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Abstract. The chemical evolution of the exhaust plumes of 1 Introduction
ocean-going ships in the cloud-free marine boundary layer

i; examir_ued with ? bokaodel. Qilution of the ship plume The effects of the emissions of ships on cloud albedo were
via entr_alnment 0 bac ground air was treated as n StudTirst described by Conover (1966). In the last decades many
les of aircraft emissions and was found to be a very Impor-, e sy dies dealt with the impact of ship exhaust on cloud

tant process that significantly alters model results. We eSti'aIbedo and microphysics (e.g. Coakley et al., 1987; Acker-
mated the chemical lifetime (defined as the time when dif- - "ot a1 1995 Ferek et al.. 1998: Durkee et al. ’2000b).

fe;rences between plume and backgrounq air are'reduced %he impact of ship exhaust on the chemistry of the marine
5% or less) of the exhaust' plume of a single Sh',p to be 2boundary layer (MBL), however, has only recently received
days. In(_:reased concentrations .Of’N(@ NO + NO_Z) Inthe "~ attention. Streets et al. (1997) published estimates of SO
plume air lead to higher catalytical photochemical produc-gnisgions from international shipping in Asian waters and
tion rat_es Of. @ and also of OH' I_Due to increased QH CON- of the contribution of ship emissions to the deposition on
centrations in the plume, the lifetime of many species (eSpeanq around the Asian waters. The first global compilation
F:lally NOy) is significantly reduced in p_Iumg air. The chem- of NOy and SQ emissions from ocean-going ships was pre-
istry on background aerosols has a significant effect on gaggyeq by Corbett and Fischbeck (1997) and Corbett et al.
phase chemistry in the ship plume, while partly soluble ship- 1999). They estimated global annual emissions of N©
produced aerosols are computed to only have a very small efe 10.12 teragram (Tg) per year (3.08 Tg Nbpand 8.48
fect. Soot particles emitted by ships showed no effect on gagy of 'SOZ per year (4.24 Tg S&) i'n 1993. The su'Ifur
phase chemistry. I—!alogeln Species Fhat are rel_eased from S%%ﬂtted by ships corresponds to roughly 20% of the biogenic
salt aerosols are slightly mcregged in plume air. In the earlyOlimethylsulfide (DMS) emissions from the oceans. In some
plume stages, however, the mixing ratio of BrO is decreaseqqiqng of the Northern Hemisphere ship emissions can be of
because It reacts Tap'd'y with NO. _TO study th? global ef- e same order of magnitude as model estimates of the flux
fec.ts of ship emissions we used a smplt_a upscalmg apprqacgf DMS whereas they are much smaller than DMS emissions
Wh'Ch suggeste_d that the parameterization of ship EMISSIONG, the Southern Hemisphere. Streets et al. (2000) published
in global chemistry modelg as a constant source at' the Sfeﬁpdated values for the sulfur emissions in and sulfur depo-
surface leads to an overestimation of the effects of ship emisg;iion around Asian waters. They also estimated that ship

sions on @ of about 50% and on OH of roughly a factor of o issions in the oceans off Asia increased by 5.9% yearly
2. The differences are mainly caused by a strongly reduceq)etween 1988 and 1995.

lifetime (compared to background air) of N@n the early

stages of a ship plume. Based on the emissions inventories by Corbett and Fisch-

beck (1997) and Corbett et al. (1999), Capaldo et al. (1999)
used a global chemical transport model (CTM) to study the
global effects of ship emissions on the sulfur cycle and the ef-
Correspondence tdR. von Glasow (roland@fiji.ucsd.edu)  fect on radiative forcing. They found that ship emissions can
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234 R. von Glasow et al.: Modeling of ship exhaust in the MBL

be a dominant contributor to S@oncentrations over much way the dilution of a ship plume, which is highly concen-
of the world’s ocean and in several coastal regions. Furthertrated directly after emission and subsequently diluted. Our
more they estimated the global indirect radiative forcing duebox model includes detailed gas and aerosol phase chem-
to ship derived particles to be0.11 W nT2. In ocean ar- istry as well as the entrainment of clean background air. We
eas with busy ship traffic 30—-50% of the predicted non-seancluded halogen chemistry (bromine and chlorine released
salt sulfate was due to ship emissions and even in the Soutfrom sea salt aerosol) and emissions of aerosol particles by
ern Hemisphere with very little ship traffic about 5% of the the ships. In Sect. 2 we describe the model and the treat-
nss-sulfate was predicted to be derived from ship emissionsment of the plume expansion. In Sect. 3 we discuss model

In another study with a different global chemical transport results of a single plume in detail to point to the most im-
model Lawrence and Crutzen (1999) investigated the effectportant processes. In Sect. 4 we consider the effects of over-
of NOy emissions on the budget ofs@Gnd OH and found lapping plumes and use an upscaling approach to assess po-
that in heavily traversed ocean regions the OH burden wasential global effects of ship emissions. Given the scarcity
predicted to increase up to fivefold. This would reduce theof field measurements and other studies this paper is of ex-
atmospheric lifetimes of reactive trace gases and could havploratory nature rather than trying to find final answers.
an effect on aerosol particle production and cloud properties
as OH is an important oxidant for DMS. 3@oncentrations
were estimated to increase by a factor of more than 2 over
the central North Atlantic and Pacific.

Using an updated emissions inventory and a different
global model, Kasibhatla et al. (2000) qualitatively con-
firmed the effects predicted by Lawrence and Crutzen (1999),

though due to a different geographic distribution of the emis-— . time dependent photochemical box model employed

sions, the effects were more widespread and peak enhanCﬁére is based on an updated version of the box model

ments not as large. Comparing t_he model predlcthns W'thMOCCA by Sander and Crutzen (1996) and Vogt et al.

. X ?1996) (the updated set of reactions can be found under http://
in NOy of about a factor of 10, therefore showing no SUpportWWW.mpch-mainz.mpg.desander/mocca). The model con-

for the model predicted enhancements of ]NO'hey con- e 121 mac mhace (HO).C .~ N } :
cluded that the parameterized description of plume dynamicsSIOIerS 131 gas phase (H-O-S-C-N-Br-Cl) reactions that are

o ) important for the chemistry of the MBL including halogen
and/or missing knowledge of the plume chemistry could t.’echemistry. A very comprehensive reaction set with 136

gilgnc;ause for an overestimation of the effects of ship ernIS'aqueous phase reactions, 11 heterogeneous reactions and

Davis et al. (2001) used the global model of Kasibhatla22 egumbrla is gsed fo.r sulfate and sea salt aelrosols. We

. . . also included 4 irreversible heterogeneous reactions on soot
et al. (2000) to further examine the issue using data taken
over the north Pacific Ocean during five field campaigns Overaerosol. The model uses a Gear solver as part of the FAC-
the time period 1991 to 1999. They also found a tendency forSIMH'E software (Curtis and Sweetenham, 1987). The pho-

this global model including ship emissions to overestimatetﬁgis rgtsihac:?;ﬁ:c:rlzt(édruvt\gtehnazlfggg—)stream model using
the observed NQlevels by a factor of 3.3 during spring and PP '
a factor of 5 during fall. However, even without ships, their  For the study of ship exhaust we consider an idealized air
simulations overestimate the observed,N¥y about 100%, parcel that is influenced by emissions of a ship that occur at
for unknown reasons (all numbers are from their Table 1).a certain time by releasing a “puff” of ship exhaust. These
Dauvis et al. (2001) also proposed a possible reason for themissions take place instantaneously, which is simulated by
large overestimate with ship emissions. The OH concentrasetting the concentrations of emitted gases and particles to
tion is one of the main factors in determining the Nie- values found in fresh plumes. Like in reality this air parcel is
time (via reaction with N@ to form HNGs, which is then  not further influenced by emissions from this ship. As soon
generally deposited). OH concentrations depend strongly omas the emissions occur, the plume air begins mixing with
NOy levels. They suggested that in plume air [OH] is high background air. As the plume cross section increases due
and therefore the NQlifetime reduced, resulting in smaller to entrainment of background air the plume air gets diluted.
NOx mixing ratios. This could help explain the tendency for We prefer to describe the dilution of the polluted air as “en-
global models to overestimate the observations because theainment of background air” to using the term “detrainment
different plume stages are not resolved in global models.  of polluted air” as we regard a single idealized air parcel that
To yield a better understanding of the chemical processeshanges its volume. We calculate the chemical evolution of
and the importance of plume dilution we developed a boxgas and aqueous phase species in the background and plume
model to study these processes in detail. With the help ofair separately and mixing between these regions is applied
this model, we discuss ship plume chemistry in greater detaihs discussed in the next section. This simplified approach
than previous studies; in particular we include in a simplistic enables us to study the plume over its complete lifetime.

2 Model description
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R. von Glasow et al.: Modeling of ship exhaust in the MBL 235

2.1 Mixing of background and plume air view from the side

iove,son ~~~~__a=="T

The approach that is used for the mixing of plume and back- ey

ground air has been adopted from studies of the evolution /__—"h - ship plume )
of aircraft exhaust (e.g. &cher, 1999). The plume expan- -7 meL
sion in these parameterizations is described with an expan N;%;L\NWW S

sion coefficient that has to be determined empirically. In the

description of point sources on the surface (e.g. power plant

plumes) often Gaussian plume expansion is assumed (€.g.  viewfromabove

Seinfeld and Pandis, 1998). The parameters needed forthe ~  _____------"7777f

latter approach can be determined from atmospheric stability R

data with further assumptions on boundary conditions. Our " TTTTTee--ll '

approach is similar to the Gaussian approach with the main R bt

difference that in our approach the parameters used for the bgondar |

calculation of the plume expansion do not vary with time. A

main restriction of both our and the Gaussian plume expan¥ig. 1. Schematic of the assumed plume expansion. The bold hor-

sion approach is, that inhomogeneities perpendicular to thézontal line indicates the inversion that caps the MBL. The dashed

direction of ship movement of the plume evolution cannot be!ines show the extent of the ship plume.

accounted for. This restriction can only be overcome with

the use of three-dimensional models (e.g. Large Eddy Sim-

ulation (LES) models). We did not try to parameterize the .

in-plume inhomogeneities, but concentrated on the entrain-

ment of background air into the ship plume. dcp 1 dAy
— = (Chg Cpl)

For the box model two reservoirs of air are considered: the dt |,,;, Ap dt
plume and the background reservoir. Both are assumed to
be well-mixed. Dilution of the plume takes place by expan-
sion of the plume and associated entrainment of backgroun
air. This means that we are effectively running two identi-

The change in concentration in the plumgthrough mix-
ing can be written as:

®3)

with the background concentratiep, and the cross section
81‘ the plumeA ;. The plume cross section (semi-ellipse) is
given asA ,; = /8wy h ;. Using this definition ford ,; one

cal copies of the box model (one for each reservoir of a|r) gets:
at the same time with the same reactions, photolysis rates
. .. . . 1 dApl 1 8w0 0 a+B-1
etc. but that ship emissions are considered only in one reser— o Tz woho T a P (o + Bt
voir and that the undisturbed, background reservoir (which“?l % 8 a,f A Y @
remains uninfluenced by the former one) serves only to pro- a+B

vide the appropriate background concentrations of gases and =
particles for the entrainment (one-way coupling). We assume

that mixing occurs only perpendicular to the ship’s course (in  The top of the MBL is assumed to be impenetrable by the
the vertical and in the horizontal, see Fig. 1). The expansiorplume, therefore the vertical expansion of the plume stops

t

of the plume can be formulated as: when#,,; reaches g, which is the height of the MBL.
Equation 3 can now be written as:
o
wp(t) = w0<£> (1) depl = { #(Cbg —cpt) hpi(t) < zmBL . )
fo dt |ix Flevg —cpr) hpi(t) = zmBL

B
hpi(t) = ho<i> 2 Values fore and 8 were estimated from the expansion of
fo ship tracks as reported in the literature. The plume evolution
is strongly dependent on atmospheric conditions like wind

wherew,; andh,; are the width and height, respectively, of speed, wind shear, etc. Itis therefore impossible to give num-
the plume at time, 1o is a reference time, here chosen to bers fore andg that are valid for all atmospheric conditions.
be 1 s after plume release ang andhg are reference di- Table 1 lists the estimates of plume expansion derived from
mension of the plume at timg. They were estimated from data found in the literature. “Best values” ferand 8 were
data in the literature (see references in Table 1) to be 10 nestimated and sensitivity studies performed to see the impor-
and 5.5 m, respectively, and correspond approximately to théance of the choice of these values. Our “best guess¥ fufr
cross-sectional area of a plume after 1esand g are the  0.75 is approximately the mean of the tabulated values. See
plume expansion rates in the horizontal and vertical, respecthe footnotes for details on the single cases. Durkee et al.
tively. (2000a) discuss a case of vertical plume dilution where first
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236 R. von Glasow et al.: Modeling of ship exhaust in the MBL

bright clouds (indicative of the ship pollution reaching the Hobbs et al. (2000) estimated an average particle emis-
top of the MBL) appear about 1400 s after plume release insion flux of 13 part s'1. Assuming an average ship speed
a 400 m deep MBL. Based on this, our “best guess’Fas of 10 m s and a plume height and width 1 s after plume
0.6. release of 10 and 5.5 m, respectively (see above), the parti-
Using the “best guess” values ferandg, the plume width  cle concentration would be about 1:8L07 part cnT2 after
after 1 hour is 4.6 km and the plume height about 750 m1 s. To account for the inaccuracies of this estimate we also
(unless the height of the MBL is smaller). The plume crossdid model runs with higher particle emission rates. Based
section increased from 55%mat 7 to 3.5 x10® m? which on Hobbs et al. (2000) we assumed a monomodal lognor-
corresponds to a dilution factor of 6:310%, mal size distribution for the emitted particles with a width
An implicit assumption of the described implementation of ¢ = 1.5 andry = 0.04 um. These particles are emit-
of mixing is that the plume is immediately well mixed and ted into a background with 156 part crhsulfate aerosols
that the input of background air has an immediate influenceand 0.7 part cm? sea salt aerosols. As for gases the parti-
on the chemistry of the complete plume. In reality one would cles are emitted instantaneously when the idealized air parcel
expect higher concentrations of pollutants in the center ofis crossed by a ship. In the model we assume that 10% of
the plume cross section and lower values to the edges whertiae dry aerosol nucleus that is emitted by the ship is soluble
clean air is mixed in. Further studies with three-dimensional(pure SO4) and that the rest is insoluble. We also included
models (e.g. Large Eddy Simulation (LES) models) shouldthe emission of soot particles. Dilution of the fresh plume
address this point. with higher particle concentrations occurs very quickly (see
The mass of the emitted compounds is conserved duringect. 2.1), therefore we did not include aerosol particle col-
the mixing process as the dilution of the plume air occurslision and coalescence processes. Only the number density
only by entrainment of background air into the expanding changes due to dilution. This assumption is confirmed by

plume and not by detrainment of plume air. observations of ship emissions into a cloud-free MBL by Os-
borne et al. (2001) who did not observe a modal development
2.2 Emission rate estimates of the aerosol spectra within the ship plunNe(vport Bridge

case—contrary to emissions into a cloudy MBL).
Corbett et al. (1999) provided global estimates for the emis- The measurements of Hobbs et al. (2000) did not show
sions of SQ and NO. Their inventory is based on data sjgnificant elevations of the mass concentrations of ions in
and estimates of the global ship fleet and transport routesy |k aerosol samples compared to the background. This is
fuel consumption, and emissions per consumed fuel. Theyyrohably due to the small sizes and masses of the emitted
used average NQOemission factors of 57 g(N&) kg{uél for  particles.
medium-speed diesel engines and 87 gﬁN@{él for slow-
speed engines from a Lloyd’s study (Carlton et al., 1995).2.3 Chemistry in the plume
These numbers are similar to the numbers provided by EPA
(2000). Massin and Herz (1993) cite data from the Interna-A possible additional gas phase reaction in plume air with
tional Marine Organisation that list NGemission factors of  high NG levels is the self-reaction of N DeMore et al.,
7049 kgjél. According to EPA (2000) 94% of NQis emit- 1997). The product pDy is known to rapidly decompose
ted as NO, so here we assume the same partitioning. Cothermally (DeMore et al., 1997) and to react slowly with wa-
bett and Fischbeck (1997) and Corbett et al. (1999), how-ter to HONO and HN@ (England and Corcoran, 1974). The
ever, use N@ as NQ,. This is accounted for in our calcu- equilibrium constant for N9+ NO, <— N2O4, however,
lations by considering only the nitrogen fluxes when we usegives an NO4 mixing ratio of the order of 6 pmol mof for
their data. We use the EPA (2000) values for the in-plumean NG, mixing ratio of 1xmol mol~, so that formation of
concentrations of NO and CO because these values are esti,O4 is expected not to play a role, which was confirmed
mated for fresh emissions and are consistent with the Corbetty inclusion of these reactions into the model. Other un-
et al. (1999) data for an average cruise engine load of 80%usual reactions within the NCfamily likewise do not play
Values for SQ were estimated based on Corbett et al. (1999)a role after the first seconds following plume emission be-
and aldehyde emissions are expressed as HCHO according tause they either are too slow (NONO + O — 2NOy,
EPA (1972) (see Table 2). No data for specified hydrocarborAtkinson et al., 1997) or have fast backward reactions
emissions was found in the literature. (NO + NO2 <— N30Og, Atkinson et al., 1997).

Hobbs et al. (2000) found that particles in ship tracks If combustion derived soot particles would be emitted by
are mainly composed of organic material with high boiling ships, they could have an influence on the chemistry, e.g.
points, possibly combined with sulfuric acid particles that by converting NQ in a heterogeneous reaction to HONO
were produced in the gas phase in the highp $&ime of  (Kalberer et al., 1996; Ammann et al., 1998). HONO rapidly
the plume. They found the typical water-soluble fraction of photolyzes, thereby producing OH and NO. The production
the particles to be 10%. According to their volatility mea- of OH in this reaction could compensate for a reduced pro-
surements, they are not composed of soot carbon. duction of OH from Q@ photolysis (@ concentrations are

Atmos. Chem. Phys., 3, 233-250, 2003 www.atmos-chem-phys.org/acp/3/233/
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Table 1. Estimates of values far

source ship track width distance from ship time since emission desived
Durkee et al. (2000a), ship 3100 m 40000 m 3390's 0.71
moves into wind, A

Durkee et al. (2000a), ship 3800 m 40000 m 1710's 0.80
moves into wind, B

Durkee et al. (2000a), ship 10500 m 40000 m 7690's 0.78
moves with wind, C

Durkee et al. (2000a), ship 6100 m 40000 m 9300's 0.70
moves with wind, D

Ferek et al. (1998) 7500 m 20000 s 0.67
“best guess” 0.75

@ Calculated based on relative windspeeds as given in Durkee et al. (200&0ugh estimate from Fig. 2 in Ferek et al. (1998)is
calculated with Eq. (1). The letters A-D indicate the cases discussed in Durkee et al. (2000a).

Table 2. Emissions strength of gases

NOx“ CcO SO HCHO
emission (g kwh'l) 100 1b
emission factor (g kg, 50° 5¢ 40!
exhaust mixing ratiogmol mol-1) 1000 100 360 5/

4 We used a NO:N@ ratio 96:4 (EPA, 2000¥ From EPA (2000) for a typical engine load of 80%.Calculated using a typical fuel
consumption of 200¢gg| kwh=1 (EPA, 2000)¢ Calculated using a fuel sulfur content of 2% and,SD g(SO») kgf_ulel) =20 x fuel sulfur
content (in %) (Corbett et al., 1999) Calculated from the data given previously, yielding a molar ratio of 0.36 between the mixing ratios of

SO, and NO in the exhaus{. 0.05x CO (EPA, 1972, they expressed aldehyde emissions as HCHO).

low in the early plume stages). Soot particles that are emittedsaathoff et al. (2001) show results from a very large aerosol
by ships might change their composition and surface properchamber (AIDA, 84 m volume) where spark discharge pro-
ties very rapidly. As no experimental data on that is availableduced soot particles were used. They found that only reactive
we could not consider this. We use the term “soot” but areuptake of HQ occured on timescales that are relevant for the
well aware that “ship derived carbonaceous particles with theatmosphere.

specified surface properties” would be a more correct way of
describing them. There is a clearly a need for more experi—f.
mental data regarding the composition and concentrations oé
ship derived particles.

The differences in the above cited studies make it very dif-
cult to choose the parameters for the reactive uptake on soot
articles. We assumed the following accommodation coeffi-
cients: «(NO,) = 1.6 x10~* with the formation of HONO

Many studies have dealt with heterogeneous reactions ofAumont et al., 1999)x(NO,) = 3.0 x10~* with the subse-
various types of soot surfaces. These studies where mainlguent reaction to NO (k = 1@ s~1) (Aumont et al., 1999),
done in Knudsen cells or in aerosol flow reactors and resulted(N>Os) = 6.3 x 10~3 with the formation of NG (Longfel-
in sometimes very high uptake coefficients of e.g..N®the low et al., 2000)(HNO3) = 1 x10~* (physical adsorption,
order of 10-2 on soot surfaces (Rogaski et al., 1997; Gereckehighest value from Kirchner et al., 2000 (HO,) = 1 x 102
et al., 1998). Other studies found uptake rates that were seupper limit from Saathoff et al., 2001). Note that almost
eral orders of magnitude lower (Kalberer et al., 1996; Am- all laboratory studies could not derive accomodation coeffi-
mann et al., 1998; Longfellow et al., 1999; Al-Abadleh and cients but only effective uptake coefficients, usually denoted
Grassian, 2000; Kirchner et al., 2000), surface saturation efasy. In the model we calculate the gas phase loss rates for
fects that result in a time dependence of the uptake (Ammanmeactions on soot according to equations 11-14 in Sander and
et al., 1998; Longfellow et al., 1999; Al-Abadleh and Gras- Crutzen (1996) but assume them to be irreversible. This im-
sian, 2000; Kirchner et al., 2000) and also a strong depenplies the use of accommodation coefficients (see also Sander
dency on the type of soot used (Kalberer et al., 1996; Kirch-(1999) for a more detailed discussion of accommaodation co-
ner et al., 2000). Recent papers by Kamm et al. (1999) anefficients). Gas phase diffusion is explicitly accounted for.

www.atmos-chem-phys.org/acp/3/233/ Atmos. Chem. Phys., 3, 233-250, 2003
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Fig. 2. Development with time of the major gas phase species and accumwadgdn undisturbed background air (solid line) and plume
air (dashed line). Emission of the ship plume is at 12:00 on the third day (=Julian day 82). Note that immediately after plume release almost
all Oz is destroyed which is not shown on the figure due to an output timestep of 5 minutes.

The use of the values for effective uptake coefficiepfsds
accommodation coefficiente might lead to an underesti-
mate of the overall loss rate. We tested this and found that
the differences in loss rate coefficients were less than 1%. 3 Effects of emissions of a single ship

Note that (Kirchner et al., 2000) found distinctly smaller
uptake coefficients for N&for various types of soot, but es- In this section we discuss in detail the chemical deviopment
pecially for diesel car soot which is thought to be most rep-of the exhaust plume of a single ship. We investigated the ef-
resentative for ship emissions. Therefore the estimates thdects of different initial values of the background Nend G
we used are clearly upper limits. According to Kamm et al. concentrations (Sect. 3.2), of the local time of plume emis-
(1999) and Disselkamp et al. (2000) we do not assume hetsion (Sect. 3.3), of different plume expansion rates (different
erogeneous uptake ofs®n soot. The surface of soot and values forx, Sect. 3.4), of aerosol chemistry (Sect. 3.5), and
therefore the uptake properties are subject to changes duringf the emissions strength and N®IO; ratio (Sect. 3.6). All
the atmospheric lifetime of soot. Due to incomplete knowl- model runs were made for cloud-free conditions. To be able
edge of this process we assumed no dependence with time @b concentrate on effects of changing individual parameters
the uptake reactions. we chose to use the same meteorological conditions for all

We want to stress that still a lot of information on het- runs that we describe here. The temperature i€1the rel-
erogeneous reactions on carbonaceous/soot aerosol particlasve humidity 81% and the depth of the marine boundary
is uncertain or missing which makes an assessment of thedayer is 750 m. The photolysis rates are calculated for a ge-
processes difficult. Therefore we chose for most parametersgraphical latitude of 45with an G; column of 300 DU.
(emission strength, plume dilution, time of plume release, The model runs start on Julian day 80. First we discuss the
etc.) the values in such a way that we get a best possibléeatures of the base run.

estimate or, if the data were too uncertain, an upper limit.
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3.1 Baserun As a consequence of the uptake of HNKY the sea salt
aerosol, acid displacement occurs and HCI degasses from
The base run includes background aerosol particles as wethe sea salt aerosol, increasing the HCI mixing ratio from
as emission of partly soluble particles (1.820" cm=3 one  about 10 pmol mai® to a maximum of 35 pmol mot in
second after puff release) and soot particlesx10° cm—3 the fresh plume. Through a series of reactions (see Sander
one second after puff release). The ship plume is emit-and Crutzen, 1996; Vogt et al., 1996; Fickert et al., 1999) re-
ted at 12:00 local time on the third model day to allow a active bromine and chlorine species are released from sea salt
model spin-up time of 2.5 days. The initial N@nixing ratio  aerosol, that might have an influence on the gas phase chem-
(INOxlo) is 20 pmol mot! and the initial @ mixing ratio  istry. Also, the high NQ reactions initiate reaction cycles
is 20 nmol mot. We included a constantg®ource of 2.3 involving halogenated nitrogen oxides (see Finlayson-Pitts
pmol mof~! day~? to yield approximately constants@on-  and Hemminger, 2000, for an overview).
centrations after the halogen chemistry has fully developed. Inthe model an autocatalytic cycle takes place under clean
Chemical reactions lead to a net chemicgld@struction as  conditions that leads to the release of bromine,(BrCl)
explained below. All C2 and higher alkanes and alkenes argrom the sea salt aerosol. These species photolyze, produce
lumped with initial mixing ratios of 500 pmol mot and  the Br radical, which subsequently reacts with, @®rming
50 pmol motL, respectively. BrO. BrO reacts with H@to HOBr which is taken up by the

Figure 2 shows a comparison of the evolution of the mix- aerosol thereby closing the reaction cycle. For more details
ing ratios in background and plume air. In all of the studied see Sander and Crutzen (1996), Vogt et al. (1996), or von
cases the overall evolution of the plume air is similagi®  Glasow et al. (2002c). In the fresh plume, BrO mixing ratios
destroyed immediately after plume release by reaction withdecrease due to the high NO concentration in the reaction:
NO, minimal mixing ratios are close to zero in the first few
seconds after plumge emission. This is not visible in the plotNO +Bro— NO + Br.
as the output timestep is 5 min and by this timgl@s al-  This reaction reduces BrO strongly but it has no net effect on
ready been reformed and entrained. Latgiisroduced by O, because both BrO and NGire members of the Cfam-

NOy catalyzed hydrocarbon oxidation reactions. The maxi-ily. In the reaction of BrO with N@, BrNQOs is formed and
mum increase in @in the plume air compared to the back- further reactions involving the aerosol phase (Sander et al.,
ground air is small, about 1 nmol mdi (i.e. 5%). Di- 1999) can lead to formation of HOBr and the liberation of
rectly after plume emissiofDH] decreases due to the strong Br, and BrCl from the particles and the subsequent loss of
emissions of CO but then OH is reformed by the reactionsOy by halogen reactions.

HO, 4+ NO and CHOO + NO. The maximum value of OH This bromine activation cycle, however, cannot balance
is 1.1x 10" molec cnt3 (i.e. 340% increase) on the first day the decline in HOBr production by Br@ HO, as both BrO
immediately after plume emission. The maximum increaseand HGQ are strongly reduced in the highly concentrated
in HNOgz is about 70 pmol molt. Maximum mixing ratios  plume. The production of HBr in the plume leads to a de-
are 18umol mol~! for NOy and 6.5xmol mol~! for SOy, crease in By (which is the sum of all gas phase bromine
these are determined by the assumed exhaust mixing ratiospecies except HBr) on the first day after plume emission.
Immediately after release of the “puff” the N@nixing ratios ~ Only later when NO mixing ratios are already small due to
are dramatically reduced, mainly by expansion of the plumedilution, an increase in Rrin the plume compared to the
Chemical loss of NQoccurs via the production of HN{as  background can be seen in all runs except for the one with
a product of the reaction Ol NO2. HNOs is then either  slow plume evolution. This is caused by reactions involving
deposited on the sea surface or taken up by particles. BrNOs.

To evaluate the production of ozone, the odd oxygen fam- Through reactions on the sea salt surface and reactions in
ily Oy is defined based on Crutzen and Schmailzl (1983): O the gas phase, &lis also formed in the plume air, where
=03+ 0 +0O(D) + NOy + 2 NOz + 3 N2Os + HNO, + CIO mixing ratios are up to twice as high as in the background
+2 ChO, + 2 OCIO + BrO. The accumulated change ip O air. The concentration of Cl increases fron? Hloms cn?
(shown as “ac@\ Oy” in the figures) accounts only for chem- to a maximum of to 3x10* atoms cn3. This maximum is,
ical O destruction and production. In the background air nethowever, too short lifed to be of importance for the chemistry.
chemical Q destruction occurs due to the low N@ixing Differences between background and plume concentra-
ratios. After plume release there is a large difference in netions of more than 10% are present for OH only on the first
chemical Q change between the background and plume airday and for SQ, NOy and HNG; on the first and second
with production in the plume. Most of this production oc- day after plume release. Two days after plume release when
curs in the first few hours after plume release. For the bas¢he plume reached a width of 85 km the difference between
run the increase in Ois about 3 nmol mot! (note that the  background and plume air is below 5% for all species. We
accumulated Qrates in the plots do not show the titration define the “chemical lifetime” of the plume to be the time un-
of Oz by NO in the early plume stage because the producedil the concentrations in the plume are essentially the same as
NOs is part of the Q family). in background air. This leads to a chemical lifetime of about
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Fig. 3. Differences between plume and undisturbed background air in the evolution with time of the major gas phase species and accumulated
Oy production rates for emission of a ship plume at 12:00 on the third day (=Julian day 82). The lines show runs with different background
NOy mixing ratios: solid line: 5 pmol mall; dotted: 20 pmol mot?; dashed: 100 pmol mot; dash-dotted: 200 pmol mot; dash-dot-

dot: 500 pmol motl. The difference between the run with 5 and 20 pmol ™dk barely visible. The initial background mixing ratio of

O3 is 20 nmol mot! and that of S@ is 90 pmol mot L.

2 days. Note that the mean lifetime of 7.3 h that was derivednitial background concentrations of N@hese high values
during the MAST campaign (Durkee et al., 2000a) is basedwere artificially sustained by corresponding N€burces to
on a different definition, namely on cloud albedo effects assee the effect of ship emissions in high Né&gimes, e.g.
measured from satellites. The most dramatic reductions ircoastal regions. For runs with initial NOmixing ratios
pollutant concentrations of course occur during the first hourabove 50 pmol molt, Oz is produced in the background air,
after plume release. Our definition of chemical lifetime is in the runs with lower initial N, Os is destroyed.

meant to indicate when an airmass that was influenced by a In Fig. 3 the evolution with time of the major gas phase
ship can no longer be distinguished from one that was nokpecies for the runs with initial NOmixing ratios of 5 to
perturbed. It has to be stressed that this result is strongl}s00 pmol mot?! is depicted. Shown are the differences be-
dependent on atmospheric mixing (see Sect. 3.4). tween undisturbed background and plume air (e.gdif).

It is important to point to the differences in Ndifetime Parts of the graphs are outside the plotting region, because
in the early plume stages. The instantaneous lifetime is rethe maxima are mainly determined by the in-plume values
duced from about 17.5 h in background air to 4.5 h in plumeand for our discussion the plume development after the first
air directly after plume emission. See also Sect. 4.2 for fur-few hours is most relevant and not the maximum differences.
ther discussion of the NQlifetime and comparison to the The maximum increase ifiOH] is between 7.5x10°
lifetimes if the plume is treated as a continous source. molec cnT? for the run with[NO] = 5 pmol mol! and 2.8

The lifetime of SQ is influenced less because loss via ox- x10° molec cnt?2 for the run with[NOy] = 500 pmol mot?®
idation by OH is only a minor factor. In background air its on the second day after plume release. The difference in NO
lifetime against oxidation by OH is of the order of 10 days between background and plume air is reduced quicker in
and if oxidation in aerosol particles is included it is still about the cases with high initial NOQconcentrations because more
7 days (all data from von Glasow et al., 2002b). In cloud freeHNOj3 is produced due to the higher OH concentrations. The
plume air the instantaneous lifetime of S@painst oxidation ~maximum increase in HN®is about 70 pmol mol? for the

by OH is reduced by only 50%. run with [NOy] = 5 pmol molt and 100 pmol mot?! for
the run with[NOx] = 500 pmol mot . Note that in the runs
3.2 Background NQand G with higher initial NG, mixing ratios there is less NOn

the plume air than in the background on the second and third
We varied the background NOmixing ratios between 5 day after plume release. This effect is quantitatively not im-
pmol mol-1 and 500 pmol mot!. In the runs with high  portant and caused by uptake of XaQX= Br, Cl) on the
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ship derived partly soluble sulfate particles and subsequentificantly to about 20 pmol motf if the emission occured

reactions among the different N@pecies. during night. The “slower” chemistry during night (due to
Naturally the change in the ;Obudget due to the ship the lack of photochemistry) increases the importance of en-

emissions of about 0.8 to 3 nmol mdlon the first day af-  trainment of background air. The decrease of,N@d SQ

ter plume release is less important for the runs with alreadyis similar for all runs indicating that during the first day this

high O production. For the runs with netzQdestruction  is mainly determined by dilution of the plume.

in the background air (i.e. runs with initial NCbelow 50 When emissions occur during night, when the lifetime of

pmol mol~1) this is a major change in the chemistry becausemost species is greater than during the day, reservoir species

the system moved in the plume air fromg @estructionto @  can be formed in the plume air. They have the potential to be

production. For the N@=5 pmol mol-! run the background  transported to regions that have previously been unaffected

Oy destruction is roughly 0.8 nmol not day~* whereas for by ship emissions. Reservoir species can also be formed in

the NO, = 500 pmol mof? run the background Oproduc-  cold regions from species that are mainly destroyed by ther-

tion is about 5.6 nmot* day~*. Note that not only the rela-  molysis (similar to PAN). Therefore the longrange effect of

tive but also the absolute changes ind@hd other trace gases ship emissions would be most pronounced in high latitude

are less pronounced in the runs with high initial NO'his  winters.

is caused by the high background N@oncentrations that

already lead to significant,Qproduction and high ®levels 3.4 |nfluence of mixing

in the background. These need to be replenished by chemi-

cal production and entrainment after the titration gfi®the 1, study the influence of dilution on the evolution of the

first minutes after plume release. plume, different values fo&, the horizontal plume expan-
Effects on NQ lifetime reduction in the plume are a lot  gjon rate, were used. Values @f= 0.62 (plume width af-

less pronounced in the runs with higOyJo because of al-  ter 2.5 days = 20 km)e = 0.75 (100 km, “best guess”),

ready high OH concentrations in the background air. Inthe, _ g g7 (438 km), andr = 1.0 (2160 km) were used (see

run with [NOxJo=500 pmol mot™* the OH concentration at  Fig. 4). All these runs were done with background mixing
noon before plume emission is aboutx1.0’ molec cnt3 ratios of G = 20 nmol mot* and NQ, = 20 pmol mot-2.

implying an instantaneous NQifetime of 3.6 h. The rela-
tive increase of [OH] is only 14% (compared to 330% in the
base run) and the decrease of the,Ni@time is only about
15%.

In summary, the impact and lifetime of ship emissions are
largest for the run with the smallest N®ackground mixing
ratios. The reason for this lies in the small OH concentration

for the runs with low NQ. As OH is the most important gas . : .
) lease is very strong (note thigdy] remains constant during

phase sink for NQand SQ, these low background concen- _ . . o ) .
this conversion), and strongx@roduction is still occuring

trations of OH result in the largest differences between plumeOn the second dav after plume release
and background concentrations of Nénd SQ in the runs . y P . o
with smallest initial NQ mixing ratios. The max;mum OH conc_entratlons in the plume arel®®
A similar result was found when the initials®nixing ratio 28:22 ggrr?, ]]:grr tt::g :3: vvxililttrr\]a Vzluoégzbgmezgog;g(;‘r?z 1
. o . .
was varied petwe_en .10 and 50 nmol mb{not shown). _The The maximun{HNO3] are 170 pmol mai* for the run with
effects of ship emissions are strongest and most persistent for 3 1 .
low Oz regimes. a = 0.62, 80 pmol mot+ for the run withae = 0.75, 25
pmol mol! for the run witha = 0.87 and 15 pmol mol*

for the run witha = 1.

The results from the runs with = 0.62 are unrealistic be-
When ship emissions occur during night, N@nd NoOs cause such a strong and persistent separation between plume
(which is taken up by the particles) are formed and dueand background air is not expected to occur in the MBL.
to the lack of OH the transformation of NQo HNO; is On the other hand, the very strong mixing in the runs with
slowed down compared to cases with emissions during ther > 0.82 is not consistent with the observed persistence of
day. We did runs with plume emission time at 6:00, 12:00 ship tracks and probably only valid for extremely turbulent
(base run), 18:00 and 24:00 local time. Overall the effects aré€ases, so that our “best guess” of thes likely appropriate.
more pronounced when emissions occur during day when the The strongest mixing occurs in the first 5 to 6 h after emis-
photochemistry is active. Accumulated, @roduction de-  sion of the plume. After this time the volume of the plume is
creased from about 3 nmol mdlin the base case to roughly already quite large, so that the entrainment of background air
0.5 nmol mot? in the case with plume release at 18:00 lo- becomes a rather slow process. By this time, the tefm
cal time. Peak mixing ratios of HN§Odecreased also sig- which determines the strength of the mixing (see Eq. 5) is of

In the case ofx = 1.0 mixing is very quick and 1 day
after plume emission background and plume air cannot be
distinguished anymore.

For o = 0.62 the opposite is the case, mixing is very
slow and in most species differences between background
and plume air are visible on the third day after plume release.
SThe conversion of @to NO, on the first day after plume re-

3.3 Plume emission time
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Fig. 4. Same as Figure 3, but for runs with different plume expansion rates: solicdire0.62, dotted:a = 0.75 ("best guess”), dashed:
o = 0.87, dash-dottedx = 1. For these runs the initial Omixing ratio is 20 nmol mot?, that of SG is 90 pmol mot1 and that of NQ

is 20 pmol mot1.

5 . . . .
the order of 10, so then mixing is only relevant for species Table 3. Description of the different runs including aerosols

with very large gradients between plume and background air.

A consequence of this is that processes that sustain high

case partly soluble particles  soot particles
concentrations of the pollutants in the first hours of plume o
evolution lead to higher levels of pollutants in the plume later run2  1.82x 188 Cm_3 none
on. The height of the MBL defines the maximum height to run3  1.82x10%cm none
; ; - ) run4  1.82x107 cm3 1. x10° cm™3
which the pollutants can rise without extra buoyancy, be
- : - run5 1.82x10’ cm~3 1. x10" cm3
cause the inversion at the top of the MBL provides a bar- 3 g 3
run6  1.82x108 cm- 1. x10” cm™

rier for the vertical transport of pollutants. A shallow MBL

means that the pollutants are confined to a smaller volume of
air and therefore the concentrations are higher. As relative
changes in concentrations due to entrainment of background

air are strongest in the first hours after plume release, a shaparticles from the ship (= base run); and without inclusion of

lower MBL has the same net effect as small valueg &6r aerosols.

the horizontal mixing although the magnitude of the changes The runs were made for an initialsGnixing ratio of 20

due to different MBL heights is smaller (not shown).

Diurnal variations in the height of the MBL might lead to
the export of pollution into the free troposphere, where the
potential for long-range transport of reservoir species exists.
This process might also lead to faster loss ofNtdm the

nmol mol-1 and initial NQ, mixing ratio of 20 pmol mot?.

Run 0 is with gas phase chemistry only and run 1 with
background aerosols only. The total surface areas for the
background sulfate and sea salt particles are k15°
m? m~3 and 3.38x 10> m? m~3, respectively. We compare

MBL. This would need to be to be addressed with a highlythese runs and runs with the concentrations of ship-derived

resolved 3D model (LES model).

particles one second after plume release as listed in Table 3.

The initial surface areas of partly soluble ship particles are
0.568 nf m~2 and 5.68 M m~2 for the low and high es-

3.5 Effects of aerosol chemistry

timates, respectively, whereas they are 2 803 m? m—3

and 0.26 M m~3 for the soot particles, respectively.

To study the effects of aerosol chemistry on the evolution of

Due to dilution, the concentration of the ship derived par-

the ship plume we did runs with background aerosol only;ticles decreases by more than 2 orders of magnitude in the
with the additional emission of partly soluble particles (the first 2 min. After 1 h the concentration decreased by about 4
soluble part is assumed to be$y); with the additional  orders of magnitude. This illustrates why the emission rates
emission of both partly soluble particles and insoluble sootof particles have to be very high, in order to keep the number
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Fig. 5. Same as Fig. 3, but for runs including aerosol chemistry: solid line: no aerosol chemistry (run 0); dotted: background aerosol only
(run 1); dashed: additionally partly soluble ship particles, concentration 1 second after plume releasd0 @23 (run 3); dash-dotted:

additionally partly soluble ship particles (1.8&07 cm_3) and soot particles (run 4 = base run). For all runs the initiak Neas 20
pmol mol1 and G; = 20 nmol mot 1.

of ship derived particles comparable to the number of back-ing to the model. In run 3 the chemical lifetime of the ship
ground particles for a time span that is long enough to ensur@lume is reduced substantially, which can easily be seen, e.g.
that heterogeneous reactions can show an effect. For run id the small OH and NQ differences between plume and
the number of ship derived particles equals the number obackground air. As in the runs with high initial N@nixing
background particles after about 4.4 h. For run 3 this is theratios loss of NQ on ship derived sulfate particles leads to
case after 2.37 days. smaller NQ mixing ratios in run 3 than in the background.

The overall qualitative evolution of the gas phase speciesthe decline in HNQ is similar for all runs with aerosols be-
in the plume air in runs 1 to 6 is similar to the base run thatcause it is mainly taken up by sea salt aerosol.
has been discussed previously. The differences between runs SO, evolves similarly in all runs including the gas phase
2, 4, and 5 are negligible as are the differences between rungnly run. This indicates that its main sink in the plume
3 and 6. This means that the effect of soot aerosol on thés dilution and not uptake on the particles, which is con-
evolution of the gas phase chemistry is negligible. Evenfirmed by a lifetime of the order of 30 h, at [OH] = 1
the very high soot concentrations in runs 5 and 6 did notx 10’ molec cn13, (DeMore et al., 1997). Its oxidation prod-
show any importance of the soot aerosol. This can be unuct HoSQy is taken up by the particles, increasing th&/§
derstood by looking at the rate coefficients and associateg¢ontent of the aerosols by a few pmol mbI(3 to 10% for
lifetimes. The highest accommodation coefficient was as-the background aerosols).
sumed for HQ, with aHo, = 102, In the first second after In the runs with the emission of very high numbers of ship
plume emission the lifetime of Hagainst uptake on soot derived particles (runs 3 and 6), there is enough surface avail-
is Tsoot = 357 s for a soot concentration of 410° cm3 able to convert BrN@ and HBr to more reactive bromine
after 1 second. Two minutes after plume release the life-sspecies. Therefore in these runs no drop ig &curs after
time increased tasoot = 0.86 days already. The lifetime of plume release (not shown).
HO, against reaction with NO at an NO mixing ratio of 1 In summary, the emission of soot particles from ships with
nmol mol-? is aboutryo, = 4.8 s (at 290 K, DeMore et al., the characteristica that we assumed is unimportant for the
1997). In the early plume stages the NO concentration is a lothemistry of the cloud-free MBL and only very high particle
higher than this value. This indicates that even with our up-emission rates of partly soluble particles as in run 3 lead to
per limit estimates of reaction rates, soot aerosol in the shiglisturbances of the chemistry that are distinguishable from
plume has no effect on gas phase chemistry. the effect of background aerosol particles.

In Fig. 5 we compare runs 0, 1, 3, and 4. The overall ef- von Glasow (2000) presents a preliminary study of the
fects of aerosol particles on the chemistry in a ship plume inchemical effects of ship emissions into a MBL that is capped
the cloud-free MBL are important for some species accord-with stratiform clouds. This one-dimensional model uses a
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similar plume expansion approach as described here. The rénown, the number of ships per area that are needed to pro-
sults show a strong influence of the state of coupling betweemnluce the emissions as they are listed in the inventory, can
cloud and sub-cloud layers. If these layers are coupled, thbe calculated. For the most frequently crossed ocean re-
soluble gases that are emitted are rapidly scavenged. If cloudions (North Atlantic and North Pacific) values from Corbett
and sub-cloud layers are decoupled then the emissions amt al. (1999) are about 18 g(N) m=2 s~1 for a fleet that
confined to a rather small region leading to higher mixing emits on average 22.7 g(N) }Sg. Hobbs et al. (2000) give a
ratios of pollutants (and gland HCI) than in a cloud-free  mean fuel consumption of 0.84 g s ! (median = 0.69
case. Upon coupling of the cloud and sub-cloud layers thes&gs,e s1) for ships studied during the MAST campaign.
differences disppeared quickly. An obvious conclusion from They estimated the fuel consumption from the nominal en-
this study was that the lifetimes of soluble pollutants (e.g.gine power as listed in ship registries and the observed ship
SQ) are reduced in a cloudy MBL, whereas those of insol- speed. Fuel consumption rates can also be estimated from
uble pollutants are roughly the same as in cloud-free case€PA (2000), that give an average fuel consumption of 223
Furthermore differences in aqueous phase chemistry due tg,e kWh1. Assuming an engine power of 16 MW, which
the emission of soluble particles and sulfur compounds caris the average of the engine power during MAST (median =
be expected. Based on these results, our box model calcula3.4 MW), this would result in a fuel consumption of 0.993
tions that were performed for the cloud-free MBL provide an kg, s~1, similar to the estimate from Hobbs et al. (2000).

upper limit of the effects in the atmosphere. For the further discussion we make use of emissions by
an “average ship” based on previously listed mean values
which are higher than the medians. According to Corbett

We did further sensitivity studies where we varied the shipet al. (1999) 42% of the ships cause 70% of the total annual

emissions by a factor of 0.1 and 10, respectively. In the caséJitrogen emissions. Qlear!y, the global fletet.of ships consigts
of a reduced emission strength, the chemical plume IifetimeOf small and large ships with different emissions characteris-
ics. It would be best to take this into account which, how-

was reduced to about 12 h, whereas it was longer than 3 da; _ )
if the emission strength was increased. ever, cannot be done in the type of study that we did.

EPA (2000) gave a NO:N©ratio for the exhaust air of Based on these data an “average ship” emits 19.1 g(N) s
96:4. We tested the implications of a higher fraction of NO This leads to 5.2410~** ships nT2 that have to be present
in the plume air. As expected, a higher Nftaction leads to  all year round in the more frequently crossed regions to pro-
05 formation by photolysis of N@ This effect is, however, duce the emissions that were estimated by Corbett et al.
important only in the first 100 s after plume release and of(1999). Taking the uncertainty of this estimate into ac-
no importance for the later evolution of plume air. After this count, sensitivity studies are made using values from 1 to
time the @ that was derived from N@photolysis is diluted ~ 10 x10~* ships n72.
by entrainment of background air and the NO:N@tio is To estimate the impact of several ships in an area of a cer-
about 0.8 for our base case as well as for NO;N@ission  tain size the following assumptions are made: i) All ships are
ratios of 20:80, 50:50 and 80:20. If the emission occurs dur-homogeneously distributed over this area because the ocean
ing night, the NO:NQ emission ratio is of no importance, as regions considered are quite large and different destinations
all NO reacts very quickly to N@ lead to different ship routes. ii) As most traffic in the more
frequently traveled oceans crosses these regions from Asia to
North America and from North America to Europe (or in the
opposite direction) all routes are parallel.

For convenience the following calculations are based on

So far the emissions of only one ship have been consideredl® €missions of ships in a certain area. The size of this “cell”
To be able to extrapolate these results to a more global piclS détermined by the distance that a ship travels during the
ture, the effects of the emissions of several ships have to b&hemical lifetime of its plume. During these 2 days a ship
discussed. In Sect. 4.1 we explore the plume overlap in thdhat has a speed of 10 mstravels 1730 km. We use this
framework of our model and compare our results in Sect. 4.22S 1ength of a cell which, for convenience, we chose to be
with the approach used in global models. It has to be em-duadratic. In the chosen cell area of 1730 km by 1730 km

phasized that our extrapolation method is only one of severaP@fween about 30 to 300 ships are cruising at any point in

3.6 Emission strength and N@artitioning

4 Effects of emissions of several ships and of plume
overlap

possibilities. time baset_j on the “ship densi_ty” given above. Twc_) days after
plume emission the plume width is,; = 85 km usingy =
4.1 Upscaling approach 0.75 (see Eq. 1). Therefore the area that is influenced by one

ship in 2 days is about 7.410'° m? (approximately 0.5«
From the emissions inventory of Corbett et al. (1999) annual85 km x 1730 km) or 2.5% of the cell area. When more than
mean emission fluxes (mass nitrogen, sulfur) per area and0 ships are present in the cell area, overlap of the plumes
time can be extracted. If the emissions rate of one ship ishas to occur, i.e. ships emit their exhaust in air that has been

Atmos. Chem. Phys., 3, 233-250, 2003 www.atmos-chem-phys.org/acp/3/233/



R. von Glasow et al.: Modeling of ship exhaust in the MBL 245

Table 4. Extrapolation of different scenarios.

case Q OH NOx HNO3 SO,
[nmol mol~1]  [molec cm ™3]  [pmol mol~1]  [pmol mol~1]  [pmol mol~?]
background 22.5 5.810° 10.9 1.9 89.6
30 ships, clean 225 5.910° 11.4 1.9 89.7
100 ships, clean 22.5 5:910° 12.5 2.0 90.2
300 ships, clean 225 5910° 15.6 2.1 91.5
30 ships, poll 23.3 6.%10° 14.2 25 98.8
100 ships, poll 25.9 7.810° 17.4 3.9 117.6
300 ships, poll 36.2 11.%10° 58.1 345 254.1
100 ships, poll, shoft 23.9 6.4x10° 15.2 2.8 103.5
cont. gad 44.6 16.2x10° 109.2 88.6 263.2
cont. aerosof 39.6 14.0x10° 89.0 21.2 253.5

Mean mixing ratios in a cell of 1730 km by 1730 km. 30 ships in this area correspond to an emissionxd02 3 g(N) m2s1 100

ships correspond to £10~2 g(N) m—2 s~1 and 300 ships to 2.%10~2 g(N) m~2 s~1, respectively. In the “clean” cases background air is

mixed into the plume, whereas in the “poll” cases air that has been influenced by a previous ship is mixed into the plume. For a description
of the “poll” cases see text. In the “background” case no ship emissions are considered. Plume lifetime for these runs was 2 days.

4 Run with a chemical plume lifetime of 1 day & 0.87, 8 = 0.65). The area of the cell used for averaging was adjusted.

b steady state values from the runs discussed in Sect. 4.2. Using a similar scaling approach as for the data in Table 2 emissions for CO wert
estimated to be 4 108 molec cn2 s~ and 2x 107 molec cnt2 s~1 for HCHO.

polluted by previous ships. sion flux of 1.9 x1071% g(N) m2 s~! can be seen as
Based on these estimates, we discuss seven mixing scenanost relevant for less heavily traveled regions and the “100
ios: low, best guess and high emission rates (i.e. 30, 100 anghips, poll” case which corresponds to an emission flux of
300 ships per cell of 1730 km by 1730 km), each case with6.4 x10~10 g(N) m~2 s~ as most relevant for the North
plume emission in background air and air that had been inAtlantic and North Pacific. For coastal regions the “300
fluenced by previous ships, and one with 100 ships, emissioships, poll” case might apply (emission flux of 190~°
in prepolluted air, but with a reduced plume lifetime. g(N) m2 s71). According to these results the lower limit
For the runs in pre-polluted air we assume that after emis-scenario with emissions into background air (“30 ships,
sion of a first plume no background air but only air that had clean”) would be nearly indistinguishable from the back-
been influenced by a previous plume is entrained. The timeground air. The high emission scenario with entrainment of
lag between plume emissions is calculated based on the nunglean background air (*300 ships, clean”) would increase OH
ber of ship plumes that overlap in the different cases. In thedy 2%, NQ, by 43% and S@ by 2% compared to a case
best guess (“100 poll”) scenario 2.5 plumes overlap, therewithout ship emissions.
fore the time lag, based on a chemical lifetime of the plume The effects of emission into prepolluted air are more ap-
of 2 days is about 19 h. This results in increasing pollu- parent, especially for the upper limit scenario (“300 ships,
tion levels in both the “plume” and “background” air masses poll”). Here O; is predicted to increase by 60% compared to
that we consider in our box model (see Sect. 2) and aftebackground air, OH would increase by 100%. ,N@uld in-
a few days steady state mixing ratios are established. Noterease by a factor of 5.3 and $0y 187%. In the best guess
that this approach differs from the one used in von Glasowscenario (“100 ships, poll”), ©would increase by 15%, OH
et al. (2002a). We have to stress that these results are baség 21%, NQ by 60% and S@by 31%.
on assumptions that involve substantial uncertainties, espe- The run with enhanced entrainment of air into the plume
cially the plume dispersion will be different in specific ship (“100 ships, poll, short”, for conditions in the North Atlantic
plumes. Our upscaling results are not supposed to give finaand North Pacific) shows a decrease of the effect of ship
answers, they are more pointing to research needs and to givemissions with the overall effects being close to the lower
an idea of effects on a global scale. The use of box models folimit scenario (“30 ships, poll”).
upscaling can only give first ideas, it cannot replace further
studies with high-resultion 3D models (i.e. LES models). 4.2 Comparison with the approach used in global models
Table 4 shows the resulting mean mixing ratios for runs
with (“poll”) and without (“clean”) overlap of ship plumes. Kasibhatla et al. (2000) and Davis et al. (2001) suggested that
The “30 ships, clean” case which corresponds to an emisthe impact of ship emissions on N@oncentrations in the
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MBL might by overestimated by global models compared to proposed consistency test (distribution of the emissions to 3
measurements. To check this we performed additional runsimes more ships) shows a convergence of the “100 ships,
(with and without aerosol chemistry) with our box model. poll” run towards “cont, aerosol”. It fails, however, for an
These runs include the chemistry that we described earliemcrease of the number of ships by a factor of 10 or 30, be-
but no plume expansion is considered. Instead ship emiseause then the time between plume emissions is on the order
sions are treated as in a global chemistry transport model bpf or shorter than 1 hour and the implicit-dilution assump-
assuming a continuous source of the ship pollutants. Thdion is not valid anymore. Furthermore, a reduction in plume
emission fluxes are the same as in the best guess scencagmission strength also leads to a reduction of plume lifetime.
(“100 ships” case). This has to be accounted for in the calculation of time lag
These runs show significant production gf. 0he steady  between ships which on the other hand implies that it would
state mixing ratios for @are about 40 and 45 nmol mdi not be as strict of a consistency test as could be hoped.
(including a continuous source as in the other runs) for the As suggested by Davis et al. (2001) for differences be-
runs with and without background aerosol chemistry, respectween measurements and global model results, the differ-
tively, compared to 25 and 29 nmol malfor the same runs  ences between our upscaling approach and our runs with con-
without ship emissions. The mixing ratios of OH are more stant emissions are related to the extremely high KiXing
than doubled. ratios and very rapid dilution in plume air compared to con-
NOy levels increased to 110 pmol mdlin the run without  stantly high NQ values in the air affected by a continuous
aerosol chemistry and to 90 pmol mélin the run including  source. The differences are a result of different lifetimes of
aerosol chemistry compared to 10 pmol mbin the back- ~ NOx in air with high NG, and OH concentrations (plume air)
ground and 46 pmol mol in the best guess scenario with and in air with moderate increases in these 2 species (contin-
plume overlap (“100 ships, poll”). The difference in steady uous emissions).
state between these 2 runs of about 20 pmolrhahplies The lifetime of NG in the early stages of the plume is
an additional sink of roughly 20 pmol notday ! inthe run  strongly reduced compared to background situations. Peak
including aerosol chemistry. The heterogeneous reactions rezoncentrations of OH in the plume are about OH=% 110’
sponsible for this difference are uptake of jM,O0s, and molec cnt3. Using a rate coefficient ok = 9.1 x
XNO3 (X = Cl, Br) on the aerosol. In the model the most 10-12cm® molec ! s~ (Sander et al. (2000) at = 101325
important path is uptake of BrN{bn the sulfate aerosol ac- hPa,T = 298 K), the NQ e-folding lifetime due to the re-
counting for roughly two-thirds of the total loss of NO action NQ + OH — HNO3 would be about 2.76 h com-
The results for NQ, OH and Q from these runs (see Ta- pared to 14.7 h in the background air (based on an OH con-
ble 4) are similar to but somewhat smaller than the numbersentration of about % 10° molec cn3). As the concen-
from global models (Lawrence and Crutzen, 1999; Kasib-trations of OH and all other species decrease rapidly in the
hatla et al., 2000). Chemistry on aerosol particles appears tfirst hours after plume emission, we calculated the following
explain only part of the great differences between measuremean e-folding lifetimes (“mean lifetime”) for our base run
ments of NQ in the MBL and global model results. with plume dilution. The mean lifetime of NQn the first
Comparing the results with constant emissions with the6 h after emission of a plume at 12:00 is about 7.5 h in plume
steady state concentrations as discussed in the previous seair compared to 26.9 h in undisturbed air, i.e. N®lost 3.6
tion (“cont, aerosol” vs. “100 ships, poll”), differences of times as fast as in the background air.
about a factor of 5 in HN@and NQ, and a factor of 2 in OH The mean lifetime of NQ in the runs with continuous
and SQ are apparent. As already mentioned at the end ofemissions between 12:00 and 18:00 (i.e. the same time span
Sect. 2.1, the dilution of plume air does not affect the massas given above) is 12.7 h, i.e. 1.7 times longer than in the
balance of the emitted species because dilution in the modeiun with description of plume chemistry. During the time
is only by entrainment of background air and not by detrain-of highest OH concentrations (6 10° molec cn13) the e-
ment of plume air. folding lifetime of NO is about 6.1 h, i.e. it is more than
As suggested by Dentener (2002) we made a consistencg times faster in the plume case. As N{@ss is strongest
check of our extrapolations by decreasing the emissions pein the first hours after plume emission, the large differences
ship and increasing at the same time the number of shipgn NOy lifetime during this period are the main reason for
thereby approaching the “constant emissions” approach ofhe differences between the two discussed emission scenar-
global models. In our upscaling runs it is implicitly assumed ios (plume vs. continuous emissions). From these estimates
that for plume dilution only the last preceding plume is of it is obvious that the incorporation of the plume evolution is
importance and that for that plume dilution and/or entrain- critical in assessing the effects of ship emissions.
ment is not important at all. If ship emissions are assumed to Our results provide a first quantification of the conclusion
occur very frequently (i.e. order of an hour or less apart) thisof Davis et al. (2001) that reduced N@fetime in the ship
assumption is not correct any more. As stated in Sect. 3.4 thelume plays a role in clean maritime regions and additionally
“rapid mixing time” ends after about 6 h and if emissions are show that the loss due to aerosol reactions contribute a further
reduced such that ship frequency is still more than 6 h, the20% to reducing NQ in the plume. The recent study by
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Song et al. (2002) uses a Gaussian plume dilution approachiderably larger than their estimate of 50% deployment rate
and finds similar effects on NQifetime as we do. of military ships.
We want to add, that in the interpretation of field Ndata
care has to be taken. From our studies it appears likely that A Similar estimate can be obtained by starting from our
only fresh plumes have NQevels that are significantly ele- €stimate (see Sect. 4.1) of the N@mission per ship and
vated above background values, before it is converted to e.gime of 19.1 g(N) ship® s~ which results in 6x 10°
HNO3 and/or deposited. If these “NGspikes” are filtered ~ 9(N) ship* a™* if it were continuously operating. Con-
during processing of the data, important information is lost. Sidering that 42% of the ships cause 70% of the total an-
This it is important to look for the variability of NQ and ~ nual nitrogen emissions of 3 1012 g(N) a* (Corbett et al.,
also of HNGQ;, in the data, similar to the use of medians in 1999), these numbers combined would give a deployment
Kasibhatla et al. (2000) and Davis et al. (2001), to get infor-time of approximately 30 days per year (or 18 days per year
mation about the impact of ship emissions on the chemistr)jf all ships are considered), very similar to the estimate above
of the MBL. (note that these estimates are only partially independent since
Therefore there is clearly a need for more data on globafh€ the total annual nitrogen emissions of 30" g(N) a*
ship emissions, for measurements over the more heavily tral? Corbett et al. (1999) start from the total fuel usage of
versed ocean regions and for more information on additionafl-> X 10t kg a?).

chemical reactions that might occur in plume air. . . . .
. . . The values of the nitrogen emission per ship and time
In coastal regions or, e.g. in the oceans off Asia, where

ship emissions are estimated to have grown by 5.9% per ye calculated from measurements during the MAST campaign

between 1988 and 1995 (Streets et al., 2000) ship emissiorbHe?thf :It a(IIgZQ%(;O) ?ﬁelov}/glz:lgacgnl tzsestt)lgwt\illt:esnfrgrz 22;
definitely play a role for air quality, now and in the future. : ) y )

14 g(N) kg(fuely ! (note that the range of this value is given
incorrectly in the abstract and the text of their paper, while
their Table 3 (NQ in mole(N) kg™1) gives the correct num-
bers (T. Garret, pers. comm. 2001, erratum accepted by J.

In the previous sections we already discussed the uncertairf?tM0S. Sci.). The reason why these numbers are smaller

ties of our model and upscaling approach. Another majorthan the other values from the literature (Corbett et al., 1999;

uncertainty in this study is the estimate of the ship emis-EPA, 2000) is not yet resolved. Using them for the estimate
sions. We mainly used the numbers from Corbett et al.0f Ship deployment rates would lead to deployment times of
(1999) that were already used in previously published stud#1 t0 68 days per year, which is still far too small. The data
ies (Lawrence and Crutzen, 1999: Kasibhatla et al., 2000from EPA (2090)* on the other hand, give an emissions rate
Davis et al., 2001), so intercomparison between our and thes& 22 9(N) s (for a ship's engine with 16 MW cruising
studies is facilitated. Some of the data are confirmed by theétt 80% load), which is similar to the number we calculated
compilation of EPA (2000). Also, Streets et al. (2000) show from Corbett et al. (1999).

that their estimates for SQemissions in Asian waters and . .
the respective data from Corbett et al. (1999) disagree onl)(: qua:lt?]g: Ziﬁgrot\ﬁl'::ﬁg;ggnusrgigtifg?S;:‘Z;O;:r(;?]li":)docrc,)[ﬂé
by 13%, which might be due to the fact, that Streets et al.

. g S o . number of active ships that were used in all cited studies (in-
(2000.) d'd not consider f|sh_|ng and military .Sh'.ps' Ne.verthe'cuding this one) are too high. If the total number of registered
less, it is important to consider the uncertainties which MaY 1 < and the other parameters are correct. this would imol
be present in the data of Corbett et al. (1999). X P : bty

. ) that a much smaller fraction than 42% of these is actually
For this purpose we estimated the average deployme

ng ..
time (time spent at sea) of a ship based on data given bé‘ ctive.

Corbett et al. (1999). There is certainly still a great need for more data on the
The total annual world marine fuel usage from Table 2 in emjssions of ships.
Corbett et al. (1999) is approximatelysi 101 kg. Accord-
ing to Corbett et al. (1999) 42% of the ships cause 70% of the Another important uncertainty is our approach of plume
total annual nitrogen emissions. Based on this we assumdilution by entrainment of background air which is a very
that 42% of the ships also cause 70% of the total annual fuesimple one, that does not take account of atmospheric stabil-
consumption which leads to an average fuel usage for thesity or different wind shear due to different wind speed etc.
ships of 25 x 10 kg ship~ a~1. With a fuel consumption of ~ As our intention was to get a global mean view of the pro-
roughly 1 kg(fuel) s (EPA, 2000, see Sect. 4.1) this would cess rather then to mimic situations that were encountered
mean that each ship would be operatin§ 2 10° s or 29  during field campaigns we think that this is justified. In fu-
days per year (or 17 days per year if all ships are consid{ure studies, however, this approach should be tested against
ered). This number is by far too small. According to Corbett more sophisticated models and more (until now mainly un-
etal. (1999) the deployment time of commercial ships is con-available) field data.

5 Uncertainties
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6 Summary and outlook respectively. These estimates are based on background mix-
ing ratios of 20 pmol moi! NOx and 20 nmol mot! Oa.

We studied the chemical evolution of the exhaust of ships inFor cleaner regions, the effects of ships would be more pro-

the MBL with a box model. Based on a simple dilution ap- nounced. From our box model runs it is not possible to get a

proach for the plume we found the chemical lifetime (definedglobal perspective, so parameterizations for the plume dilu-

as time when differences between plume and background aition should be developed and used in global models.

are reduced to 5% or less) of the ship plumes to be about 2 |t should be noted that the limitations of global models to

days. Dilution has the strongest effects during roughly thetreat point sources correctly not only apply to ship emissions

first 6 h after plume release. For |Ong lived SpeCieS the d|f'but to all types of point sources, e.g. land based power p|ant
ferences that are present after this “rapid mixing period” areemissions.

conserved. Given the predicted importance of entrainment of \ye nave also found some inconsistencies in current fuel

background air, our approach should be tested in the futurgisage and NQship emissions inventories, which have to
against more detailed models of plume dilution (e.g. argepe cjarified. Measurements of the chemistry and emissions
eddy simulation models) and field data. Most field measurejrectly in fresh plume air are highly encouraged to get reli-
ments did not follow a ship plume over its complete lifetime, gpe gata of ship emissions and of the chemical processes at
which would be important to validate model results. This gjtterent temporal distances from the emission. This should
was done during the ITCT 2K2 campaign off California in pe gone at the stack and from a second platform following
2002 and first results indicate very rapid dropoff inNahd 5t yariaple distance downwind from the studied ship. This
NOy after plume release which is unlikely to be explained by ¢oy|d pe a second ship, plane or especially an airship, which
OH-chemistry alone (Corbett et al., 2002). is slower than a plane, highly manoeuvrable and could also
_ The strongest effects of ship emissions and longest plumenake vertical profiles in the plume as was done by Frick and
lifetimes were fou.nd whe.n the emissions were into the C|ea”1-|oppe| (2000) to study microphysical parameters of the ship
est background air. The lifetime of many species in the plumey 5ok

air is reduced due to high OH concentrations which are a Apart from uncertainties in model assumptions or emis-

consequence of the elevate_d N@ixing ratios. This fl_”'_ sion inventories, other physical or chemical processes that
thers the conclusion of Davis et al. (2001) by quantifying e e ot included in our model might certainly be of impor-

tEe Eﬁeﬁt’ anddm pa(rjtllc.ular i’)y showing that :ct IS sensm\:)e t(l)(tance for plume development or differences between mea-
the background conditions, being strongest for remote backz, .o ents and model results.

ground regions. Ship emissions are a major source of anthropogenic pol-
We found the influence of background aerosol partlclesIution and the input of sulfur and nitrogen to the coupled

(sulfate and sea salt) to be important for the evolution of gasocean-atmosphere system is a major perturbation in these ar-

phase_chemlstrym the ship plume, vyher_eas inclusion of SOIU'eas which are usually affected only by advection of pollu-
ble ship-produced aerosols was of little importance. We als

o . Qants. Emissions from ships are potentially important (also
used upper limits for reactions on soot aerosols and found re; P P y Imp (

actions on these particles to be unimportant for ship ol mesfor the cycle of sulfur which has not been the focus of this
: S particies to be unimp P plume work) on large areas of our oceans, but especially in coastal
Chlorine is released significantly from sea salt aerosol in

| | N mi dditional dt regions. This study, among previous studies, indicates that
plume air. In our runs only minor additional (compared to much is left to be done. It is very important to gather more

the bgckground) broming release could occur because MO%ata on the emissions of ships and the chemical processes
bromine was already partitioned to the gas phase. Inthe ear% ship plumes. In addition appropriate parametrizations for

pltém? stagez')s BTO. reac:_s raglgclly '\tl\r/:th tNO thter‘?fbytsno':ﬁlyglobal models should be developed and further detailed stud-
reducing Brij mixing ratios but without a net efiect on the ¢ ;1 process models of ship plumes should be made.
Oy family as NG is produced in this reaction. Later on,

bromine is redistributed mainly towards Briy@ plume air.

In more frequently crossed ocean regions like the North
Atlantic or North Pacific and especially in coastal regions,
the plumes of several ships overlap, so we considered the
overlap of ship plumes in a simplified way. We found that the
reduction of NQ lifetime in the ship plume can explain part References
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