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Abstract

A high resolution chemical transport model of the marine boundary layer is designed
in order to investigate the detailed chemical evolution of a ship plume. To estimate
systematic errors due to finite model resolution, otherwise identical simulations are run
at a range of model resolutions. Notably, to obtain comparable plumes in the differ-
ent simulations, it is found necessary to use an advection scheme consistent with the
Large Eddy Model representation of sub-grid winds for those simulations with degraded
resolution. Our simulations show that OH concentration, NO, lifetime and ozone pro-
duction efficiency of the model change by 8%, 32% and 31% respectively between the
highest (200 mx200 mx40m) and lowest resolution (9600 mx9600 mx 1920 m) simu-
lations. Interpolating to the resolution of a typical global composition transport model
(CTM, 5°x5°), suggests that a CTM overestimates OH, NO, lifetime and ozone pro-
duction efficiency by approximately 15%, 55% and 59% respectively. For the first time,
it is shown explicitly that the reduction in model skill is due to the coarse resolution
of these CTMs and the non-linear nature of atmospheric chemistry. These results are
significant for the assessment and forecasting of the climate impact of ship NO, and in-
dicate that for realistic representation of ship plume emissions in CTMs, some suitable
parametrisation is necessary at current global model resolutions.

1 Introduction

Oxides of nitrogen (NO,) play a central role in determining the composition of the at-
mosphere. A significant source of NO, is from shipping; however, its inclusion in global
atmospheric composition transport models (CTMs) leads to a significant reduction in
model skill in simulating the composition of the marine boundary layer (MBL). Interna-
tional shipping consumes 16% of the total fuel for all traffic (road and aviation included)
with the ocean-going fleet emitting approximately 9.2times the NO, of aviation traffic
(Eyring et al., 2005b). Increased industrialization and globalization suggest that ship
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emissions will continue to grow at around 3% yr‘1 (Entec, 2002). By 2050, ship-emitted
NO, could exceed that emitted by present-day road traffic, if the extrapolation is based
on an emissions scenario corresponding to high GDP growth (Eyring et al., 2005a).
Despite their importance, ship emissions are not typically included in global 3D CTMs
as they cause models to significantly overestimate NO, and O in the MBL (Kasibhatla
et al., 2000; Davis et al., 2001; Endersen et al., 2003). This overestimate is usually
attributed to the combination of coarse spatial resolution and the non-linear nature of
the O,—HO,-NO, chemistry (Song et al., 2003). However, little work has been under-
taken to quantify the impact of resolution on ship plumes. In this paper we construct a
model specifically to investigate the impact of resolution on the photochemical 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 O,—HO,-NO, chemistry of a ship plume.

The high temperature combustion in ship engines leads to emissions high in NO,, 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 NO,
emissions from shipping to be 6.87 Tg Nyr‘1 with a 5-th to 95-th percentile spread of
6.19t09.15TgN yr'1. This can be compared to a global anthropogenic NO, emission
of 33Tg Nyr_1 and emissions from all sources of 52 Tg Nyr‘1 (Forster et al., 2007).
Whereas most NO, sources are to be found over land, emissions from shipping occur
within the MBL and therefore constitute the only large primary NO, source in these
regions.

Endersen et al. (2003) found significant perturbations to NO,, NO, and O3 within
the MBL due to ship emissions and then investigated this impact on the climate sys-
tem. Their model calculations indicated that the resulting increase in O3 leads to a
radiative forcing since pre-industrial times of 0.029 Wm™2. They also found that the
global increase in OH concentrations leads to a decrease in CH, concentrations that
also has a radiative impact and calculate this to be —-0.028 Wm™2 since pre-industrial
times. These values are around 10% of the total radiative forcing of these gases since
pre-industrial times.
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Remarkably, tropospheric reactive trace gases ozone (O3) and methane (CH,) to-
gether contribute approximately as much towards positive global radiative forcing as
carbon dioxide (CO,) (Forster et al., 2007). Emission of oxides of nitrogen (NO,) plays
a crucial role in determining the sources and sinks of O5 and the lifetime of CH, (Lo-
gan, 1985). Therefore, understanding the source and chemical fate of NO, is key to
understanding the global chemistry-climate system.

Understanding the processes controlling the composition of the MBL and its photo-
chemistry is of central importance to the chemistry-climate system. Over 50% of CH,
is destroyed within the MBL (Lawrence et al., 2001) and the MBL constitutes a large
sink for O3. Thus, although far from pollution 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 per-
turbations in the composition of the MBL. Kasibhatla et al. (2000) found the inclusion of
ship emissions of NO, caused a seven-fold increase in the modelled NO, concentra-
tion in the North Atlantic MBL. Lawrence and Crutzen (1999) found that when ship NO,
emissions were included in their global CTM, surface NO, 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 overestimates of NO,, O; and OH were found when the study focused on ship-
ping lanes away from the coasts. In an independent study, Davis et al. (2001) also
demonstrated that including ship emissions in a CTM can overestimate the observed
median NO, values by 2.5 to 4 times even when accounting for model bias.

The apparent errors in model chemical budgets associated with ship emissions, in-
cluding significant overestimate of ozone production, have been attributed by some
authors to model resolution effects. In a coarse resolution model, chemical mixing
ratios near emissions sites are instantaneously homogenized within the volume of a
model grid-box. It is well-established that, due to the nonlinearity of O,—HO,-NO,
chemistry, such artificially rapid mixing can lead to systematic changes in net radical
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concentrations, and consequently 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 overestimation of ozone production
rates in coarse resolution models is apparent if one considers the two distinct chemi-
cal regimes that exist near any localised source of NO,, including ship plumes. At the
core of the plume near the source, NO, concentrations are high, and the ozone pro-
duction efficiency (OPE), or number of ozone molecules produced per NO, molecule
destroyed, is known to be low (Liu et al., 1987). Further from the source, where the
emitted NO, has been diluted by clean MBL air, the OPE may be many times higher.
Generally, clean MBL air has high OPE and a low concentration of NO, leading to little
O3 production. However, the more rapid the mixing experienced by the plume, the less
time a typical NO, molecule spends in the low OPE regime, and the greater its proba-
bility of reaching the high efficiency regime before it is destroyed. If a plume is poorly
resolved due to coarse model resolution, the associated artificial mixing will therefore
ensure that the average OPE is higher. Esler et al. (2004) have shown the degradation
of CTM model fields, from a horizontal resolution of 5.5°x5.5° (T42) to 2.75°x2.75°
(T21), leads to a systematic increase of 5—10% in OPE throughout the troposphere. In
shipping lanes where strong gradients of NO, 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).
Establishing whether or not the resolution effect can fully 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, heterogeneous chemistry in the plume may remove the NO,
or halogen chemistry within the MBL may lead to enhanced Oz and NO, loss rates
and enhanced rates of removal. A multi-model study of the global impact of shipping
on NO, and O; found that the estimated uncertainty resulting from a combination of
the uncertainties in ship emission totals, global distribution of ship emissions and the
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neglect of ship plume dispersion was greater than the uncertainties resulting from using
the different models (Eyring et al., 2007). Therefore, the ability of resolution to explain
the perceived failure of global models to simulate ship NO, emissions should be tested
fully within a model.

This paper is organized as follows. Section 2 describes the physical system we
model and in Sect. 3 we give the technical details of our model. In Sect. 4, we discuss
the highest resolution runs of our model and then report the results of degrading the
model’s resolution in Sect. 5. Conclusions are then given in Sect. 6.

2 Physical and chemical scenario

Our goal is to model the emissions plume of a typical merchant ship travelling across
the open ocean through the remote 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.

The relative mean wind speed in our simulations is taken to be 1 ms™' in the neg-
ative x-direction. Typical translation speeds of merchant and military ships used in
previous studies range from 7.7-12.6 ms™ (Liu et al., 2000) and 5-12 ms™’ (Hobbs
et al., 2000), so the prescribed wind field can be interpreted as being relative to the
moving ship’s frame of reference (i.e. so that the wind speed relative to the ground is
in the range 4-11.6 ms‘1). The current study is therefore focused on the case where
the ship is moving in the same direction as a steady breeze. Other ship-relative wind
relationships are also of interest (e.g. Song et al., 2003), but due to the difficulty of re-
solving the plume over a much larger domain, which would require substantially greater
computational resources, we choose to concentrate on the aforementioned scenario.

Ship emissions are assumed to take place into initially unpolluted MBL air that is typ-
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ical of the subtropical location of the BOMEX experiment. Because most NO, emitted
by fossil fuel combustion consists mainly of NO (EPA, 2000; Hewitt, 2001), our model
ship releases NO at a point source, directly into the MBL. The initial trace gas concen-
trations 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, [NO,]=30 ppt, [CH,0], [CH;OO0H] and
[H,0O,] (all 100 ppt). Ship emissions of NO commence at noon local time into the clean
MBL background. The variability of NO, emission scenarios in the literature (Hobbs
et al., 2000; Song et al., 2003; Sinha et al., 2003; von Glasgow et al., 2003; Chen
et al., 2005) stems from the differences in vessel and engine type and average ship
speed under investigation. The range of emission factors spans 12 to 65 g 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 3393'1. This rate is obtained from the case of a medium
speed compression ignition marine engine using 50 tons of fuel per day emitting NO,
at a rate of 57 kg per ton of fuel (Corbett and Fischbeck, 1998; Corbett and Koehler,
2003). We have also examined the results of a running lower emission scenario of NO
released at a rate of 16 g s (not shown).

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
resolution (compared to a global composition transport model), but also capable of
having its numerical grid systematically coarsened to progressively lower resolutions.
The model equations to be solved are

+u-Vg,=Hyq)+S,, n=1,..., N, (1)
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for the vector of chemical species concentrations g={q4, g5, . . ., gy}, where the num-
ber of species N=12. The initial conditions for all species are set to the uniform MBL
concentrations described above in Sect. 2. The source term S,,, 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 ve-
locity field u is derived from the output of an LEM simulation, as described in Sect. 3.1.
Section 3.2 discusses the advection scheme used to advance the left hand side of
Eqg. 1. Finally, the details of the chemical species g and chemistry scheme H,(q) are
set out in Sect. 3.3.

The model domain is taken to be periodic in the y-direction (cross-flow direc-
tion). In the x-direction (along-flow direction), inflow conditions based on clean air
MBL concentrations are imposed at the upstream boundary and outflow conditions
at the downstream boundary. The dimensions of our high resolution domain are
115.2kmx9.6 kmx1.92 km. That region of the LEM 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 do-
main below. Note that the reservoir is located above the level of imposed subsidence
(approximately 1.5 km) in the LEM simulation to be described.

The mean wind velocity, relative to the ship stack, in our simulations is taken to be
1ms™" in the x-direction. The plume remains in the domain for approximately 36 h
before exiting the box 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 (version 2.3) (Gray et al.,

2001) to provide high resolution winds suitable for the modelling of a ship plume. For

the present investigation a classic idealised MBL simulation of trade wind cumulus

based on the BOMEX case study (Siebesma and Cuijpers, 1995; Brown, 1999) is cho-
8594

ACPD
9, 8587-8618, 2009

The impact of
resolution on ship
plume simulations

C. L. Charlton-Perez
etal.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/8587/2009/acpd-9-8587-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/8587/2009/acpd-9-8587-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

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 meteorology will be addressed in future work). Additionally, the LEM simulation
of BOMEX is appropriate because the model simulations have been extensively evalu-
ated during studies performed within the “Global Energy and Water Cycle Experiment
Cloud System Study” (GCSS) programme (Brown, 1999). Consequently, the simula-
tions produce a sufficiently realistic boundary-layer for the purposes of this study.

Version 2.3 of the Met Office large eddy model (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. The model setup of Brown (1999) is used,
with a larger horizontal domain (9.6 kmx9.6 km rather than 6.4 kmx6.4 km) and with
larger horizontal grid-spacings (200 m rather than 100 m) in order to reduce computa-
tional costs. The model domain is 3km high and the vertical grid-spacing is 40m. A
Newtonian damping layer is applied above 2300 m to prevent the reflection of gravity
waves from the top of the model.

Cloud water is modelled with a single moment scheme, and the LEM rain scheme
is not switched on. Surface sensible and latent heat fluxes are prescribed (8.04 Wm™2
and 130.052 Wm™2 respectively) so that in the present experiments there is no diurnal
cycle in the model winds. Radiative effects are not explicitly modelled, instead a radia-
tive cooling of 2 Kday‘1 is imposed from the surface to 1500 m, which then decreases
linearly to zero at 2500 m. A large-scale subsidence is imposed with a maximum sub-
sidence rate of 0.0065ms™" at 1500 m (linearly decreasing to zero at the surface and
2100 m). Adrying of 1.2x1 078 g kg'1 s'is applied from the surface to 300 m (decreas-
ing linearly to zero from 300 to 500 m) to represent large-scale horizontal advective
drying in the sub-cloud layer. In addition to the model winds, the LEM simulation also
provided temperature and pressure profiles for use in the model chemistry scheme.

Given that the zonal wind speed is approximately 1 ms~ 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 NO, emissions on the system. A longer
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model domain in the zonal direction is required in order to simulate the 36 h needed to
examine the impact of the ship plume on MBL photochemistry. To increase our domain
size with the minimum off-line computational expense, we “tile” the output of the LEM
along the zonal direction to form an extended domain for the plume to occupy. The
periodic boundary condition used for the initial LEM simulation is ideally suited for this.
We use 12 tiles, and thus we go from a 9.6 kmx9.6 kmx1.92 km LEM simulation to a
115.2kmx9.6 kmx1.92 km simulation with the chemistry transport model.

The LEM generates wind fields for a 6 h period. The photochemical transport model
simulations are run for 36 h so the LEM meteorological fields are reused for each 6 h
period of the photochemical transport model integration (see Sect. 3.2 for details). Note
that the diurnal cycle in the MBL is not as pronounced as in a boundary layer over land
(Stull, 1988); therefore, the absence of a diurnal cycle in the wind fields is not believed
to be a major issue for the current study.

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 species g,
(n=1,...,12), with u derived from the LEM output. Note that the supplied wind-field is
non-divergent V-u=0. As mentioned above, all simulations are run for 36 h which en-
sures 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 sec which
is chosen to satisfy the Courant-Friedrichs-Lewy (CFL) condition. Numerical tests es-
tablished that model solutions are not very sensitive to the degradation in the temporal
resolution 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 at t=0 and the time
series for u is used again.

A natural first approach to degrade the resolution of the wind fields, for use with a
lower resolution version of the advection model, is simply to average the wind compo-
nent normal to each grid-box boundary. Because the LEM supplies a divergence-free
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wind field, the averaging process maintains the divergence-free property of the wind
field while rendering 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 compo-
nents normal to each grid-box boundary separately. This approach allows a two-way
exchange at each grid box boundary. 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 relatively near the surface compared to the higher resolution sim-
ulations. 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 mx200m in the horizontal and
40 m in the vertical, 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 res-
olution 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 by n®
where n=2, 4, 8, 16, 48 and we refer to these cases as Cn in the figures. The two-way
flux exchange method we use to coarsen the winds preserves the sub-gridscale winds
while coarsening the chemistry model resolution (See Appendix A). This ensures that
we maintain a consistent physical form of the plume across model resolutions.

3.3 Chemistry scheme

Our chemistry scheme includes the key interactions of O,—HO,—NO, and the relevant

photochemistry in the MBL. We designed the chemical model to focus on the key re-

actions of NO,, in the ship plume and surrounding air, with O and the hydroxyl radical
8597
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OH. To this end, we follow the evolution of twelve critical species while maintaining
other species constant. We hold three species constant over the entire model run:
H,O, CH, 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 chem-
istry in the MBL. The reaction rates are taken from the Master Chemical Mechanism
(http://mcm.leeds.ac.uk/MCM/). We model the evolution of twelve chemical species:
O3, NO, NO,, NO3, OH, HO,, CH;0,, CH,0, CH300H, H,0,, HNO5 and N,O5. We
ignore HNO, and HNO, chemistry as these species do not play a significant role in the
MBL.

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 pro-
files of temperature 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 integrate the chemistry component of the system of differential
equations (1).

4 Results: high resolution simulations

We allow the model to spin up for 12h and use only the last 24 h of the simulation in
our study. Results are shown for times on the second day of the run and all times are
given as local time.

Figure 1 shows the horizontal extent of the NO, plume at the lowest model level.
Highest NO, 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=115.2km, y=4.8 km). The NO, plume is mainly being advected westward relative
to the ship stack, and spreads out due to turbulent diffusion downwind of the source.
Figure 2 shows a vertical cross-section of the NO, plume at four locations downstream
from the source. The plume height and across-plume width increase with distance
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downstream from the source. Note that the plume remains generally trapped in the ver-
tical below the level of imposed subsidence in the LEM model (approximately 1.5 km).

5 Results: impact of resolution

In this section we show how the spatial patterns of NO,, O; and OH concentrations vary
as model resolution is changed. We also assess the impact of changing the model
resolution by computing the spatial mean over the model domain of several relevant
quantities: OH concentrations, NO, lifetime and O3 production efficiency. These mean
values are calculated at noon (local time) on day 2 of the model integration.

Figure 3 shows snapshots of the lowest vertical level of the ship plume in NO,,
O3 and OH at noon on day 2 for five different resolutions of horizontal grid box vol-
ume: 200mx200mx40m (C1), 400mx400mx80m (C2), 800 mx800 mx160 m (C4),
1600 mx1600mx320m (C8) and 3200 mx3200 mx640 m (C16). The plume becomes
more diffuse as we coarsen the grid boxes (moving down the page). At all model res-
olutions we can clearly distinguish the heart of the ship plume as shown in Fig. 3a
(left column) by very high NO, coincident with the O and OH minima in 3b (middle
column) and 3c (right column). It is to be expected that when NO, is at very high levels
it will consume O5 and OH rapidly. At all resolutions, the area within the NO, plume
contour line 3162 ppt overlaps with lower O3 (<24 ppb) and lower OH concentrations
(<4x10° molecules cm™).

For all resolutions, the OH levels are highest in a “halo” which lies on top of the NO,
plume edge where the NO, values are roughly between 300 and 1000 ppt. This halo
is consistent with our knowledge of the OH response to NO, in tropospheric photo-
chemistry. In their observational work, Sinha et al. (2003) discuss the effect that NO,
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.

Figure 4 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,
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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 NO, at the plume
edge and high levels of O3 which have not yet been consumed by the NO, plume.
Chen et al. (2005) calculate an average OH value using observed NO, in ship plumes
in conjunction with a photochemical 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 1.4times higher than in the ambient air
and can be up to 12times higher than 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
(115.2kmx9.6 kmx1.92km) of OH, NO, lifetime and Ozone Production Efficiency
(OPE). OPE is defined as the number of O3 molecules produced given the number of
NO, molecules consumed in a unit volume and is calculated in the model as the mean
ratio of O, production rate to mean NO, loss rate (Lin et al., 1988). All three quantities
appear to be linearly dependent on resolution for cases C4, C8, C16 and C48 (see
Figs. 5, 6 and 7). The two highest resolution cases C1 and C2 appear to asymptote
to a similar value in all three figures. In Sec. 3.2, we explained 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 resolution cases, using a Matlab
routine (robustfit.m) which implements 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 results to coarser resolutions, comparable to
CTM grid boxes of 1°x1°, 4°x4° and 5°x5° (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
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studies using box models.

In a study by (von Glasgow et al., 2003), using a global chemistry model 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 factor of 10 by which we
incre3ase the grid box volume, we can expect an increase of 2x10° molecules of OH
cm™.

We define the NO, lifetime as ratio of concentration of NO, to rate of loss of NO,,
where, in our model, the NO, loss rate is equivalent to the production rate of nitric
acid (HNOg). First, we calculate the domain mean quantities, mass-weighted in the
vertical, of NO, loss and HNO; production rate and then compute the ratio. In our
results, the spatial variability of NO, lifetime is extremely high across the domain when
a ship plume is present. But if we look at the domain mean, NO, lifetime decreases
steadily with coarsening model resolution. Figure 6 shows that by decreasing spatial
resolution we decrease the mean lifetime of NO,, but only by fractions of an hour. 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 0.34h or 20 min. The negative trend in NO, lifetime is
anti-correlated with OH levels and as suggested by (Chen et al., 2005) could indicate
that the reaction of OH with NO,, to produce HNOj is the main process by which NO, is
lost. In fact, in our model, the NO, loss rate is defined as the production rate of HNO;.

Song et al. (2003) speculated that NO, lifetime would be 2.5—-10times shorter in the
ship plume than in the MBL environment. Chen et al. (2005) measured NO, 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 meteorological conditions and therefore, may have had
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below-average emission concentrations. Then, using a model of exponential decay
with plume age and the observations as input Chen et al. (2005) calculated in-plume
NO, lifetime to be approximately 113+23 min. In their study, at noon in the “moderately
polluted” background air, NO, lifetime was about 6.5 h, about 4.7 h longer than in the
ship plume. We calculated the mean NO, lifetime in the entire domain (not shown)
for a model run with a ship plume and without at different resolutions and found that
the presence of a ship emitting NO decreases the mean NO, lifetime in the domain
by approximately 2 h, less than half the difference found in their study. The difference
may be due to the fact that in our model the plume 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) suggest that global CTMs overestimate NO, because high con-
centrations of OH in-plume reduce NO, lifetime in-plume. We find that OH concen-
trations are highest (Figs. 3c and 4) and induce the shorter lifetime of NO, not in the
plume core but on the edge of the plume in the aforementioned OH “halo” region. Such
spatial detail is impossible to represent if ship plumes not resolved in a model.

Figure 7 shows the OPE at noon on day 2 averaged over all grid boxes in all reso-
lution cases. OPE increases sharply as the grid is coarsened; the slope is about 0.58
which translates 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 extrapolate for larger grid box volumes as we did for mean OH and NO, lifetime,
we can see that a 5°x5° grid box model would have a mean OPE larger than 10, a
clear overestimate of the high resolution ship plume simulation of about 59%.

As we degrade model resolution we find that the same ship emission rate affects
the photochemistry of the MBL in significant ways. In the ship emission runs, when
the model resolution decreases from C1 to C48: OH increases by 8%, NO, 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°x5° case,
55% longer NO, lifetime and 59% less OPE. When the ship emission rate is halved to
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1693‘1 (not shown), OH increases with increasing grid box volume but is less steep.

The trend for NO, lifetime is still negative, but less steep and hence remains anti-
correlated with the trend in OH. In the case of OPE, the lower emission rate generates
a stronger increase in OPE with coarsening resolution so that a factor of 10 increase
in grid box volume results in 0.82 increase in OPE.

When we run the model with a completely clean environment (i.e. no ship emissions)
for 36 h, the domain mean values on day 2 at noon for OH, NO, lifetime and OPE are
5.8x10° moleculescm'3, 6.4h, and 21.3, respectively. Comparing the model clean
run, without ship emissions to that with ship emissions, OH increases 59%—72% (C1—
C48) in the presence of ship emissions, NO, lifetime decreases 21%—46% (C1-C48)
and OPE decreases 61%—-70% (C1-C48).

6 Conclusions

We have built a high spatial resolution model of the chemistry of the MBL with the inclu-
sion of a point source of NO representing emissions from a ship. A range of identical
simulations are run in which we vary the spatial resolution to investigate the effect of
resolution on the OH concentration, lifetime of NO, and OPE. We find that the impacts
of the ship NO emissions on the MBL chemistry are highly dependent on the model
resolution. Within the range of resolutions investigated, OH concentrations increase by
about 8% between the highest and lowest resolution simulations. Interpolating this to a
resolution typical of CTMs would imply approximately a 15% overestimation of the im-
pact of ship NO, on MBL OH concentrations calculated by these models. NO, lifetime
is anti-correlated with OH levels which is in agreement with the results of Chen et al.
(2005) and could be seen as evidence that the reaction of OH with NO,, is the key to
loss of NO,. The ozone production efficiency increases by 31% between the highest
and lowest resolution simulated here. Interpolating to the scales typical of CTMs we
suggest an overestimation of the ozone production by ship emissions within CTMs of
approximately 59%. We conclude that spatial resolution has a significant impact on the
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simulation of the chemistry of ship emissions in the MBL.

An interesting issue is the turning over or leveling off of the mean values in Figs. 5,
6 and 7. To explore the significance of the shape of this curve, one could run the LEM
at a higher horizontal resolution, 50x50 m? and use the resulting winds to advect the
chemical species. This would provide evidence as to whether or not the mean values
of OH, NO, lifetime and OPE are approaching a limiting value.

In the future this modelling framework will be used to focus on the impact of different
meteorological scenarios, different emission fluxes 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. One would
expect such a circulation to cause dramatically different plume dynamics, changing the
spatial pattern of dilution and perhaps affecting the “halo” of OH as well.

The results presented here are a starting point from which to map out the level or
degree of uncertainty due to the neglect of ship plume dispersion and chemistry that
currently plague CTM studies of the impact of NO, emission on O5 production. They
may also have significant implications for other plumes such as from power stations.
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 in Esler (2003).

Appendix A

To solve the advection equation
0q,
ot

where the wind field is divergence-free (V-u=0) and where q,, is the average concen-
tration of the n-th chemical species, we calculate the flux between grid boxes using the

+u- an = Hn(q) + Snr (A1)
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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 (/, j, k) F; ; x_1/2 @s

O6Abt
Fijk-1/2 =W j k-1/2 A (A2)

where w; ; ,_4/, is the velocity at the bottom edge of the box, 64 is the area of the
base of the grid box, &t is the advection time step and 6V is the volume of the grid box.
Let q,(j)k be the mean concentration of a particular species in gridbox (/, j, k) at time ¢.
If, for example, F; ; x.1/2>0 and F; ; ,_41,5>0 then we update the mean concentration
in the vertical direction in the following way:

e’ = (1= Py + Fiet /oGy oy (A3)

We coarsen the model resolution by increasing grid box volume. To advect the chem-
ical 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 model resolution we average more of the LEM
wind components 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.

Another method retains all of the high resolution 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 negative F~ and positive F* fluxes at
each grid box edge:

_ dabt
Fi,j,k—1/2 = Z Wij k-1/2"5y (A4)
i, Wi j k-172<0
babt
Fiketre = 2 Wi jk-1/2"gy~ (AS)

/'j:Wf,j,k—1/2>o
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where 6a 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 concen-
tration in box (/, j, k) is

t+6t - t t - t
q/('/'k =1 - F// k-1/2 F/,+j,k+1/2)q/('/)k * Fijrj,k—1/2 q,()/ k=1 F F// k+1/2 q'()/ ke (AS)
regardless of the sign of the wind component.

Using the example of a passive tracer, Fig. 8 demonstrates how the two-way flux
scheme is superior to the wind averaging scheme as a method of coarsening the model
resolution. Figure 8, panels a and ¢ show a vertically averaged plume and panels b and
d show a horizontally (along-plume) averaged plume including the emission site. The
black dot shows the location of the passive tracer source. The solid lines in all panels
are the result of advecting at the highest resolution, but averaging the concentration
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 evident that the two-way
exchange matches the highest resolution plume in vertical and horizontal extent much
better than the wind averaging scheme. The wind averaging scheme causes the tracer
to flatten out in the horizontal and dimishes its vertical extent. Therefore, we use the
two-way exchange method to model all the degraded resolutions cases of the ship
plume.
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Table 1. Chemical reactions modelled. Derived from the Master Chemical Mechanism where
¢ is solar zenith angle; T temperature [K]; p pressure [hPa]; and m number density of air
[molecules cm™]. k4, reaction product is H,O; ki represents PAN decomposition; kg repre-
sents the heterogeneous uptake of N,Os.
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O3+hv—>01 D J,=6.073x10"%cos(¢ " "*®)exp(-0.474/ cos ¢)
NO,+hv— NO+0O4 Jo=1.1 65x10'2cos(§°'244)exp(—0.267/ cos ()
CH,0+hv—CO J5=6.853x107° cos(¢™*"")exp(—0.353/ cos ¢)
CH,0+hv—CO+2HO, J,=4.642x107° cos(¢""%)exp(—0.353/ cos ¢)
NO,+hv—NO J5=2.485x1072 cos(¢®"%®)exp(—0.108/ cos ¢)
NOz +hv—NO,+0; J5=1.747x10"" cos(¢*"*°)exp(-0.125/ cos ¢)
NO+0;—NO, ky=1.4x10""2exp(-1310/T)

OH+CO—HO, k,=1.30x10""

OH+CH,—CH;0, ks=9.65x1072° (T2%®)exp(-1082/T)
HO,+NO—OH+NO, ks=3.6x10""2exp (270/T)

HO,+0;—OH k,=2.03x107"® (7 /300)**" exp(693,/T)

CH;0,+NO—NO,+CH,0+HO,

ks=1.82x10""3exp (416/T)

CH30,+HO,—CH;O0H+0, ky=3.80x10""3exp (780,/T)

HO,+HO,—H,0, kyo=2.20x10""*exp(600,/T)+m1.90x 10 *3exp(980,/T)

OH+NO,—HNO, kyy=kokif [(ko+K;) [ko=m 3.3x107%°(T/300)72, k;=4.1x107"",
f=10°90 014/(1+(|°Q1o(ko/k/))2)}]

OH+HO,— ky»=4.80x10"""exp(250/T)

CH30,+CH;0,— ky3=1.82x10""2exp(416/T)

NO,+0;—NO, ky4=1.40 x 10™"3exp(-2470/T)

NO+NO;—2NO, ky5=1.80x10"""exp(110/T)

NO,+NO;—N,Oj kyg=kokif (ko + K;), [k;=1.90x107"2(T /300)°2
ky=m3.60x1 (')-30(7'/300)-41 | f=10110910035/(1 +(|°91o(ko/ki))2))]

N,0s—NO,+NO;, Kyy=koki /(Ko +k;), [F=1019910035/(1+(00ke/k)F)
ko=m1.00x1073(T/300)~*°exp(-11000/7)
k;=9.7x10"(T /300)° 'exp(~11080,/T)]

—NO, ky5=9.25x10°

N,O5—2HNO, kig=4.0x107*

NO,+NO; —NO,+NO koo=4.50x10""*exp(-1260,/T)
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Fig. 1. Lowest vertical level of the NO, (NO+NO,) plume in the highest resolution (C1) ex-
periment at noon (local time) on day 2, after the plume has evolved for 24 h. Darker shading
indicates higher NO, concentrations. Contour intervals are base 10 logarithmic in units of ppt.
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Fig. 2. Vertical sections of NO, 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
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Fig. 3. Lowest vertical level of plume in NO, (a), O; (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.
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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.
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Fig. 5. Domain mean OH at noon (local time) on day 2 for different resolutions. Dashed line
represents best fit to the model results 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 (1.92km). For comparison, a “no
emissions” model run produces a domain mean OH of 5.8x10° moleculescm™ at the same
time.
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Fig. 6. Mean NO, lifetime, (defined as the ratio of domain total rate of production of HNO; to
domain total NO, ), at noon (local time) on day 2 for different resolution domains. 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 NO, lifetime of 6.4 h at the same
time.
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Fig. 7. Domain mean OPE at 12:30 (local time) 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.
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(a) Vertical average without 2-way adv. (b) Across—plume average without 2-way adv.
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(c) Vertical average with 2-way adv. (d) Across-plume average with 2-way adv.
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Fig. 8. Passive tracer concentration averaged over vertical (a, €) and averaged across the
plume (b, d) after 18 h. Thin lines in all panels show the model with advection at highest reso-
lution 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).
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