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Abstract. A high resolution chemical transport model of
the marine boundary layer is designed in order to investi-
gate the detailed chemical evolution of a ship plume in a
tropical location. To estimate systematic errors due to finite
model resolution, otherwise identical simulations are run at
a range of model resolutions. Notably, to obtain compara-
ble plumes in the different simulations, it is found neces-
sary to use an advection scheme consistent with the Large
Eddy Model representation of sub-grid winds for those sim-
ulations with degraded resolution. Our simulations show that
OH concentration, NOx lifetime and ozone production effi-
ciency of the model change by 8%, 32% and 31% respec-
tively between the highest (200 m×200 m×40 m) and lowest
resolution (9600 m×9600 m×1920 m) simulations. Interpo-
lating to the resolution of a typical global composition trans-
port model (CTM, 5◦×5◦), suggests that a CTM overesti-
mates OH, NOx lifetime and ozone production efficiency by
approximately 15%, 55% and 59% respectively. For the first
time, by explicitly degrading the model spatial resolution we
show that there is a significant reduction in model skill in
accurately simulating the aforementioned quantities due to
the coarse resolution of these CTMs and the non-linear na-
ture of atmospheric chemistry. These results are significant
for the assessment and forecasting of the climate impact of
ship NOx and indicate that for realistic representation of ship
plume emissions in CTMs, some suitable parametrisation is
necessary at current global model resolutions.
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1 Introduction

Oxides of nitrogen (NOx) play a central role in determining
the composition of the atmosphere. A significant source of
NOx is from shipping; however, its inclusion in global at-
mospheric composition transport models (CTMs) leads to a
significant reduction in model skill in simulating the com-
position of the marine boundary layer (MBL). International
shipping consumes 16% of the total fuel for all traffic (road
and aviation included) with the ocean-going fleet emitting
approximately 9.2 times the NOx of aviation traffic (Eyring
et al., 2005b). Increased industrialization and globalization
suggest that ship emissions will continue to grow at around
3% yr−1 (Entec, 2002). By 2050, ship-emitted NOx could
exceed that emitted by present-day road traffic, if the extrap-
olation is based on an emissions scenario corresponding to
high GDP growth (Eyring et al., 2005a).

The high temperature combustion in ship engines leads to
emissions high in NOx, but low in other photo-pollutants
such as carbon monoxide (CO) and volatile organic com-
pounds (VOCs) relative to other sources.Corbett and
Koehler (2003) found the NOx emissions from shipping to
be 6.87 Tg N yr−1 with a 5th to 95th percentile spread of
6.19 to 9.15 Tg N yr−1. This can be compared to a global
anthropogenic NOx emission of 33 Tg N yr−1 and emissions
from all sources of 52 Tg N yr−1 (IPCC, 2007). Whereas
most NOx sources are to be found over land, emissions from
shipping occur within the MBL and therefore constitute the
only large primary NOx source in these regions.

Endresen et al.(2003) found significant perturbations to
NOx, NOy and O3 within the MBL due to ship emissions and
then investigated this impact on the climate system. Their
model calculations indicated that the resulting increase in
ozone (O3) leads to an increase in radiative forcing since
pre-industrial times of 0.029 W m−2. They also found that
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the global increase in OH concentrations leads to a decrease
in methane (CH4) concentrations that also has a radiative
impact and calculate this to be−0.020 W m−2 since pre-
industrial times. Thus, in their study the changes in radia-
tive forcing since pre-industrial times due to emissions from
ships are estimated to be 8.2% for O3 and−4.2% for CH4
(Endresen et al., 2003).

Remarkably, tropospheric reactive trace gases O3 and CH4
together contribute approximately half as much towards pos-
itive global radiative forcing as carbon dioxide (CO2) (IPCC,
2007). Emission of oxides of nitrogen (NOx) plays a crucial
role in determining the sources and sinks of O3 and the life-
time of CH4 (Logan, 1985). Therefore, understanding the
source and chemical fate of NOx is key to understanding the
global chemistry-climate system.

Understanding the processes controlling the composition
of the MBL and its photochemistry is of central importance
to the chemistry-climate system. Over 50% of CH4 is de-
stroyed within the MBL (Lawrence et al., 2001) and the MBL
constitutes a large sink for O3. Thus, although far from pol-
lution sources, the MBL plays an important role in removing
climatically important trace gases.

Previous studies with global CTMs have found that ship
emissions cause large perturbations in the composition of
the MBL. Lawrence and Crutzen(1999) found that when
ship NOx emissions were included in their global CTM, sur-
face NOx concentrations increased twofold over much of the
northern Atlantic, Pacific and Indian Oceans; O3 concentra-
tions increased over the central North Atlantic and Pacific
Oceans by greater than a factor of 2; and OH increased by
more than 20% over similar areas. Even greater model in-
creases of NOx, O3 and OH were found when the study fo-
cused on shipping lanes away from the coasts.Kasibhatla
et al. (2000) found the inclusion of ship emissions of NOx
caused a seven-fold increase in the modelled NOx concen-
tration in the North Atlantic MBL. In an independent study,
Davis et al.(2001) also demonstrated that including ship
emissions in a CTM can overestimate the observed median
NOx values by 2.5 to 4 times even when accounting for
model bias. WhileLawrence and Crutzen(1999) did have
evidence that models could approximate observed NO con-
centrations from the OCTA-2 campaign, they stated that at
the time of their study observations were still too sparse to
draw a “clear picture of the actual average MBL NOx levels
in the shipping lanes.” Both later studies,Kasibhatla et al.
(2000) andDavis et al.(2001), had access to a larger set of
observational data for their comparisons.

The apparent errors in model chemical budgets associ-
ated with ship emissions, including significant overestimate
of ozone production, have been hypothesized to be due to
model resolution effects. In a coarse resolution model, chem-
ical mixing ratios near emissions sites are instantaneously
homogenized within the volume of a model grid-box. There
are many studies which replace the instantaneous dilution in
a model by some form of plume dynamics and discover very

different outcomes in the chemical evolution of the bound-
ary layer. For example,von Glasgow et al.(2003) found that
NOx lifetime is significantly decreased in the plume relative
to the background air due to enhanced OH concentrations in
the plume. Song et al.(2003) examined the evolution of a
plume mixing with the ambient air at different latitudes and
under day vs. night conditions and diagnosed differences in
NOx lifetime values up to a factor of 10 between the back-
ground and the plume air. It is well-established that, due
to the nonlinearity of Ox-HOx-NOx chemistry, artificially
rapid mixing in instantaneous dilution scenarios can lead to
systematic changes in net radical concentrations, and conse-
quently to errors in the tendencies of many radiatively active
gases including ozone (Chatfield and Delaney, 1990; Liang
and Jacobson, 2000).

The existence of a mechanism leading to the overestima-
tion of ozone production rates in coarse resolution models is
apparent if one considers the two distinct chemical regimes
that exist near any localised source of NOx, including ship
plumes. At the core of the plume near the source, NOx
concentrations are high, and the ozone production efficiency
(OPE), or number of ozone molecules produced per NOx
molecule destroyed, is known to be low (Liu et al., 1987).
Further from the source, where the emitted NOx has been di-
luted by clean MBL air, the OPE may be many times higher.
Generally, clean MBL air has high OPE and a low concen-
tration of NOx leading to little O3 production. However, the
more rapid the mixing experienced by the plume, the less
time a typical NOx molecule spends in the low OPE regime,
and the greater its probability of reaching the high efficiency
regime before it is destroyed. If a plume is poorly resolved
due to coarse model resolution, the associated artificial mix-
ing will therefore ensure that the average OPE is higher.Es-
ler et al.(2004) have shown the degradation of CTM model
fields, from a horizontal resolution of 2.75◦

×2.75◦ (T21) to
5.5◦

×5.5◦ (T42), leads to a systematic increase of 5–10%
in OPE throughout the troposphere. In shipping lanes where
strong gradients of NOx exist at the edges of ship plumes, the
resolution effect might be expected to be greater, although
the details must depend on the details of the emissions and
the typical “plume dilution scenario” (Esler, 2003). In a re-
cent study of idealised ship plume models, byFranke et al.
(2008), an instantaneous dilution scenario is compared with
a Gaussian plume model. Ozone production was found to
be overestimated by a factor of three in the instantaneous di-
lution model unless the sub-grid plume dynamics were ac-
counted for by means of a parameterisation. Establishing
whether or not the resolution effect can partially account
for the erroneous representation of ship emission effects in
CTMs will be one of the main objectives of this study.

However, there may be other explanations for the CTM
failure: emissions may be lower than anticipated, hetero-
geneous chemistry in the plume may remove the NOx or
halogen chemistry within the MBL may lead to enhanced
O3 and NOx loss rates and enhanced rates of removal. A
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multi-model study of the global impact of shipping on NOx
and O3 found that the estimated uncertainty resulting from
a combination of the uncertainties in ship emission totals,
global distribution of ship emissions and the neglect of ship
plume dispersion was greater than the uncertainties resulting
from using the different models (Eyring et al., 2007). There-
fore, the ability of resolution to explain the perceived failure
of global models to simulate ship NOx emissions should and
can be tested fully within a single model.

Ship emissions in global 3-D CTMs are parameterized,
if they are included, and typically cause models to signif-
icantly overestimate NOx and O3 in the MBL (Kasibhatla
et al., 2000; Davis et al., 2001; Endresen et al., 2003). This
overestimate is usually partially attributed to the combination
of coarse spatial resolution and the non-linear nature of the
Ox-HOx-NOx chemistry (Song et al., 2003). However, in a
later study,Eyring et al.(2007) used a multi-model approach
to compare both the ensemble mean as well as individual
model results to observational data and found better agree-
ment than in these previous studies of ship emissions. Nev-
ertheless, little work has been undertaken to quantify the im-
pact of resolution on ship plumes themselves without plume
parametrization. In this paper we construct a model specif-
ically to investigate the impact of resolution on the photo-
chemical system and apply it to the emissions from ships.
We run the model at various resolutions and then quantify
the impact of resolution on the O3-HOx-NOx chemistry of a
ship plume.

This paper is organized as follows. Section2 describes the
physical system we model and in Sect.3 we give all of the
technical details of our model. We discuss the highest resolu-
tion runs of our model in Sect.4.1and then report the results
of degrading the model’s resolution in Sect.4.2. Conclusions
are given in Sect.5.

2 Physical and chemical scenario

Our goal is to model the emissions plume of a typical mer-
chant ship travelling across the open ocean through the re-
mote tropical MBL. We choose a location based on the
Barbados Oceanographic and Meteorological Experiment
(BOMEX) project (Holland, 1972) and use wind data derived
from an offline run of a large eddy model (LEM) case study
of BOMEX (Siebesma and Cuijpers, 1995; Brown, 1999). In
this south Atlantic trade wind region (15◦ N, 54◦ W), winds
are generally light to moderate and there is a shallow layer of
non-precipitating cumulus cloud.

Typical translation speeds of merchant and military ships
used in previous studies range from 7.7–12.6 ms−1 (Liu
et al., 2000) and 5–12 ms−1 (Hobbs et al., 2000). In both
of the previous studies ship speeds were measured in field
campaigns;Hobbs et al.(2000) used data gathered from
ships in the Monterey Area Ship Track (MAST) study. The
ground-relative mean wind speed in our simulations is taken

to be 1 ms−1 in the negative x-direction and the ship emis-
sion source is held stationary relative to the ground. There-
fore, if the variations in boundary-layer structure with the
ground-relative wind are neglected, the prescribed wind field
of 1 ms−1 relative to the ship can be interpreted as repre-
senting a ground-relative wind of 4–11.6 ms−1, with the ship
moving in the same direction as this steady breeze. Explic-
itly simulating these stronger ground-relative winds (with a
moving ship) would be expected to increase the shear-driven
mixing in the turbulent boundary-layer, but since investigat-
ing the role of a variety of boundary-layer structures was be-
yond the scope of this study this effect was neglected. Other
ship-relative wind relationships are also of interest (e.g. Song
et al., 2003), but due to the difficulty of resolving the plume
over a much larger domain, which would require substan-
tially greater computational resources, we choose to concen-
trate on the aforementioned scenario.

Ship emissions are assumed to take place into initially un-
polluted MBL air that is typical of the tropical location of
the BOMEX experiment. Because most NOx emitted by fos-
sil fuel combustion consists mainly of NO (EPA, 2000; He-
witt, 2001), our model ship releases NO at a point source,
directly into the MBL. The initial trace gas concentrations
are assumed to be uniform throughout the MBL and are
determined by running the photochemistry model for 25 h
with zero emission of NO to establish a diurnal cycle of
“clean” MBL chemistry. The clean MBL run was spun-
up from concentrations for all species set to zero except
for [O3]=30 ppb, [NO2]=30 ppt, [CH2O], [CH3OOH] and
[H2O2] (all 100 ppt). Ship emissions of NO commence at
noon local time into the clean MBL background. The vari-
ability of NOx emission scenarios in the literature (Hobbs
et al., 2000; Song et al., 2003; Sinha et al., 2003; von Glas-
gow et al., 2003; Chen et al., 2005) stems from the differ-
ences in vessel and engine type and average ship speed under
investigation. The range of emission factors spans 12 to 65
grams of NO per kg of fuel burned. In our simulation, we
emit NO into a single grid-box at the lowest vertical level at
a rate of 33 g s−1. This rate is obtained from the case of a
medium speed compression ignition marine engine using 50
tons of fuel per day emitting NOx at a rate of 57 kg per ton
of fuel (Corbett and Fischbeck, 1998; Corbett and Koehler,
2003).

3 Model equations and numerical implementation

In order to investigate the impact of model resolution on the
photochemistry of the MBL we construct a photochemical
transport model of the MBL capable of running at a high res-
olution (compared to a global composition transport model),
but also capable of having its numerical grid systematically
coarsened to progressively lower resolutions.
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The model equations to be solved are

∂qn

∂t
+ u · ∇qn = Hn(q) + Sn, n = 1, . . . , N, (1)

for the vector of chemical species concentrations
q={q1, q2, . . . , qN }, where the number of speciesN = 12.
The initial conditions for all species are set to the uniform
MBL concentrations described in Sect.2. The source term
Sn, which is non-zero only for the species NO, is modelled
by instantaneously diluting the total NO emitted over a
model time-step into the model grid-cell containing the ship
stack. The advecting velocity fieldu is derived from the
output of an LEM simulation, as described in Sect.3.1.
Section3.2 discusses the advection scheme used to advance
the left hand side of Eq. (1). Finally, the details of the
chemical speciesq and chemistry schemeHn(q) are set out
in Sect.3.3.

The model domain is taken to be periodic in the y-direction
(cross-flow direction). In the x-direction (along-flow direc-
tion), inflow conditions based on clean air MBL concentra-
tions are imposed at the upstream boundary and outflow con-
ditions at the downstream boundary. The dimensions of our
high resolution domain are 115.2 km×9.6 km×1.92 km. The
region of the domain above 1.92 km (up to 3 km) is modelled
by a reservoir of (spatially) uniform concentration air. Free
exchange and mixing of air occurs between this reservoir and
the main high resolution part of the domain below. Note that
the reservoir is located above the level of imposed subsidence
(approximately 1.5 km) in the LEM simulation described in
Sect.3.1.

The mean wind velocity, relative to the ship stack, in our
simulations is taken to be 1 ms−1 in the x-direction. The
plume remains in the domain for approximately 36 h before
exiting the domain at the downstream boundary. Therefore,
Eq. (1) is integrated for this period of time in order to model
the chemical evolution of the plume until it reaches a near
steady state.

3.1 The advecting velocity field: LEM simulation

We use the UK Meteorological Office’s Large Eddy Model
(LEM) (version 2.3) (Gray et al., 2001) to provide high res-
olution winds suitable for the modelling of a ship plume.
For the present investigation a classic idealised MBL sim-
ulation of trade wind cumulus based on the BOMEX case
study (Siebesma and Cuijpers, 1995; Brown, 1999) is cho-
sen. Cumulus-topped boundary layers are common over the
worlds oceans; therefore, this is a simulation of an extremely
common MBL situation (sensitivities to boundary layer me-
teorology will be addressed in future work). Additionally,
the LEM simulation of BOMEX is appropriate because the
model simulations have been extensively evaluated during
studies performed within the “Global Energy and Water Cy-
cle Experiment Cloud System Study” (GCSS) programme
(Brown, 1999). Consequently, the simulations produce a

sufficiently realistic boundary layer for the purposes of this
study.

Version 2.3 of the Met Office LEM is a non-hydrostatic
model that can be run in one, two or three dimensions. The
model has periodic lateral boundary conditions, a no-slip
base and a free-slip lid. To create the wind field, the model
setup ofBrown (1999) is used, with a larger horizontal do-
main (9.6 km×9.6 km rather than 6.4 km×6.4 km) and with
larger horizontal grid-spacings (200 m rather than 100 m) in
order to reduce computational costs. The model domain is
3 km high and the vertical grid-spacing is 40 m. A Newto-
nian damping layer is applied above 2300 m to prevent the
reflection of gravity waves from the top of the model. Be-
cause the LEM simulation has periodic lateral boundary con-
ditions, we use the domain to create a longer domain for the
chemical and dynamical plume model in this study. This ex-
tended domain is described later in this section.

Cloud water is modelled with a single moment scheme,
and the LEM rain scheme is not switched on. Surface sen-
sible and latent heat fluxes are prescribed (8.04 W m−2 and
130.052 W m−2 respectively) so that in the present experi-
ments there is no diurnal cycle in the model winds. Radiative
effects are not explicitly modelled, instead a radiative cooling
of 2 K day−1 is imposed from the surface to 1500 m, which
then decreases linearly to zero at 2500 m. Note that the diur-
nal cycle in the MBL is not as pronounced as in a boundary
layer over land (Stull, 1988); therefore, the absence of a diur-
nal cycle in the wind fields is not believed to be a major issue
for the current study. A large-scale subsidence is imposed
with a maximum subsidence rate of 0.0065 m s−1 at 1500 m
(linearly decreasing to zero at the surface and 2100 m). A
drying of 1.2×10−8 g kg−1 s−1 is applied from the surface
to 300 m (decreasing linearly to zero from 300 to 500 m) to
represent large-scale horizontal advective drying in the sub-
cloud layer. As mentioned above, the LEM domain is peri-
odic in the across-plume direction. There are no mean trans-
verse winds; the asymmetries in the plume appearance in this
direction are due to the eddies resolved by the LEM. In addi-
tion to the model winds, the LEM simulation also provided
temperature and pressure profiles for use in the model chem-
istry scheme.

Given that the zonal wind speed is approximately 1 m s−1

in these simulations, the plume edge will reach the end of the
LEM’s 9.6 km domain in about 160 min. This is not enough
time to simulate the full impact of NOx emissions on the sys-
tem. A longer model domain in the zonal direction is re-
quired in order to simulate the 36 h needed to examine the
impact of the ship plume on MBL photochemistry. To in-
crease our domain size with the minimum off-line compu-
tational expense, we “tile” the output of the LEM (not the
LEM domain itself) along the zonal direction to form an ex-
tended domain for the plume to occupy. The periodic bound-
ary condition used for the initial LEM simulation is ideally
suited for this. We use 12 tiles for the chemistry-advection
model, and thus we go from a 9.6 km×9.6 km×1.92 km
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LEM simulation to a 115.2 km×9.6 km×1.92 km simulation
with the chemistry-advection model.

The LEM generates wind fields for a 6 h period. The pho-
tochemical transport model simulations are run for 36 h so
the LEM meteorological fields are reused for each 6 h pe-
riod of the photochemical transport model integration (see
Sect.3.2 for details). As noted above, the diurnal cycle in
the MBL wind is not essential to our study and is not mod-
elled; thus, the recycling of LEM winds is reasonable for our
purposes.

3.2 Advection and the degrading of resolution

A standard upwind advection scheme (see e.g.LeVeque,
2002) is used to solve the advection equation for the mean
mixing ratio of the active chemical speciesqn (n=1, . . . , 12),
with u derived from the LEM output. Note that the supplied
wind-field is non-divergent∇·u=0. As mentioned above,
all simulations are run for 36 h which ensures that transient
model behaviour can be eliminated. The LEM winds are
supplied at 1 min intervals; we interpolate in time to match
our advection time step of 3 s which is chosen to satisfy the
Courant-Friedrichs-Lewy (CFL) condition. We performed
numerical tests which established that model solutions are
not very sensitive to the degradation in the temporal resolu-
tion of the wind fields due to the interpolation in time. After
the 6 h of LEM winds have been used, the wind fields are
interpolated back to those att=0 and the time series foru is
used again.

A natural first approach to degrade the resolution of the
wind fields, for use with a lower resolution version of the ad-
vection model, is simply to average the wind component nor-
mal to each grid-box boundary. Because the LEM supplies a
divergence-free wind field, the averaging process maintains
the divergence-free property of the wind field while render-
ing it suitable for advection with a coarser grid (i.e. larger
grid boxes). Hence, we can calculate a single flux along each
edge of the larger grid box. A second alternative to degrade
the resolution is to sum the positive and negative wind com-
ponents normal to each grid-box boundary separately. This
approach allows a two-way exchange at each grid box bound-
ary. In Appendix A, we demonstrate with a passive tracer
that this second method is considerably more accurate than
the first because by using the two-way exchange, we retain
the transports due to the unresolved scales of the LEM winds,
much as in a sub-grid turbulence closure scheme. If the first
(naive) option is used, it is found that the plume spreads too
rapidly in the horizontal directions and remains trapped rel-
atively near the surface compared to the higher resolution
simulations. The two-way flux scheme therefore allows an
important effect of the sub-grid winds to be captured in the
lower resolution simulations. In coarse resolution CTMs,
a boundary layer turbulence scheme is usually employed to
model the same sub-grid wind effects.

The highest resolution gridbox in this study is
200 m×200 m in the horizontal and 40 m in the verti-
cal, which is based on the resolution of the LEM output,
and we refer to it as the C1 case. When we coarsen the
high resolution domain, we reduce the resolution in all
three directions, horizontal and vertical, while maintaining
the divergence-free LEM wind field. The result of this
coarsening is to increase grid box volumes byn3 where
n=2, 4, 8, 16, 48 and we refer to these cases as Cn in the
figures. To ensure that we maintain a consistent physical
form of the plume across model resolutions, the two-way
flux exchange method described above and in Appendix A is
used. This method preserves the sub-gridscale winds as we
coarsen the chemistry model resolution.

3.3 Chemistry scheme

Our chemistry scheme includes the key interactions of NOx-
HOx-O3 and the relevant photochemistry in the MBL. We
designed the chemical model to focus on the key reactions of
NOx, in the ship plume and surrounding air, with O3 and the
hydroxyl radical OH. To this end, we follow the evolution of
twelve critical species while maintaining other species con-
stant. We hold three species constant over the entire model
run: H2O, CH4 and CO. These are long-lived species with
respect to the model integration time.

Table 1 summarizes the chemical reactions we use to
model the tropospheric chemistry in the MBL. The reac-
tion rates are taken from the Master Chemical Mechanism
(http://mcm.leeds.ac.uk/MCM/). We model the evolution of
twelve chemical species: O3, NO, NO2, NO3, OH, HO2,
CH3O2, CH2O, CH3OOH, H2O2, HNO3 and N2O5. We ig-
nore HNO2 and HNO4 chemistry as these species do not play
a significant role in the MBL. VOC chemistry is not included
in the model. The primary reason is numerical efficiency, as
the addition of VOC chemistry adds a significant computa-
tional burden to the model. A second reason is to simplify the
experimental design, allowing the present experiments to fo-
cus solely on NOx photochemistry, rather than attempting to
map the more uncertain NOx-VOC parameter space. Thirdly,
in the conditions explored here the background VOC levels
are low due to the remote nature of the atmosphere being
simulated. At the low concentrations typical of the remote
ocean, the impact of VOCs on OH and O3 production is small
(Sommariva et al., 2006).

The model run begins on Julian day 80, the spring equinox.
The solar zenith angle is calculated as a function of date, time
of day, latitude and longitude. Vertical profiles of tempera-
ture and pressure taken from the LEM model run offline are
used to calculate reaction rates for each vertical model level.
We use a GEAR (VODE) solver (Brown et al., 1989) to inte-
grate the chemistry component of the system of differential
equations (1). We allow the model to spin up for 12 h and use
only the last 24 h of the simulation in our study.

www.atmos-chem-phys.net/9/7505/2009/ Atmos. Chem. Phys., 9, 7505–7518, 2009
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Table 1. Chemical reactions modelled. Derived from the Master Chemical Mechanism whereζ is solar zenith angle;T temperature [K];
p pressure [hPa]; andm number density of air [molecules cm−3]. k12 reaction product is H2O; k18 represents PAN decomposition;k19
represents the heterogeneous uptake of N2O5.

O3+hν→O1D J1=6.073×10−5 cos(ζ1.743) exp(−0.474/ cosζ )

NO2+hν→NO+O3 J2=1.165×10−2 cos(ζ0.244) exp(−0.267/ cosζ )

CH2O+hν→CO J3=6.853×10−5 cos(ζ0.477) exp(−0.353/ cosζ )

CH2O+hν→CO+2 HO2 J4=4.642×10−5 cos(ζ0.762) exp(−0.353/ cosζ )

NO3+hν→NO J5=2.485×10−2 cos(ζ0.168) exp(−0.108/ cosζ )

NO3 + hν → NO2 + O3 J6 = 1.747× 10−1 cos(ζ0.155) exp(−0.125/ cosζ )

NO+O3→NO2 k3=1.4×10−12exp(−1310/T )

OH+CO→HO2 k4=1.30×10−13

OH+CH4→CH3O2 k5=9.65×10−20(T 2.58) exp(−1082/T )

HO2+NO→OH+NO2 k6=3.6×10−12exp(270/T )

HO2+O3→OH k7=2.03×10−16(T /300)4.57exp(693/T )

CH3O2+NO→NO2+CH2O+HO2 k8=1.82×10−13exp(416/T )

CH3O2+HO2→CH3OOH+O2 k9=3.80×10−13exp(780/T )

HO2+HO2→H2O2 k10=2.20×10−13exp(600/T )+m1.90×10−33exp(980/T )

OH+NO2→HNO3 k11=k0kif/(k0+ki) [k0=m 3.3×10−30(T /300)−3,

ki=4.1×10−11, f =10{log10 0.4/(1+(log10(k0/ki ))
2)}

]

OH+HO2→ k12=4.80×10−11exp(250/T )

CH3O2+CH3O2→ k13=1.82×10−13exp(416/T )

NO2+O3→NO3 k14=1.40×10−13exp(−2470/T )

NO+NO3→2NO2 k15=1.80×10−11exp(110/T )

NO2+NO3→N2O5 k16=k0kif/(k0+ki), [ki=1.90×10−12(T /300)0.2

k0=m 3.60×10−30(T /300)−4.1,

f =10{log10 0.35/(1+(log10(k0/ki ))
2)}

]

N2O5→NO2+NO3 k17=k0kif/(k0+ki), [f =10{log10 0.35/(1+(log10(ko/ki ))
2)}

k0=m 1.00×10−3(T /300)−3.5 exp(−11000/T )

ki=9.7×1014(T /300)0.1 exp(−11080/T )]

→NO2 k18=9.25×103

N2O5→2 HNO3 k19=4.0×10−4

NO2+NO3→NO2+NO k20=4.50×10−14exp(−1260/T )

4 Results

4.1 High resolution simulations

Results are shown for times on the second day of the run and
all times are given as local time. Figures1 and2 show results
for the highest resolution (C1) simulation.

Figure 1 shows the horizontal extent of the NOx plume
at the lowest model level. Highest NOx concentrations are
near the source of NO emission which is the lowest level
box located at the eastward edge and at the channel centre
in the y-direction (x=115.2 km,y=4.8 km). The NOx plume
is mainly being advected westward relative to the ship stack,
and spreads out due to turbulent diffusion downwind of the
source. Figure2 shows a vertical cross-section of the NOx
plume at four locations downstream from the source. Defin-
ing the plume boundary is subjective, but the [NOx]=316 ppt
isosurface can be taken as a reasonable definition, and is also
contoured in Fig.1. Then the plume height and across-plume

width generally increase with distance downstream from the
source. The height does not appear to increase from 8 to 20
km downstream and we note that much of the plume remains
generally trapped in the vertical below the level of imposed
subsidence in the LEM model (approximately 1.5 km).

4.2 Results: impact of resolution

In this section we show how the spatial patterns of NOx, O3
and OH concentrations vary as model resolution is changed.
In particular, we describe the OH “halo” pattern. We also
assess the impact of changing the model resolution by com-
puting the spatial mean over the model domain of several
relevant quantities: OH concentrations, NOx lifetime and O3
production efficiency. These mean values are calculated at
noon (local time) on day 2 of the model integration. Finally,
we compare the full ship emission runs to clean runs, those
without ship emissions.

Figure 3 shows snapshots of the lowest vertical level
of the ship plume in NOx, O3 and OH at noon on
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Fig. 1. Lowest vertical level of the NOx (NO+NO2) plume in the
highest resolution (C1) experiment at noon (local time) on day 2, af-
ter the plume has evolved for 24 h. Darker shading indicates higher
NOx concentrations. Contour intervals are base 10 logarithmic in
units of ppt.

day 2 for five different resolutions of grid box vol-
ume: 200 m×200 m×40 m (C1), 400 m×400 m×80 m (C2),
800 m×800 m×160 m (C4), 1600 m×1600 m×320 m (C8)
and 3200 m×3200 m×640 m (C16). The plume becomes
more diffuse as we coarsen the grid boxes (moving down
the page). At all model resolutions we can clearly distin-
guish the heart of the ship plume as shown in Fig.3a (left
column) by very high NOx coincident with the O3 and OH
minima in Fig.3b (middle column) and3c (right column).
It is to be expected that when NOx is at very high lev-
els it will consume O3 and OH rapidly. At all resolutions,
the area within the NOx plume contour line 3162 ppt over-
laps with lower O3 (<24 ppb) and lower OH concentrations
(<4×106 molecules cm−3). For all resolutions, the OH lev-
els are highest in a “halo” which lies on top of the NOx plume
edge where the NOx values are roughly between 300 and
1000 ppt. This halo is consistent with our knowledge of the
OH response to NOx in tropospheric photochemistry. In their
observational work,Sinha et al.(2003) discuss the effect that
NOx and O3 downwind of ship plumes have on OH, that is,
to elevate OH levels, and this enhancement is captured in our
simulations at all resolutions.

Figure4 gives further evidence of this “halo” of enhanced
OH in this across-plume 1-D section of OH concentrations at
different resolutions. At the edge of the plume, in the region
where the plume air is mixing with the cleaner background
air, OH levels are enhanced. This is due to the presence of
moderate amounts of NOx at the plume edge and high lev-
els of O3 which have not yet been consumed by the NOx
plume.Chen et al.(2005) calculate an average OH value us-
ing observed NOx in ship plumes in conjunction with a pho-

tochemical box model and determine that OH in the plume is
between 1.2 and 2.7 times higher than in the ambient air. In
Fig. 4, we see that OH concentrations at the plume edge are
about 1.4 times higher than in the ambient air and can be up
to 12 times higher in the heart of the plume. Depending on
where one draws the edge of the plume, mean in-plume OH
concentrations can vary a great deal.

Next, we compute a spatial average over the entire 3-D
domain (115.2 km×9.6 km×1.92 km) of NOx, OH, NOx life-
time and Ozone Production Efficiency (OPE). We define the
NOx lifetime as ratio of concentration of NOx to rate of loss
of NOx, where, in our model, the NOx loss rate is exactly
equivalent to the production rate of nitric acid (HNO3). OPE
is defined as the number of O3 molecules produced given the
number of NOx molecules consumed in a unit volume and
is calculated in the model as the mean ratio of Ox produc-
tion rate to mean NOx loss rate (Lin et al., 1988). All four
quantities appear to be linearly dependent on resolution (i.e.
on the logarithm of the gridbox volume) for cases C4, C8,
C16 and C48 (see Figs.5, 6 and7, NOx not shown). Do-
main mean NOx decreases steadily from the highest resolu-
tion case 412 ppt to 231 ppt at C48, a decrease of 44%. The
two highest resolution cases C1 and C2 appear to asymptote
to a similar value in all three figures. In Sect.3.2, we ex-
plained that our coarsening method uses a two-way exchange
at the grid box interfaces; we speculate that perhaps for these
two highest resolution cases the two-way exchange creates
similar enough conditions, for the meteorology used here,
that C2 becomes a sufficiently high resolution to achieve the
limiting values for our model. Thus, we fit lines to each of
the three sets of values, excluding the two highest resolu-
tion cases, using a Matlab routine (robustfit.m) which imple-
ments robust regression using iteratively re-weighted least-
squares (Holland and Welsch, 1977). Using the parameters
from the robust linear fit, we then extrapolate our model re-
sults to coarser resolutions, comparable to CTM grid boxes
of 1◦

×1◦, 4◦
×4◦ and 5◦ × 5◦ (we assume that the CTM grid

box height is equivalent to our model height, 1.92 km). We
consider these extrapolated values in order to put our work
into the context of CTM grid scales and of previous ship
emission studies using box models.

In a study byvon Glasgow et al.(2003), using a box model
which is modified via a “simple upscaling approach” to com-
pare with global chemistry models and where ship emissions
were taken to be a constant source at the sea surface, they
found that OH can be overestimated by a factor of 2. When
the ship plume is explicitly simulated in our model and then
the model resolution is coarsened, we find that the mean
amount of OH in the domain increases, but by less than a
factor of 2. In Fig.5, we show the mean number of OH
molecules for our model run with different grid box volumes
and then we extrapolate the results to resolutions compatible
with a typical global CTM. The trend is that OH increases
by a few percent each time the gridbox area is increased.
The slope of the line is about 0.2 which means that for every
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Fig. 2. Vertical sections of NOx across the plume at noon (local time) on day 2 for the highest resolution (C1) experiment at 1, 4, 8 and
20 km downstream from the source. Contour intervals are base 10 logarithmic in units of ppt.

factor of 10 by which we increase the grid box volume, we
can expect an increase of 2×105 molecules of OH cm−3.

To calculate NOx lifetime, first, we compute the domain
mean quantities, mass-weighted in the vertical, of NOx con-
centration and HNO3 production rate and then compute the
ratio. In our results, the spatial variability of NOx lifetime
is extremely high across the domain when a ship plume is
present. But if we look at the domain mean, NOx lifetime de-
creases steadily with coarsening model resolution. Figure6
shows that by decreasing spatial resolution we decrease the
mean lifetime of NOx, but only by fractions of an hour each
time the resolution is halved. In fact, according to our linear
fit, if we increase the grid box volume by a factor of 10, we
can expect a decrease of 0.34 h or 20 min. The negative trend
in NOx lifetime is anti-correlated with OH levels and could
indicate that the reaction of OH with NO2 to produce HNO3
is the main process by which NOx is lost. Using a box model
forced by data obtained from observations of eight transects
of ship plumes in the ITCT ship experiments,Chen et al.
(2005) found a strong anti-correlation between NOx lifetime
and OH levels from which they conclude that the OH + NO2
reaction is the primary process by which NOx is lost. In our
study we consider PAN decomposition, but not the forma-

tion of PAN, which could be another NOx sink. In fact, in
our model, the NOx loss rate is defined as the production rate
of HNO3.

Song et al.(2003) speculated that NOx lifetime would be
2.5–10 times shorter in the ship plume than in the MBL en-
vironment. Chen et al.(2005) measured NOx in two ship
plumes 100 km off the California coast, which they state may
have been diluting rapidly due to the ship’s heading and me-
teorological conditions and therefore, may have had below-
average plume concentrations. Then, using a model of ex-
ponential decay with plume age and the observations as in-
put Chen et al.(2005) calculated in-plume NOx lifetime to
be approximately 113±23 min. In their study, at noon in
the “moderately polluted” background air, NOx lifetime was
about 6.5 h, about 4.7 h longer than in the ship plume. We
calculated the mean NOx lifetime in the entire domain (not
shown) for a model run with a ship plume and without at dif-
ferent resolutions (C2–C48). There were no notable differ-
ences in the zero emission runs between different resolutions.
We found that the presence of a ship emitting NO decreases
the mean NOx lifetime in the domain by approximately 2 h,
less than half the difference found in their study. The dif-
ference may be due to the fact that in our model the plume
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Fig. 3. Lowest vertical level of plume in NOx (a), O3 (b) and OH(c) at noon (local time) on day 2 for five different model resolutions. First
row shows the highest resolution C1, then below C2, C4, C8 and C16.

is not experiencing rapid dilution in contrast to the observed
ship plumes used as input to their model which were possibly
very dilute.

Davis et al.(2001) suggested that global CTMs overesti-
mate NOx because high concentrations of OH in-plume re-
duce NOx lifetime in-plume. We find that OH concentrations
are highest (Figs.3c and4) and induce the shorter lifetime
of NOx not in the plume core but on the edge of the plume
in the aforementioned OH “halo” region. The magnitude of
the change in NOx lifetime may be influenced by VOCs, but
the general feature should be robust. Such spatial detail is
impossible to represent if ship plumes are not resolved in a
model.

Figure7 shows the OPE at noon on day 2 averaged over
all grid boxes in all resolution cases. OPE increases sharply
as the grid is coarsened; the slope is about 0.58 which trans-
lates to an increase in OPE of 0.58 if the grid box volume
increases by a factor of 10. OPE of the run on the coarsest
grid (C48) is 31% more than the C1 case. If we extrapo-
late for larger grid box volumes as we did for mean OH and
NOx lifetime, we can see that a 5◦

×5◦ grid box model would

have a mean OPE larger than 10, a clear overestimate of the
high resolution ship plume simulation of about 59%. The
domain mean O3 concentrations do not obey a linear rela-
tionship with changing resolution at noon on day 2; they do
not change appreciably from about 26.9 ppb as the resolu-
tion is coarsened. However, the maximum O3 is found at the
coarsest resolution (27.3 ppb).

As we degrade model resolution we find that the same ship
emission rate affects the photochemistry of the MBL in sig-
nificant ways. In the ship emission runs, when the model res-
olution decreases from C1 to C48: OH increases by 8%, NOx
lifetime decreases by about 32% and OPE increases by 31%.
If we forecast using the linear fit, consider that the highest
resolution case has 15% less OH than the 5◦

×5◦ case, 55%
longer NOx lifetime and 59% less OPE.

When we run the model with a completely clean envi-
ronment (i.e. no ship emissions) for 36 h, the domain mean
values on day 2 at noon for OH, NOx lifetime and OPE
are 5.8×106 molecules cm−3, 6.4 h, and 21.3, respectively.
Comparing the model clean run, without ship emissions to
that with ship emissions, OH increases 59%–72% (C1–C48)
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Fig. 4. OH concentrations across the plume on the lowest vertical
level 3.2 km downstream of the emission source for four different
resolution runs at noon (local time) on day 2.

in the presence of ship emissions, NOx lifetime decreases
21%–46% (C1–C48) and OPE decreases 61%–70% (C1–
C48).

5 Conclusions

We have built a high spatial resolution model of the chem-
istry of the MBL with the inclusion of a point source of NO
representing emissions from a ship. A range of identical sim-
ulations are run in which we vary the spatial resolution to
investigate the effect of resolution on the OH concentration,
lifetime of NOx and OPE.

We find that the impacts of the ship NO emissions on the
MBL chemistry are highly dependent on the model resolu-
tion. This model-resolution dependence may be somewhat
sensitive to the tropical meteorological conditions adopted
here; consequently, an obvious extension of this work is to
determine the robustness of our results over a wide range of
different MBL locations and conditions. Within the range of
resolutions investigated here and the meteorological condi-
tions adopted, OH concentrations increase by about 8% be-
tween the highest and lowest resolution simulations. Inter-
polating this to a resolution typical of CTMs implies approx-
imately a 15% overestimation of the impact of ship NOx on
MBL OH concentrations calculated by these models. NOx
lifetime is anti-correlated with OH levels which is in agree-
ment with the results ofChen et al.(2005) and could be seen
as evidence that the reaction of OH with NO2 is the key to
loss of NOx, although our model does not include the loss
of NOx due to the formation of PAN. The ozone production
efficiency increases by 31% between the highest and lowest
resolution simulated here. Interpolating to the scales typical
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Fig. 5. Domain mean OH at noon (local time) on day 2 for dif-
ferent resolutions. Dashed line represents best fit to the model re-
sults C4, C8, C16 and C48. Solid markers represent our model
results and hollow ones are the result of linear extrapolation of
our results to larger grid box volume sizes. These larger grid box
volumes represent typical CTM resolution with a boundary layer
height assumed to be that of our model (1.92 km). For compari-
son, a “no emissions” model run produces a domain mean OH of
5.8×106 molecules cm−3 at the same time.

of CTMs we suggest an overestimation of the ozone produc-
tion by ship emissions within CTMs of approximately 59%.
We conclude that spatial resolution has a significant impact
on the simulation of the chemistry of ship emissions in the
MBL.

An interesting issue is the apparent convergence in our
simulations of OH concentration, NOx lifetime and OPE, in-
dicated by the levelling off of the curves in Figs.5, 6 and
7 for the C1 (highest resolution) and C2 simulations. It is
unclear at present whether this apparent convergence indi-
cates that we are accurately simulating ship plume chemistry
in a representative turbulent MBL flow, or whether the con-
vergence is occurring as a consequence of the resolution of
the supplied LES winds becoming comparable to that of the
chemistry model. To answer this question, higher resolution
(e.g. horizontal resolution 50×50 m2) LEM simulations are
necessary, which have been beyond the scope of the present
study. Such simulations may reveal that more realistic ship
plumes have even lower OH concentrations, NOx lifetimes
and ozone production efficiencies than those simulated here.

In the future this modelling framework will be used to fo-
cus on the impact of different meteorological scenarios, dif-
ferent emission fluxes, location and ship velocities with the
aim of producing a parametrisation for inclusion in CTMs.
Specifically, it would be interesting to run the model with
a convectively active, overturning wind circulation in either
tropical or extratropical latitudes. In a convecting case, there
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in Fig. 5. For comparison, the clean model run produces a domain
mean NOx lifetime of 6.4 h at the same time.

is likely to be increased ventilation of the boundary layer
air causing the plume to disperse more rapidly which might
act to decrease NOx lifetime. One would expect such a cir-
culation to dramatically affect the plume dynamics, causing
changes to the spatial pattern of dilution and perhaps affect-
ing the “halo” of OH as well. Song et al.(2003) cites the
high OH concentrations in the tropics as a reason for shorter
daytime NOx lifetimes there as compared to the midlatitudes
where lower OH concentrations give longer NOx lifetimes.
Certainly, latitude and season will affect the solar flux and
length of day which would have an impact on the photochem-
ical aspects of our chemistry model.

The results presented here are an important step forward
in the mapping out of the degree of uncertainty due to the ne-
glect of ship plume dispersion and chemistry that currently
plague CTM studies of the impact of NOx emission on O3
production. Our model may also be modified to study other
plumes, such as those from power stations, at high resolu-
tion and without parametrization of the plume. Finally, our
results suggest that better parametrisations of ship emissions
in global models need to be designed using, for example, the
“equivalent emissions” concept introduced inEsler(2003) or
the “effective emissions” method developed byFranke et al.
(2008).
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Fig. 7. Domain mean OPE at 12:30 (local) on day 2 for different
resolutions. Dashed line represents best fit to the model results C4,
C8, C16 and C48. Extrapolation as in Fig.5. For comparison, the
clean model run produces a domain mean OPE of 21.3 at the same
time.

Appendix A

Two-way exchange of concentrations

To solve the advection equation

∂qn

∂t
+ u · ∇qn = Hn(q) + Sn, (A1)

where the wind field is divergence-free (∇·u=0) and where
qn is the average concentration of then-th chemical species,
we calculate the concentration flux between grid boxes using
the velocities at the box edges (in the x,y and z directions
in turn). For example, one can define the vertical flux at the
bottom of box(i, j, k) Fi,j,k−1/2 as

Fi,j,k−1/2 = wi,j,k−1/2
δAδt

δV
(A2)

wherewi,j,k−1/2 is the velocity at the bottom edge of the
box, δA is the area of the base of the grid box,δt is the
advection time step andδV is the volume of the grid box.
Let q

(t)
ijk be the mean concentration of a particular species in

gridbox (i, j, k) at time t. If, for example,Fi,j,k+1/2>0 and
Fi,j,k−1/2>0 then we update the mean concentration in the
vertical direction in the following way:

q
(t+δt)
ijk = (1 − Fk+1/2)q

(t)
ijk + Fk−1/2q

(t)
i,j,k−1. (A3)

We coarsen the model resolution by increasing grid box vol-
ume. To advect the chemical species between the larger grid
boxes we can simply average the winds along each grid box
edge and calculate the fluxes with the resulting mean winds.
If we choose this method, then each time we coarsen the
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Fig. A1. Passive tracer concentration averaged over vertical(a, c) and averaged across the plume(b, d) after 18 h. Thin lines in all panels
show the model with advection at highest resolution and averaging of chemical concentrations over gridboxes equivalent to the C8 coarsening
case. The thick lines represent the concentrations of the coarsened advection (C8) with two-way exchange turned on (c, d) and advection
without the two-way exchange (a,b). Contour intervals are 10 ppb and contour lines decrease away from the source (black dot).

model resolution we average more of the LEM wind compo-
nents together thereby losing spatial variability in the wind.
By averaging the wind field we stand to lose scales of motion
that were originally resolved by the LEM simulation.

The method used in this study retains all of the high res-
olution winds and calculates a net flux into each box edge
and out of each box edge at each level of coarser resolution.
For this two-way flux scheme, we must calculate the total
negativeF− and positiveF+ fluxes at each grid box edge:

F−

i,j,k−1/2 =

∑
i,j :wi,j,k−1/2<0

wi,j,k−1/2
δaδt

δV
(A4)

F+

i,j,k−1/2 =

∑
i,j :wi,j,k−1/2>0

wi,j,k−1/2
δaδt

δV
(A5)

whereδa is the area of the highest resolution grid box side
and not the area of the larger volume box at a coarser grid
resolution. Now the update for the mean concentration in
box (i, j, k) is

q
(t+δt)
ijk = (1 − F−

i,j,k−1/2 − F+

i,j,k+1/2)q
(t)
ijk

+F+

i,j,k−1/2 q
(t)
i,j,k−1 + F−

i,j,k+1/2 q
(t)
i,j,k+1 (A6)

regardless of the sign of the wind component.
Using the example of a passive tracer in the C8 resolution

case, Fig. A1 demonstrates how the two-way flux scheme is
superior to the wind averaging scheme as a method of coars-
ening the model resolution. Panels (a) and (c) show a verti-
cally averaged plume and panels (b) and (d) show a horizon-
tally (along-plume) averaged plume including the emission
site. The black dot shows the location of the passive tracer
source. The thin lines in all panels are the result of advect-
ing at the highest resolution, but averaging the concentra-
tion over a coarse grid box volume. The top two panels (a,
b) compare the high resolution advection (thin lines) to the
coarsening method by averaging wind fields and performing
a single flux exchange at the grid box boundary (thick lines),
using the wind averaging technique. The bottom panels (c,
d) compare the high resolution advection (thin lines) to the
two-way exchange at the boundaries (thick lines). It is evi-
dent that the two-way exchange matches the highest resolu-
tion plume in vertical and horizontal extent much better than
the wind averaging scheme. The wind averaging scheme
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causes the tracer to flatten out in the horizontal and dimin-
ishes its vertical extent. Therefore, we use the two-way ex-
change method to model all the degraded resolutions cases
of the ship plume.
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