH. The radiative efficiency in the fixed OPE model is
likely smaller than assumed here (see Sects. 2.3 and 3.1), but
we have not recalculated it because the fixed OPE model is
not used to derive our best estimate.

Global aerosol impacts of ship NOx have been identified
as a knowledge gap that we briefly estimate (Eyring et al.,
2010). Ship NOx increases oxidative production of nitrate
and sulfate in our simulations by 9 % and 0.4 %, respectively,
compared to a simulation with no ship NOx. Some of these
products absorb onto sea-salt aerosols, but this makes a neg-
ligible contribution to sea-salt aerosol mass, so no RF is ex-
pected. The largest changes in aerosol column concentration
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Figure 5. Steady-state RF (mW m−2) from O3 and CH4 caused
by ship NOx emissions. Values are scaled to emissions of
1 Tg(N) yr−1. Dashed lines link estimates that are made with 5 %
increases in ship NOx (filled squares) to others made with the same
plume dilution and chemistry assumption (open squares). These
other estimates use CMIP5 emissions, a previous GEOS-Chem
model version, and complete removal of ship NOx emissions. The
zero net RF line accounts for long-lived O3 changes that enhance
the CH4 RF by approximately 34 % (Eq. 4). Literature values are
from studies listed in Tables 2 and 3.

occur over land, however, due to long-range transport of
O3 and H2O2 perturbations from ship NOx. These oxi-
dants mainly convert SO2 to sulfate in cloud water, which
is quickly followed by wet deposition, so that ship NOx
drives sulfate aerosol burdens down over anthropogenic SO2
source regions, despite the increased oxidation. Chemical
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teleconnections initiated by land-based NOx emissions have
been reported previously in which NOx emissions increase
sulfate burdens over distant continents (Leibensperger et al.,
2011). Land-based and ship NOx emissions may have op-
posite sign teleconnections with sulfate due to larger H2O2
perturbations produced in moist marine air, but these ef-
fects should be evaluated in other CTMs. Averaged glob-
ally, the sulfate burden falls by−6.3 µg m−2 for ship emis-
sions of 1 Tg(N) yr−1, and the nitrate burden increases by
+7.9 µg m−2 to consume available ammonium. Applying
radiative efficiencies (direct effect only) of these species
(Myhre et al., 2013), the direct RF from these individual
changes is±1.2 mW m−2, with nearly perfect cancellation
between sulfate and nitrate components. The aerosol direct
RF from ship NOx is therefore only 2 % of the O3 and CH4
RF. Aerosol indirect effects, black carbon, and organic car-
bon also contribute to radiative forcing from ships (Eyring et
al., 2010) but are beyond the scope of this study of ship NOx.

Our global RF calculation using parametric plume chem-
istry is the first to account for sub-grid-scale ship NOx chem-
istry. Being based on a single model, we are unable to es-
timate uncertainties using the common approach of model
ensembles. Instead we develop confidence intervals by prop-
agating uncertainties through Eqs. (2)–(3). Among the en-
semble of models with instant dilution, the 1σ ranges of
(d[O3]/dE) and (d lnτtotal/dE) are 20 % of their respective
means. Assuming the same proportional uncertainty for these
factors with parametric plume chemistry, and the 1σ ranges
for other factors given in Sect. 2.2, the 1σ confidence inter-
vals for CH4 and short-lived O3 RFs are 22 and 25 %, respec-
tively.

An alternative approach to uncertainty analysis is to probe
the causes for spread among the past model studies. Much
of this spread can be reproduced through several variants of
the GEOS-Chem model, which are shown in Fig. 5. Given
the non-linear nature of NOx-O3 chemistry, we recalculate
the ship NOx RF against a reference simulation without any
ship NOx. To this point, all results derived from 5 % emission
perturbations, which describes the climate response to small
marginal increases or decreases in emissions. Removing all
ship NOx from the simulation reveals the average RF of all
ship NOx and is a common way to calculate the ship NOx
RF since preindustrial times. With complete removal of ship
NOx, we find O3 and CH4 RF components per Tg(N) yr−1

are about 20 % larger than with the 5 % perturbations for both
parametric plume chemistry and instant dilution (Fig. 5). The
RF components shift along the model ensemble’s major axis
of variability. Indeed past studies using complete removal
have on average predicted 10 % larger ship RF than stud-
ies with 5–30 % emission perturbations, so combined effects
of non-linearities and different perturbations might explain
up to half of the model ensemble spread. We note that the
RF components are insensitive to size of the ship NOx per-
turbation when assuming fixed OPE. This demonstrates that
the non-linear aspects of O3 chemistry are generated almost

entirely during NOx loss and O3 production, and that adding
O3 alone does not significantly change the O3 lifetime.

Model grid resolution is known to influence climatically
important chemical fluxes, such as O3 production (Wild and
Prather, 2006), so we test whether resolution affects RF from
ship NOx. Doubling the GEOS-Chem grid size to 4◦

× 5◦ re-
duces the CH4 lifetime and O3 burden compared to 2◦

× 2.5◦

resolution. Nevertheless, the O3 and CH4 responses to 5 %
increases in ship NOx emissions are unchanged from the
finer resolution. Given this resolution independence, we con-
duct additional sensitivity tests at coarse resolution for com-
putational expediency. A previous version of the model (9-
01-02) differs by less than 10 % in terms of ship NOx per-
turbations from the current version, despite improvements
to wet scavenging, sea-salt aerosol, and stratospheric chem-
istry (Jaeglé et al., 2011; Murray et al., 2012; Wang et al.,
2011), indicating minimal sensitivity of ship NOx impacts
to these processes. The ship RF is quite sensitive to an-
thropogenic emissions, however. Using the Climate Model
Intercomparison Project (CMIP5) inventory for year 2000
(Lamarque et al., 2010) rather than the standard inventory
described in Sect. 2, the ship NOx RF components are about
15 % larger (Fig. 5). The shift in RF components lies along
the major axis of variability in the model ensemble, indicat-
ing global (not ship) inventory differences could contribute
substantially to the ensemble spread presumably by generat-
ing background atmospheres with different levels of NOx and
HOx precursors. The CMIP5 inventory prescribes more CO
emissions (610 vs. 580 Tg(CO) yr−1) and slightly less NOx
emissions (27.2 vs. 27.6 Tg(N) yr−1) with large changes in
their spatial distributions. These emission differences tend to
reduce background OH and NOx and make ozone produc-
tion more NOx sensitive, which is consistent with the di-
rection of RF changes in the simulations. Our earlier work
on climate forcing from aviation NOx similarly identified
background NOx levels as a driver of model uncertainty. Al-
though emission inventories are routinely updated and im-
proved, reasonable inventories continue to differ by 10 %
for NOx and 20 % for CO at the global level; differences
are often larger for biomass burning and natural emissions
(Granier et al., 2011). If the two inventories in GEOS-Chem
exhibit typical differences, then inventory uncertainty may
account for±10 % range in ship NOx RF. Uncertainties in
chemistry, transport, and other processes that control back-
ground atmospheric composition contribute as much or more
than emissions to the range in RF responses across models,
since multi-model studies using common emissions still ex-
hibit ±20 % ranges in RF components (e.g., Eyring et al.,
2007; Hoor et al., 2009; Myhre et al., 2011). Three sources
of uncertainty, when combined in quadrature, are therefore
sufficient to explain the±30 % range of ship RF components
in the literature ensemble: non-linearity from the ship emis-
sion perturbation magnitude (±10 to 20 %), emissions from
other sources (±10 %), and other processes that control back-
ground atmospheric composition (±10 to 20 %).
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5 Conclusions

The non-linear chemistry governing O3 and OH produc-
tion in emission plumes has been recognized for decades.
In spite of this knowledge, global modeling studies of ship
NOx emissions and their impacts on climate and air quality
are usually made under the assumption that emissions are in-
stantly diluted into large grid volumes, which overestimates
production of tropospheric O3 and OH. We present a suite of
model simulations that quantify this error, one of which uses
an improved, more physically realistic treatment of plume
chemistry on temporal and spatial scales smaller than the
global model grid. The limited observations of ship plume
composition during aging hamper efforts to widely evaluate
the parameterization, but we have shown that it is consis-
tent with available data. With parametric plume chemistry,
OPE from ship NOx is 30 % smaller than under instant dilu-
tion. Methane perturbations from ship NOx are likewise re-
duced 30 %. Parametric plume chemistry also increases the
global atmospheric CH4 lifetime compared to instant dilu-
tion, which brings the model closer to observations, bit it is
still too short.

Our best estimate of the ship NOx RF from the short-lived
O3 increase is+3.4± 0.85 mW m−2 for steady-state emis-
sions of 1 Tg(N) yr−1. The RF from the CH4 decrease is
−5.7± 1.3 mW m−2, and RF from the long-lived O3 reduc-
tion accompanying the CH4 decrease is−1.7±0.7 mW m−2.
For each component the central estimate is similar to the
smallest magnitude of previously published RF estimates,
due to our treatment of sub-grid-scale chemistry in ship emis-
sion plumes. Combining all these components and account-
ing for correlations caused by common factors, our best esti-
mate of the total RF from ship NOx is −4.0± 2.0 mW m−2.
Our RF estimate derives from marginal (5 %) changes in
ship NOx emissions. Scaling the marginal RF up to year
2010 total emissions of 6.8 Tg(N) yr−1 (Eide et al., 2013)
suggests an RF of−27.2± 13.6 mW m−2, but the average
RF of all ship NOx emissions is likely about 20 % larger
(−33 mW m−2) because of non-linearity in O3 production.
Our best estimates of individual RF components have 1σ

(68 %) confidence intervals of±20 to ±30 %. The largest
contribution to this uncertainty arises from differing abun-
dances of photochemical oxidants in the background atmo-
sphere, which when entrained into ship plumes can alter
their chemistry. Global emissions and model formulation
both contribute to these differences in the background at-
mosphere. Further reductions in RF uncertainty are therefore
unlikely without stronger observational constraints on radi-
cal sources and sinks in the remote marine atmosphere and
additional observational case studies of ship plume aging.

The Supplement related to this article is available online
at doi:10.5194/acp-14-6801-2014-supplement.
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