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Abstract. In this study, we employ the global aerosol-climate particles contribute just about as much to the CCN budget as
model ECHAM-HAM to globally assess aerosol indirect ef- the carbonaceous particles would, leaving the globally aver-
fects (AIES) resulting from shipping emissions of aerosolsaged AIEs nearly unaltered compared to a simulation includ-
and aerosol precursor gases. We implement shipping emisng carbonaceous particle emissions from ships.
sions of sulphur dioxide (S£), black carbon (BC) and partic-
ulate organic matter (POM) for the year 2000 into the model
and quantify the model’s sensitivity towards uncertainties as-
sociated with the emission parameterisation as well as witht  Introduction
the shipping emissions themselves. Sensitivity experiments
are designed to investigate (i) the uncertainty in the size disShip tracks are widely seen as one of the most promi-
tribution of emitted particles, (i) the uncertainty associated Nent manifestations of anthropogenic aerosol indirect effects
with the total amount of emissions, and (iii) the impact of (AIES), or the change in cloud properties by anthropogenic
reducing carbonaceous emissions from ships. aerosols serving as cloud condensation nuclei. A very uncer-
We use the results from one sensitivity experiment for atain and scientifically interesting question, however, is about
detailed discussion of shipping-induced changes in the globaihe climatically relevant large-scale forcing by AIEs due to
aerosol system as well as the resulting impact on cloud propship emissions.
erties. From all sensitivity experiments, we find AIEs from  In the past decades, a whole suite of AIE-hypotheses has
shipping emissions to range from0.32+0.01 W nT?2 to been put forward of which the “Twomey-effect”, or first AIE,
—0.07+0.01WnT12 (global mean value and inter-annual is the most prominent. For this effect, an increase in avail-
variability as a standard deviation). The magnitude of the@ble cloud condensation nuclei (CCN) eventually leads to
AIEs depends much more on the assumed emission size dighore and smaller cloud droplets if the liquid water content of
tribution and subsequent aerosol microphysical interactiondhe respective cloud remains constant. More cloud droplets
than on the magnitude of the emissions themselves. It is imincrease the total droplet surface area by which the cloud
portant to note that although the strongest estimate of AlEslbedo is enhanced; an effect which was put into the general
from shipping emissions in this study is relatively large, still context of anthropogenic pollution Gyvomey(1974. Other
much larger estimates have been reported in the literature beblE-hypotheses include effects on cloud lifetinsifrecht,
fore on the basis of modelling studies. We find that omitting 1989 Small et al, 2009 or cloud top heightKoren et al,
just carbonaceous particle emissions from ships favours new005 Devasthale et al2009. Especially the latter hypothe-

particle formation in the boundary layer. These newly formedSes are far from being verified (e.§tevens and Feingald
2009. In total, AIEs are subject to the largest uncertainties

Published by Copernicus Publications on behalf of the European Geosciences Union.



5986 K. Peters et al.: Aerosol indirect effects from shipping emissions

of all radiative forcing (RF) components of the Earth System,been characterised in detail by a number of studiesPsece
when it comes to assessing human induced climate changers et al. 2011k and references therein). Those studies all
(Forster et al.2007. However, there exists broad consen- focus on the detection and characterisation of ship tracks on
sus that on global average, AlIEs have a cooling effect on théocal scales. The globally averaged RF of just ship tracks
Earth System with the most recent multi-model estimate be-has been estimated to range fron8.9 to —0.4 mW n12
ing —0.7+ 0.5 W 12 (Quaas et a]2009. (Schreier et al(2007) and A. Sayer, personal communica-
Aerosols and aerosol precursor gases also lead to aerostibn, 2011).
direct radiative effects (DREs), i.e. the aerosol particles From a climate point of view however, it is important to
absorb and scatter the incident solar radiation directlyget an impression of the large-scale RF resulting from ship-
(Angstrbm, 1962. While regionally, a warming effect by ping emissions. Apart from leading to ship-tracks, shipping
aerosol absorption can be substantial (d?gters et al. emissions also have the potential to change the micro- and
20113, globally, aerosol-DREs are believed to exert a netmacrophysical properties of cloud fields also at a large, cli-
radiative cooling of about-0.34+0.2Wn12 on the Earth  matically relevant, scale. This is especially true for areas with
System Myhre, 2009. In the recent climate-change discus- widespread shipping emissions such as in the northern At-
sion, the mitigation of carbonaceous emissions has attracteldntic and Pacific Oceans. Two observational studies have so
substantial attention in the scientific community. BC aerosolsfar attempted to quantify such large scale effects from ship-
are associated with a net positive radiative forcing (RF) atping emissions. Whildevasthale et al{2006§ found evi-
the top-of-atmosphere (TOA) due to their strong absorptiondence of cloud-property modification from shipping emis-
of incident solar radiation, also leading to semi-direct effectssions over European coastal watePgters et al(2011h
on cloud cover Koch and Del Genip2010. Thus, BC is  could not identify significant changes of cloud properties
perhaps the fourth largest contributor to positive RF, follow- downwind of shipping routes over tropical oceans.
ing CO,, methane and tropospheric ozone and reducing its The above studies nicely illustrate the difficulty of estab-
emission could contribute to delaying global warming due tolishing sound cause-and-effect relationships from observa-
anthropogenic climate change (eBpnd 2007). However, tions. However, atmospheric modelling allows to explicitly
this neglects the ability of BC particles to act as cloud con-separate the impact of shipping from the natural background.
densation nuclei (CCNs) when they internally mix with hy- In recent years, modelling the impact of shipping emissions
groscopic species through microphysical and chemical ageen the Earth System on climate relevant scales has received
ing. This possibly leads to an overestimation of the coolingincreasing attention. Most of these modelling studies focus
potential of BC mitigation options (e.dierce et al.2007, on changes related to atmospheric chemistry and composi-
Spracklen et al2011). tion (Eyring et al, 201Q and references therein) and assess-
Shipping is the most cost-effective mean of long distanceing global AIEs from shipping emissions has to date just been
cargo transportation (e.@orken-Kleefeld et a).2010 and performed with two distinct models.
global ship traffic is expected to increase due to increasing Capaldo et al(1999 used shipping emissions of sulphur
international trade (e.dEyring et al, 20053. Because green- and organic material as presentedGorbett et al.(1999
house gas emissions from seagoing ships are not includeith a global chemical transport model. The derived changes
in the Kyoto Protocol(1997), seagoing ships are one of the in atmospheric composition were then used to perform of-
least regulated sources of anthropogenic emissions. It is estfline calculations of changes in CCN and the resulting RF.
mated that in 2007, seagoing ships had a share of 2.7 % in alfheir sensitivity tests, performed by varying input param-
anthropogenic C®emissions Buhaug et al.2009. Other  eters like the background CCN concentration or the CCN
gaseous emissions from ships include large amounts of nitrieut-off radius, revealed RF values ranging frend.21 to
ous oxides (NQ), methane and non-methane hydrocarbons.—0.06 W n12. Lauer et al(2007) used three different ship-
Furthermore, combustion of low-quality fuel, as used in shipping emission inventories and estimated globally averaged
engines, produces large amounts of aerosols and aerosol praiEs to range from—0.19 to —0.60 W nT2. Their results
cursors. These come in form of particulate matter consistinchighlight the importance of using an adequate geographical
of elemental (black) and organic carbon, ash and particleglistribution of the shipping emissions, i.e. spread-out about
forming from sulfuric acid (e.gEyring et al, 2005k Pet-  shipping corridors rather than concentrated along main ship-
zold et al, 2008. These constituents, being emitted in mostly ping routes.Lauer et al.(2009 tested the impact of future
pristine marine environments, can serve as cloud condensaegulations regarding the sulfur content of marine bunker fuel
tion nuclei (CCN) (e.gPetzold et al.2008 and result in  (IMO, 1998. In their simulations, a reduction of the globally
AlEs. averaged fuel sulfur content from 2.7 % (in 2002) to 0.5%
AIEs from shipping emissions are occasionally manifested(in 2012) lead to a reduction of globally averaged AIEs from
in linear cloud structures referred to as “ship tracks”. Theseshipping emissions from abow0.43 to about-0.27 W n12
form as a result from ship effluents providing additional CCN despite an annual growth rate of fuel consumption of 4.1 %.
which can potentially alter the micro- and macrophysical Applying a model environment completely identicalimuer
properties of maritime liquid-water clouds. Ship-tracks haveet al.(2007 andLauer et al(2009, Righi et al.(2011) found
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the shipping emission induced AIE to range frer0.40 to  cloud cover using the same convection parameterisation but
—0.28 W nT2 — despite the total assumed fuel consumption, a different cloud cover scheme, i.e. thaffleimpkins(2002).
and thus emissions, being higher tharLauer et al(2007). Both studies revealed that this model configuration overes-
Righi et al.(201]) attribute this difference in obtained AIE timates high-cloud cover at the expense of mid- and low-
to the use of a different geographical distribution of the ship-level cloud cover, especially in the tropics and subtropics.
ping emissions. The DRE resulting from shipping emissionsAs the ECHAM-simulated cloud fields are similar for both
is small and estimated to range frord7.5t0—9.1 m W n12 cloud-cover scheme§faas2012), these findings also hold
(Balkanski et al.201Q Eyring et al, 2010. for the model configuration we use in this study. As ship-
As the present estimate of the total greenhouse gas (GHQ@)ing emissions are most probably bound to impact the prop-
RF, as given by the IPCC, is about +3 W fn(Forster etal.  erties of low-level clouds, the AIEs obtained with this model
2007, the above mentioned model results suggest that AIEsnay represent a low estimate, especially for tropical and sub-
and DREs from shipping might mask a significant portion tropical regions. In addition, mesoscale dynamical features,
of the GHG induced radiative forcing. This masking may such as the transition from open-cell to closed-cell stratocu-
be reduced due to shipping emission regulations {(ager  mulus clouds (e.gWang and Feingold2009 Sandu et aJ.
et al, 2009, but even without those policy regulations, the 2010 cannot be represented in current global modelling ap-
estimated current cooling effect of shipping emissions will proaches.
switch to a long-term warming (e.guglestvedt et al2009. Cloud microphysics are computed accordind.tdhmann
This is because the warming related to the ship-emitted COet al. (2007) some details of which are described below.
acts on timescales on the order of centuries whereas the cooFransport of physical quantities in gridpoint-space, such as
ing of the sulphuric compounds acts on timescales of decadewater vapour, cloud water and -ice, and trace components is
when taking changes in oceanic heat content into accounperformed via a semi-lagrangian transport schebie &énd
Furthermore, evidence suggests that combustion of cleandRood 1996. Here, ECHAM-HAM is used in nudged mode
ship fuel also leads to reduced emission of particulate BCQto relax the prognostic variables (vorticity, divergence, tem-
(Lack and Corbef2012), thereby reducing its potential cool- perature and surface pressure) towards an atmospheric ref-
ing and warming effects. We here present an initial investi-erence state (ERA-Interim reanalysis dagimmons et a.
gation of the magnitude of these effects. 2007. A possible feedback of changes in cloud properties
In this study, we employ the state of the art global aerosol-on the general circulation cannot be obtained from this kind
climate model ECHAM-HAM to provide (1) insight into of simulation. However, nudged simulations are the tool of
ship-emission processing in the model, and (2) a range othoice in this study (as for many other AIE studies too) be-
estimates of AIEs from shipping emissions. We derive thiscause this allows for the derivation of statistically significant
range of estimates from a series of sensitivity experimentgesults from relatively short simulations (i.e. five years in this
which are designed to investigate (i) the uncertainties relate¢ase). Furthermoré,ohmann et al(2010 have shown that
to the size distribution of emitted particles, (ii) the uncer- AlEs obtained from short nudged simulations compare very
tainty associated with the total amount of emissions, and (iii)well with those obtained from “free” simulations.
the impact of reducing carbonaceous emissions from ships.
The model framework, the used shipping emissions inven2.1 Aerosol treatment
tory and the experimental setup are described in Sed.
detailed view of ship-emission processing in ECHAM-HAM ECHAM is coupled to HAM, a microphysical aerosol mod-
is given in Sect3 and the results of the sensitivity exper- ule which calculates the evolution of an aerosol population
iments are presented in Sedt. Summary and conclusions represented by seven interacting internally and externally
are given in Secb. mixed log-normal aerosol modeghang et al. 2012. In
the setup applied here, HAM treats sulfate (SU), black car-
bon (BC), particulate organic matter (POM), sea salt (SS)
2 Model and experiment setup and dust (DU) aerosol. The modes consist of compounds
with either low or no solubility (insoluble modes) or an in-
Here, we utilise the global aerosol-climate model ECHAM- ternal mixture of insoluble and soluble compounds (soluble
HAM (Zhang et al.2012) to thoroughly investigate the ef- modes). The microphysical interaction among the modes,
fect of shipping emissions on clouds. In the simulations dis-such as coagulation, condensation of sulfuric acid on the
cussed here, cloud cover is computed following a relativeaerosol surface, and water uptake are calculated by the mi-
humidity-based approactsgndqvist et aJ.1989 and the  crophysical core M7\(ignati et al, 2004). New particle for-
treatment of convective clouds and -transport is based on thenation is calculated as in the experimentskazil et al.
mass-flux scheme dfiedtke (1989 with modifications for ~ (2010: specifically, neutral and charged nucleati¢taZil
penetrative deep-convection accordingNordeng(1994. and Lovejoy 2007 are used throughout the troposphere
Gehlot and Quaa&012 and Nam and Quaag2012), us-  whereas activation nucleatioK|lmala et al, 2009 is lim-
ing satellite observations, evaluated the ECHAM-simulatedited to the forested boundary layer. Further, HAM treats
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emissions, sulfur chemistry€ichter et al.1996, dry and 2.3 Aerosol-emission setup

wet deposition and sedimentation and is coupled to radiative

processes. The version of HAM used in this study is based oThe emissions of dusiTégen et al.2002), sea salt Guelle

the original model presented 8tier et al (2005 with several et al, 2007 and dimethyl sulfide (DM ettle and Andreae
new developments. In their recent wodfang et al(2012 2000 are computed on-line. The emissions of carbonaceous
present the changes applied to the original model version andnd sulfuric compounds, except those from shipping, are pre-
evaluate these changes with respect to observations. Hersgribed according to the AeroCorKitine et al, 2006 rec-

we will not delve into the details of this model evaluation, ommendations (for the year 200Dgntener et al.2006.

but it should be stated that the model-simulated aerosol siz&aseous species (e.g. OH, Nzone) are prescribed as
distribution and spatio-temporal variance of the aerosol pop-monthly values afteFHorowitz et al.(2003.

ulation have improved compared to observations. Remain- We substitute the AeroCom shipping emissions (EDGAR,
ing deficiencies include positive and negative AOD biasesBond et al, 2004 Olivier et al, 2005 with a dataset pro-
over storm-tracks and high-latitudes, respectively, as well agluced within the European Integrated Project QUANTIFY
a negative bias in particle number concentrations in the lowe(EU-IP QUANTIFY) which comprises globally gridded data

troposphere over polluted area@héng et al.2012). of shipping emissions for the year 20@ehrens2006.
_ . In the QUANTIFY inventory, the geographical distribu-
2.2 Cloud microphysics tion of shipping emissions is performed by using a combi-

) ) ) ) ) nation of COADS (Comprehensive Ocean-Atmosphere Data
Here, cloud microphysical properties are derived using aSet) and AMVER (Automatic Mutual-Assistance Vessel

double-moment scheme which solves prognostic equationgescye System) ship-traffic densities for the years 2000 and
for cloud water and -ice mass mixing ratios as well as for ,001/2002, respectively. To distribute the annual emissions
the number of cloud droplets and -ice crystalshmann  j, the QUANTIFY inventory, about 1 000 000 marine reports
etal.(2007. The parametrised microphysical processes reléyygre ysed as input in both the COADS and AMVER datasets
vant for liquid-water cloud properties are nucleation of cloud ¢4 geriving global ship reporting frequencies as illustrated in
droplets, condensational growth of cloud droplets, autocoNEngresen et a[2003. The global distributions are shown in
version of cloud droplets to form rain water, accretion of pisgren et al2009.
cloud droplets by snow and by rain, and melting of cloud , 44qition to the uncertainties related to the geograph-
ice and snow. The amount of cloud liquid water mixing ratio, i gistribution of the shipping emissions, there also exist
q1, inside a grid box is provided by the condensation SChemgnparent uncertainties in the total fuel consumption of seago-
(Sundqvist et a).1989 with an additional source from con- jnq ships. In the QUANTIFY inventory, the total annual fuel
vective detrainment, and is a prerequisite for performing theq s mption is estimated at 172.5 Mt of total fuel consump-
calculations of C!OUd mlcrophy3|cs. , tion for the year 2000 which is substantially lower than the
The cloud microphysical scheme is coupled 10 HAM ggtimates ofCorbett and Koehlef2003 and Eyring et al.
so that changes in the aerosol- and cloud populat|(_)n camo005h, being 289 Mt and 280 Mt, respectively. The large
feed back onto each other. Cloud droplet nucleation iSgiterences between QUANTIFY and the other inventories
parametrised as an empirical function of aerosol number congoncerning the fuel consumption estimates have been a mat-
centrationslfohmann et a|.2007) and Kohler theory based o1 of intense debate and it has been shown that the assumed
CCN diagnostics are also included. Autoconversion, i.e. CONYavel of activity (or “days at sea”) is the main reason for
version from cloud droplets to form precipitation, is treated ¢, large differences (e.g.Endresen et al2004 Corbett

according tokhairoutdinov and Koga2000, an empirical 4 Koehler 2004. The spatially gridded QUANTIFY in-
relationship where autoconversion negatively correlates Wi“\/entory we use in this study does not include emissions in

the number of cloud droplets. Thereby, cloud lifetime effects ports. Fuel consumption in ports is estimated at 11.6 Mt for
are explicitly included in the model. It is thus likely that the 1,4 year 2000, thereby representing about 6.3 % of total fuel
model overestimates the “cloud lifetime effec@yaas et al. consumption Behrens 2008.
2009. ) o ] We apply the emissions as a constant flux (in
In ECHAM, the convection parametrisation provides for [kgm~2s-1]) of annually averaged data to the model layer
vertical transport and horizontal detrainment of cloud watergqve the surface layer. We acknowledge that applying the
and CCN. The detrained CCN then serve as potential nuclelmissions in such a way leads to dilution of the emissions,
for stratl_form clouds which form at the de_tral_nment level. thereby neglecting sub-grid processes of emission process-
Convective clouds therefore only have an indirect effect ONing in the atmosphere (i.eStevens et a12012). The possi-
radiation through detrainment. of liquid water to the strati- bility of employing effective emissionsPaoli et al, 2017,
form scheme, i.e. they are assigned a cloud cover of zero. j o “emjissions modified to represent the effect of unresolved
processes on the scale of a GCM grid-box, was previously
explored byFranke et al(2008. In that study, the authors
found substantial effects on ozone chemistry, but neither
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did they discuss possible implications for AIEs nor was sulphuric compounds, an emission height well above the sur-
the method applied to a full GCM. More recentijuszar  face is assumed because industrial plants emit most of their
et al. (2010 employed an exhaust plume parameterisationexhausts from smoke stacks. This method is not applied to in-
for shipping emissions on a regional scale (Eastern Atlanticdustrial carbonaceous emissions because their fraction in the
and Western Europe) using a model environment encompasstack-emissions is assumed to be negligible (S. Kinne, per-
ing a regional climate model and a chemical transport modelsonal communication, 2010). We therefore modify the emis-
Similar toFranke et al(2008, they found substantial effects sion routine in HAM so that all emissions from ships are con-
on atmospheric chemistry, mainly comprising reduced abunsistently assigned to the model layer above the surface layer.
dance of NQ and ozone over main shipping corridors com- Over oceans, the model level above the surface level covers
pared to a simulation utilising the standard emission imple-the air-volume from about 60-150m for mid-latitudes and
mentation of instantaneous dilution. Although these results65-170 m for the tropics.

are stimulating, including sub-grid scale effects on emission In experiment A, the emissions of BC and POM are as-
processing is well beyond the scope of this study and wesigned to the insoluble Aitken mode with a number mean
therefore stick to the conventional method of instantly di- radius of7 = 0.03um and a standard deviation of the log-
luting the shipping emissions to a GCM grid-box. Monthly normal distribution ofo = 1.59. The bulk of sulfuric emis-
resolved ship traffic density datasets on the basis of AMVERsions is emitted in form of gaseous g@ast processing of
and COADS data do exist (e.ang et al.2007 Lamarque  gaseous S®emissions is accounted for by allowing a cer-
et al, 2010, but the uncertainty introduced by using annu- tain fraction fsg, of the emitted sulfuric mass to transform
ally mean emission fields is probably negligible comparedto particulate sulfate at the point of emission instantaneously
to the uncertainty associated with the emissions themselve§.e., within one timestep). In the AeroCom setup as used

(A. Lauer, personal communication, 2011). in experiment A, fso, = 2.5%. Of this particulate sulfate,
50% is assigned to the soluble Accumulation mode (AS,
2.4 Experimental setup r =0.075 pum,o = 1.59) and 50 % is assigned to the soluble

Coarse mode (C$,=0.75um,oc = 2).

To quantify the effect of shipping emissions on clouds, we To investigate the uncertainty associated with the insuf-
perform and analyse a total of seven GCM experiments. Thdicient knowledge of the emission size distribution, we de-
experiments are designed to highlight the uncertainties asveloped experiment B. A close look at the original emis-
sociated with the total global annual fuel consumption andsion parametrisation as used in A yields significant discrep-
the emission size distribution as well as to investigate the poancies to what is currently known about the microphysical-
tential and implications of mitigating carbonaceous-patrticleand chemical properties of shipping emissions.
emissions from ships. Simulations are performed with a hori-  First, recent studies indicate that tlfeq, is often larger
zontal resolution of T63 (about 1:81.8°) and a vertical res- than 2.5%.Agrawal et al.(2008 performed exhaust gas
olution of 31 levels up to 10 hPa. Monthly mean sea surfacemeasurements inside a container-ships’ stack and found
temperatures and sea ice cover are prescribed according # value of fsg, = 3.7-5% (positively correlated with en-
the AMIP Il dataset (Atmospheric Model Intercomparison gine load) for a fuel sulphur content of 2.05%. These re-
Project;Taylor et al, 2000. The performed simulations span sults are confirmed bygrawal et al.(2010 (fsq, = 2.4—
the time period from October 1999 to December 2004. The5 % with fuel sulfur content of 3.01 %}).ack et al.(2009
first three months are considered as model spin-up and themeasured ship-emission plume compositions within 15 min
analysis is then performed on the remaining five years. post-emission and deducgdo, = 1.4+ 1.1 % andfsq, =

For our reference simulation CTRL, we run the model with 3.9+ 2.0% for low (< 0.5%) and high £ 0.5 %) fuel sul-
the emissions prescribed for the AeroCom sefDprtener  phur content, respectively. The authors however do not give
et al, 2009 excluding all shipping emissions. This simula- information on possible mechanisms behind the dependence
tion thus yields the base case scenario for estimating the AIEsf fsg, on the fuel sulfur content. Applying the current state
from shipping emissions as computed from the sensitivity ex-of knowledge, we increasgsg, from 2.5% to 4.5 % in ex-
periments described below. periment B, being a realistic estimate considering that the

In experiment A, we run the model with the QUAN- model time step is on the order of the measurement timescale
TIFY inventory using the originally implemented shipping of Lack et al.(2009 and that the globally weighted marine
emissions parametrisation (AeroCom, “old” in Talile We fuel sulphur content is estimated at 2.68 % for 20&2-(
slightly modify the original emission parametrisation be- dresen et al2004).
cause we found it to be inconsistent — the carbonaceous com- Second, the assumed emission size distribution of primary
pounds from shipping emissions were originally assigned tosulfate particles may be too large in AeroCom (see above).
the model's surface layer whereas the sulphuric compound# number of studies have shown that ships emit a suite of
where assigned to one layer above the model's surface layeparticles which are all in the size range< 0.05 um. Specif-
This is because shipping emissions are considered as part @fally, Petzold et al(2008 investigated the particle size dis-
industrial emissions in AeroCom. For industrial emissions oftribution in an aged plume (20 min old, which is roughly on
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Table 1. Experimental setup configurations for the performed GCM runs. The “old” emission parameterisation refers to the operational
AeroCom method whereas the “new” one was developed in this study. The acronyms for the emission modes are: Kl (Aitken insoluble), KS
(Aitken soluble), AS (Accumulation soluble), CS (Coarse solubfgy, denotes the mass fraction of emitted sulfur to be emitted as primary
sulfate. HAM treats OC emissions as emissions of POM. OC emissions are therefore scaled by 1.4 to obtain values of emitted POM. The
approximate number of emitted soluble particled & shown to illustrate the effect of the applied model changes.

Particulate emissions, emission mode

. emiss. shipping emissions ~ # of emitted
Experiment par. S0O,, BC, OC(POM) [Tg yrl] fsay BC oc(Pom) particles [51]
CTRL old - - - - -

25% 2
A old 7.95,0.03,0.11 (50% AS, 50% CS) Kl Kl 4.8x 10t
B new 7.95,0.03, 0.11 4.5%, KS KS KS 81019

25% 7
Asc old 12.95, 0.05, 0.18 (50% AS, 50% CS) Kl Kl 7.8x 10!
Bsc new 12.95, 0.05, 0.18 4.5%, KS KS KS 3% 1020
BnoBC new 7.95,—,0.11 4.5%, KS - KS 6% 1019
BnoC new 7.95, —, — 4.5%, KS - - Hx 1019

the order of the model timestep) of shipping emissions overto values which meet the ones published @grbett and
the English Channel and found that the modal radius of theKoehler (2003. There, the annual total emission of 5
ship-emitted particles was 0.02—0.04 um. Because this size given as 12.98 Tg (based on ship activity for the year 2001).
range corresponds to that of the Aitken mode in HAM, we Relating this to the given value in the QUANTIFY inventory
assign all ship-emitted primary sulfate particles to the solu-(7.95 Tg; year 2000), we scale the emissions 0f &L and
ble Aitken mode (modal radius: 0.03 um) in experiment B. POM by a factor of 1.63 for use in the experiments Asc and
In a recent studyRighi et al. (2011 also investigated the Bsc. In the study of.auer et al.(2007), the highest annual
effect of changing the size distribution of emitted particles total emission of S@was 11.7 Tg andRighi et al. (2011
from shipping emissions in a GCM environment and found used maximum annual S@missions of 14 Tg. This has to
that AIEs substantially depend on the assumed size distribe kept in mind when interpreting the results.
bution of emitted particles, i.e. emission of smaller and thus In the experiments BnoBC and BnoC, we explore the po-
more particles for the same emitted mass yields substantiallyential effects of mitigating the emission of carbonaceous
larger AlE-estimates. compounds from ships. For both experiments, we employ the
Third, all carbonaceous particles from shipping emissionsmodel with the newly introduced emission parametrisation
are assumed insoluble at the point of emission in the orig{see experiment B). We omit all BC and all carbonaceous
inal AeroCom parametrisation. This assumption however isemissions from ships in experiments BnoBC and BnoC, re-
inconsistent with recent laboratory measuremeliteeeva  spectively. These simulations thus represent idealised sensi-
et al.(2010 showed that freshly emitted soot from a ship en- tivity studies because no potential side-effects that BC miti-
gine burning fuel with a sulfur content of just 0.5% yields gation may have on the magnitude of sulfuric emissions (and
significantly higher solubility than soot emitted from an vice-versalack and Corbeft2012 and references therein)
aircraft- or truck engine. Motivated by these results, we as-are included.
sign all ship-emitted carbonaceous particles to the soluble Although very intriguing, we explicitly do not attempt to
Aitken mode (modal radius: 0.03 um) in experiment B, sim- assess the climate impact of emission controls resulting from
ilar to Lauer et al(2007) and one experiment iRighi et al.  a reduction of fuel sulfur content on local and global scales
(2011). Therefore, the model setup for experiment B also (IMO, 1998 Lauer et al. 2009 Righi et al, 2011) and this
yields a better comparison framework to earlier studies. should thus be an important topic of future climate model
In the experiments Asc and Bsc, we scale the emissionintercomparison studies.
of the QUANTIFY inventory in order to investigate the un-
certainty associated with the unknown total annual fuel con-
sumption from ships. As previously noted, the QUANTIFY 3 Ship-emission induced aerosol processes in
inventory represents a lower estimate among the currenty ECHAM-HAM

used shipping emission inventories. Therefore, the mass of

annually emitted particulate- and gaseous species is scalelf lustrate the pathway from shipping emissions to changes
in the TOA radiation budget as modelled by ECHAM-HAM,
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Fig. 1. Total emissions of aerosols and aerosol precursors as used in experiment setup B. Top left: sulphur (comprised of sulphur dioxide
(SOy), sulfate and DMS); top right: BC; bottom: particulate organic matter (POM). The colour scales denotg ghef lmission fluxes in

[kgs~1 m~2]. Emissions over land correspond to those prescribed in AeroCamténer et a] 2006, anthropogenic emissions over water
surfaces to those provided in the QUANTIFY shipping emission inven®enfens2006).

we perform a stepwise analysis using the results obtaineémissions as used in experiment B are shown in Ei§hip-
from experiment B. The steps in this analysis consider theping emissions represent just a small fraction of the global

changes in mean anthropogenic emissions: 7.2 % for S, 0.5 % of BC and
o 0.25 % of POM. However, emissions from shipping often oc-
— emissions, cur in otherwise pristine marine environments and can there-

fore result in substantial modifications of the aerosol popula-
tions in the marine boundary layer.

As shown in Fig.2, the relative changes in $S@olumn
burden are very similar to the spatial pattern of shipping

aerosol mass- and number burdens,

CCN concentrations,

— cloud macro- and microphysical properties, emissions on global oceans. We obtain the largest changes
over the Northern Hemisphere (NH) Atlantic Ocean, the
— radiation budget. northern Indian Ocean and the northern Pacific Ocean, with

most changes being statistically significant at the 90 % level.
In the following, the displayed figures represent simulatedre|ative changes in sulfate column burden show smaller val-
fiVe'year mean values. Statistical Significance is Computeqjes in Southeast Asia Compared to the western European
by applylng a two-tailed Student’s t-test to the reSpeCtive ﬁVecoast a|though the Changes in §@|umn burden are of
annually averaged fields and the standard deviation of th&jmilar magnitudes. Because $& oxidised to HSOy by
five annual means in each grid-bOX. The level of Statistical()H, this can be exp|ained by h|gher OH abundance over the
significance applied to all plots is 90 %, i.e. the null hypoth- North Atlantic in the monthly prescribed fieldsi¢rowitz
esis (that the sample means are from the same populationyt a|, 2003. Also, aqueous oxidation in cloudy scenes is
is true with <10 % probability and is thereby rejected in the most probably higher over the North Atlantic compared to
regions indicated by the contours in the plots. Southeast Asia due to higher cloud fractions in low- and mid-
levels Nam, 2011).

The relative changes in atmospheric BC- and OC burdens
only show distinct patterns over the northwestern Atlantic
and none of these features is statistically significant at the
90 % level. Therefore, it is plausible that the emissions of

3.1 Changes in emissions and mass burdens
The global distributions of total sulphur (comprised of sul-

phur dioxide (SQ), sulfate and dimethyl sulphide (DMS)),
black carbon (BC) and particulate organic matter (POM)

www.atmos-chem-phys.net/12/5985/2012/ Atmos. Chem. Phys., 12, 53887, 2012
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ASO, column burden, [%)] mean: 3.96 + 0.06 Asulfate column burden, [%] mean:3.73 + 0.05

ABC column burden, [%] mean:020 £ 0.08  APOM column burden, [%]  mean:0.13 + 0.12
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Fig. 2. Ship-emission induced five-year annual mean relative changes in [%] of column burden of sulphur dioxidmpdeft), sulfate
(top right), black carbon (BC, bottom left) and particulate organic matter (POM, bottom right) in experiment B compared to experiment

CTRL (derived frorr( B-CTRL. 100)). Please note the non-linear contour spacing. Changes in diagonally-patterned areas are statistically
significant at the 90 % level.

sulfuric constituents from ships are the ones which ultimatelyboundary layer and lower troposphere (up~®00 hPa).
determine the total effect on both cloudy- and clear sky radi-There, condensation of 330, onto pre-existing particles

ation (e.g.Lauer et al.2009. substantially dominates over new particle formation.
Soluble Aitken mode (KS) particle number concentrations
3.2 Changes in aerosol number decrease in the NH boundary layer (bottom row F3Y.

The cause for this is two-fold. Firstly, less nucleated NS-

It is feasible to track the models’ response induced by aparticles (see above) result in less particles growing to KS
certain change in emission parameters through each aerosahd secondly, the increased availability of condensable ma-
mode, thereby clarifying the underlying processes leading tderial (H,SQOy) leads to higher condensation rates onto the
the observed total response. We order the analysis from thaelready present and additionally emitted KS particles. This
smallest to largest aerosol modes. We show the verticallyyields faster growth rates to the soluble Accumulation mode
and meridionally resolved changes in particle number con{AS) and thus shorter residence time in KS. For the mid- and
centrations in Fig3. upper troposphere, the overall increase in KS-particle num-

Due to the increased availability of condensable materialber concentrations results from growth of the increasingly
i.e. sulphuric acid (HSQOy), non-soluble particles are con- present NS-particles (see above).
verted to soluble ones via condensation @858, onto them. Particle number burdens in the soluble Accumulation
This can clearly be depicted for the insoluble Aitken (KI), mode (AS) increase everywhere on the globe. In relative
Accumulation (Al) and Coarse (Cl) modes (top row F3j. terms, regions of largest increase correspond to those of

The population of soluble Nucleation mode (NS) particles highest shipping emissions in the North Atlantic, North Pa-
by design consists only of secondary aerosol resulting froncific, mid-Indian Ocean, and Southeast Asia (not shown).
new particle formation, mainly nucleated from sulfuric acid The vertically and meridionally resolved changes in AS-
(H2SOy). Vertically resolved, pronounced relative increasesparticle number concentrations show an increase practically
in NS-particle concentrations are constrained to the NH mid-everywhere throughout the troposphere (bottom row Bjig.
and upper tropospher&4zil et al, 2010 as well as some Especially in the NH boundary layer, the condensational
parts of tropical boundary layer (bottom row F8). Because  growth of the emitted KS-particles thus leads to a signif-
these areas are relatively unpolluted, the lack of condensacant increase (“accumulation”) of particles in AS. This is
tional sinks favours particle nucleation. However, a decreas®f particular interest as that size range is most suitable for
in NS-particle numbers is obtained for the NH mid-latitude
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Fig. 3. Ship-emission induced five-year annual zonal mean relative changes in [%)] of particle number mixing ratios (nmr) in experiment

B compared to experiment CTR(Lderived fron( B&ng'— . 100)). The change of particle number concentration in each aerosol mode, as

resolved by ECHAM-HAM, is shown. The acronyms in the plot captions denote the respective aerosol mode in HAM and are as follows:
Kl (aitken Insoluble), Al (Accumulation Insoluble), ClI (Coarse Insoluble), NS (Nucleation Soluble), KS (aitken Soluble), AS (Accumu-
lation Soluble), CS (Coarse Soluble). Please note the non-linear contour spacing. The black contour lines enclose areas showing statistica
significance at the 90 % level.

CCN-activation at supersaturations typical for stratocumulus The aforementioned faster growth rates of aerosol parti-
clouds (80—-100 nm at 0.2 % supersaturation, Bigrce and  cles could in fact lead to a reduction of their atmospheric
Adams 2009. lifetimes due to enhanced wet deposition through cloud inter-

The increase in soluble Coarse mode (CS) particle conaction. Aerosol lifetimes, defined here as the ratio of burdens
centrations is confined to the lower troposphere, but is not a®ver sources, are displayed in TaBleindeed, lifetimes are
large as for AS and is not statistically significant at any pointslightly reduced for all aerosol types in experiment B, with
in the troposphere. the exception of sea salt.

To summarise, the introduction of shipping emissions The impact of the shipping emissions on the aerosol pop-
leads to reduced particle nucleation and substantially in-ulation and its direct effect on atmospheric radiation is il-
creased condensational growth rates of primary Aitken-modéustrated by the relative changes in AOD and its fine mode
sized particles in the NH boundary layer. This results incomponent (i.e. the contribution from particles smaller than
decreased particle number concentrations in both NS and pm in diameter), as shown in Figy. Statistically significant
KS and increased AS-particle number concentrations in theéncreases in both the AOD and its fine mode are obtained for
NH boundary layer. Furthermore, the increased availabilitymost of the western European coastal waters as well as some
of sulfuric compounds leads to increased particle nucleatiorareas off the western coast of North America. The globally
rates throughout the tropical troposphere, which results in inaveraged relative increase in the fine-mode AOD is larger
creased particle number concentrations in all soluble modethan that obtained for the total AOD. This should be ex-
but the Coarse mode. pected, as the main increase in particle numbers is found for

Although most of the discussed changes in particle num-Accumulation mode sized particles, which are by definition
ber concentrations occur outside the specified confidence insmaller than 1 um in diameter. The impact of this change in
tervals, we are confident that the shown plots and explanaAOD on clear-sky atmospheric radiation will be discussed in
tions represent the actual processing of shipping emissionSect.3.5.
to a high degree of accuracy. Running the model for an even
longer time period would most probably increase the areas 08.3 Changes in predicted CCN concentrations
significant changes. As this is however computationally quite
expensive, performing such extra simulations is beyond theye show vertically- and meridionally resolved changes in
scope of this study. CCN concentrations, derived fromokler theory, at various
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Table 2. Atmospheric lifetimes of the aerosol species considered in ECHAM-HAM in experiment CTRL [days] and changes in the remaining
experiments with respect to CTRL [minutes]. The lifetime is defined as the ratio of total burden over total sources. All aerosol species treated
in ECHAM-HAM are considered here, i.e. sulfate, black carbon (BC), particulate organic matter (POM), sea salt (SS) and dust (DU).

Compound CTRL A B Asc Bsc BnoBC BnoC
sulfate 48016 -7.9+27 -305+35 —-328+6.3 —-18.94+4.3 -29.2+55 0.3+1.9
BC 6.3+0.17 —-39+7.2 -17.8+12.1 —-16+10.2 —-16.7+8.5 —4+3.3 10.2+13.2
POM 6.1+£0.19 -7.6+9.6 —2.7+17 -1154+147 —-844+132 -104+26 —4.9+19.2
SS 0.4 0.006 —-1.6+0.1 2.3+£0.1 -1.3+0.1 0.9+0.1 2.2+£0.3 -0.06+0.1
DU 4.94+0.2 1.6+7.2 —194+6.2 -115+11.8 -14.3+115 —194+9 2.3+8.9

AAOD, [%] mean: 1.87 + 0.04 A(fine-mode AQOD), [%] mean: 2.90 + 0.06

180 EY 0 90E 180

I
2 -1 0 1 2 3 4 5 7 10 15

Fig. 4. Ship-emission induced five-year annual mean relative changes in [%)] of aerosol optical depth (AOD, left) and fine-mode AOD (right)

in experiment B compared to experiment CTléﬁerived fron( B&ng'- . 100)). Please note the non-linear contour spacing. Changes in

diagonally-patterned areas are statistically significant at the 90 % level.

supersaturations in Fi§. At low supersaturations (0.04%), 3.4 Changes in cloud micro- and macrophysical
large areas in the NH lower- to mid troposphere exhibit a sig- properties
nificant increase in CCN concentrations, with value) %

occurring in the boundary layer north of 68, closely fol- As shown in Fig.6 (top left), distinct and sometimes sig-

L?(;’:’}'Qg:ﬂ? EZ?Zge:rlsr]aﬁjsra%?)rr::fhg\l;vrgbsei:ﬁilcafNa(';toer;ﬁean}:zniﬁcam increases of CDNC are calculated throughout the
9 P P North Atlantic- and North Pacific Oceans as well as off the

:ztztrr]e:?ggiggn:tlflhlai:t:na?: EI?] tgu;?geerrgg;ngrisc’;25?:“';”:150uthwestern coast of Africa. Close to the coasts of north-
pics. 9 P 9 estern Europe and California, CDNCs are increased by

boundary layer — smaller particles (higher supersaturatlonsﬂore than 15 %. The changes over tropical oceans are rather

are found near the emission sources whereas larger particles . . o .
. . rgerp noisy because here, the relatively large variations in macro-
(smaller supersaturations) are found higher up in the tropo-

sphere as a result of microphysical- and chemical agein durphysical cloud properties, such as cloud liquid water path/-
sP - phy L a1 ageing geometrical thickness, dominate the signal even for the five
ing transport. Distinct and often statistically significant in-

: . . a/ear averages considered here. This is in-line with the find-
creases in CCN concentrations are also found for the mid t ;
. . ings of Peters et a20110 and a more thorough comparison
high tropical troposphere.

Summarising, it is evident that shipping emissions lead '[oto observations will be performed in the future.
9, ppIng Vertically resolved (Fig.6, top right), we find distinct

an "?Cfe"?‘se_d number of CCNs "?lt supersaturatlons _typlc_al fo:!md often statistically significant changes in CDNC through-
marine liquid water clouds. This follows from distinct in-

creases in AS particle numbers, especially in the NH bound—OUt the mid-latitude NH troposphere up #0400 hPa. Cor-

. . respondingly,rer decreases, often statistically significant,
ary layer, as aresult from increased particle growth rates (Seﬁwoughout the mid-latitude Pacific and Atlantic Oceans as
Sect.3.2).

well as off the western coast of southern Africa (Fégbot-
tom left).

Via the parametrisation of the autoconversion (i.e. the con-
version of cloud- to precipitation water aft&hairoutdinov
and Kogan2000, a response of cloud macrophysical prop-
erties to changes in CDNC is incorporated in the model.
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Fig. 5. Ship-emission induced five-year annual mean relative changes in [%] of the temporally- and zonally averaged cloud condensation
nuclei (CCN) concentrations at supersaturati®rs 0.04 % (left), S = 0.2 % (middle) ands = 1 % (right) in experiment B compared to ex-

periment CTRL{ derived fro B{%{-@- . 100)). Please note the non-linear contour spacing. The black contour lines enclose areas showing
statistical significance at the 90 % level.

A(CDNC@cloud top), [%] mean: 4.52 + 0.29 ACDNC, [%]
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Fig. 6. Ship-emission induced five-year annual mean relative changes in [%)] of micro- and macrophysical cloud properties in experiment
B compared to experiment CTRL computet(ﬁ% . 100): cloud droplet number concentration (CDNC) at cloud top (top left), CDNC
concentrations (top right), cloud droplet effective radigg:) at cloud top (bottom left) and cloud liquid water path (LWP) (bottom right).

Please note the non-linear contour spacing. For the global plots, changes in diagonally-patterned areas are statistically significant at the 90 %
level. For the zonal-average plot, black contour lines enclose areas showing statistical significance at the 90 % level.

Indeed, we find the LWP to increase over large regions3.5 Impact on the radiative budget

(Fig. 6, bottom right). Zonally averaged, the cloud cover is

slightly enhanced in the NH mid-latitude boundary layer (not For the purpose of this study, we define the AIE at TOA

shown). in terms of the “radiative flux perturbation” as given in
Lohmann et al(2010. There, the instantaneous radiation
perturbation by the total aerosol loading (with cloud micro-
and macrophysical properties held constant), i.e. the direct
total aerosol forcing, as obtained from a double-call of the
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AIE@TOA [W m?] mean: -0.23 + 0.01 DRE@TOA [W m?] mean: -0.023 + 0.002

5 3 2 1050051 2 3 5 %‘076»0.]*0‘06‘0‘0<3 0 0‘090‘05 2,24 9%

Fig. 7. Ship-emission induced five-year annual mean changes in top-of-atmosphere (TOA) radiation in experiment B with respect to exper-
iment CTRL. The aerosol indirect effect (AIE, left) is computed as the change in “net all-sky radiation — direct aerosol radiative perturba-
tion”, the direct radiative effect (DRE, right) is the change in net clear-sky radiation. Please note the non-linear contour spacing. Changes in
diagonally-patterned areas are statistically significant at the 90 % level.

ECHAM radiation scheme, is subtracted from the net all-skymacrophysical properties of stratocumulus fields (e.g. cloud
radiation at TOA. By evaluating the difference of these fieldsthickening as described Wilcox, 2010.
with respect to the reference simulation, i.e. “experiment — Both the AIE and DRE represent radiative effects in the so-
CTRL", we thus obtain the changes in the net all-sky ra- lar shortwave spectrum. It has been suggested that the aerosol
diation as influenced only by changes in cloud micro- andinfluence on clouds, specifically those stemming from ship-
macrophysical properties. ping emissions, have the potential to also alter the radiative
With this definition of the AIE, the results from experi- balance at TOA in the longwave spectral range resulting from
ment B yield a global, five-year mean AIE of shipping emis- cloud deepening (e.gchristensen and Stepher&)1]). In
sions at TOA 0f-0.23+0.01 W m 2 (see Fig7, top left). As  the results of experiment B, we find negligible changes in the
expected, the largest contributions come from those areas inutgoing longwave radiation (OLR) compared to experiment
which the change in shipping emissions leads to the largesETRL.
changes in cloud micro- and macrophysical quantities.
We find the direct radiative effect (DRE) of shipping emis- o o o o
sions at TOA, as difference between experiments B andt Sensitivity to uncertainties in shipping emissions

CTRL, to be—23+2mW m2 (five-year mean and interan- e L
o : C To test the model sensitivity towards assumed emission pa-
nual standard deviation). Interestingly, the DRE is distinctly . ; : : :
rameters, like physical and chemical properties of emitted

positive in some parts of the semi-permanent stratocumulus . o
articles as well as the total emission amount, we performed

fields off the southern Africa west coast. The reasons for thlsp . : . . .
; : n total seven simulations as described in S@ct. This
effect in B can be twofold. Either (1), carbonaceous aeroso : . . .
. L . section contains a description of the simulated responses to
from shipping emissions is lofted above the clouds or (2) the o o o .
. . ) changes in (i) emission parametrisation, (ii) total amount of
absorption of carbonaceous biomass burning aerosol fronémissions and (iii) emitted amount of carbonaceous com
Africa above the clouds (e.§eters et al20113 is increased

: . N -~ . pounds from shipping emissions. The results are shown in
due to increased internal mixing in the presence of shipping_.
. . . . igs.8-12 as zonal averages. We supply a summary of glob-
emissions. To investigate this, we compare the results from

B to those of BnoC and BnoBC (not shown) and find that ally averaged differences of selected parameters with respect

the positive DRE off the coast of Namibia and Angola can to experiment CTRL in Table.
be attributed to increased internal mixing of biomass burning, 1 Etfect of two different emission parametrisations
aerosol (see alsstier et al, 20068.

Compared to previous estimates of the DRE from shippingwe modified the parameterisation of shipping emissions in
emissions £47.5 to—9.1 mWn1?2, Eyring et al, 2010,  experiment B in such a way that substantially more soluble
our value (-23+2mWm?) is of comparable magnitude. particles are emitted compared to the original emission pa-
In previous studies (e.g.auer et al, 2007), it is argued that  rameterisation as used in experiment A (see Taplds we
the DRE of shipping emissions is negligible compared to theshow in the following, the higher number of emitted solu-
correspoding AIE. However, here it is evident that the emis-pe particles in B leads to substantially different results com-
sion of non-absorbing aerosols and aerosol precursors frorgared to A with respect to aerosol processing and the subse-

shipping emissions have implications for the absorption charguent effect on cloud micro- and macrophysical properties.
acteristics of pre-existing aerosol and may lead to changes in
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Table 3. Globally averaged changes of aerosol- and cloud properties for the experiments described2r 8&ttt.respect to experiment
CTRL, i.e. “experiment - CTRL". The results for cloud droplet number concentration (CDNC) and cloud droplet effective rgglius (
represent values at cloud top as diagnosed by the model. The values in parantheses represent globally averaged relative changes in %

(BZSERL. 100)

CTRL
ADE CDNC reft LWP AIE
AOD AOD FMF e
[mwm~2] [em™3] [um] [kg m~2] wm=2]
1.9E-3+0.07E-3  4.6E-3+0.1E-3 0.84£005  —0.03+0003  6.6E-4+0.6E-4
A (151+0.02) (0.86+0.03) —235E09  312402)  (~0.07+0.04) (0.61+005) 0070017
23E-3:0.1E-3  5.4E-3t0.08E-3 164+018  —007+0.006  2E-3+0.06E-3
B (1.87+0.04) (1+0.02) —23+17 (45+0.3) (~0.37:+0.05) (143+005) ~ —0-23+0008
3E-3+007E-3  7.3E-3+0.02E-3 124+017  —004+0.009  1E-3+0.05E-3
Asc (2.47+0.04) (1.36 0.04) —38+15  (365:020)  (~0.15:+0.08) (0.94-+0.05) —0.11+0.02
37E-3£0.13E3  8.7E-3+0.15E-3 2.6+0.2 —0.09+0.005 3E-3+0.1E-3
Bsc (3+0.06) (1.62+0.05) —374+16  (5131034)  (~0.58+0.04) (2+0.07) —0.3240.01
23E3+007E3  5.3E-3£0.1E-3 1574008  —0.06+0.004 2E-3+0.1E-3
BnoBC 1 864+0.02) (1+0.02) —241£07  4341021)  (~0.33+0.03) (1.37+£0.12) —0.21+£0.02
23E3+0.1E-3  5.1E-3+0.1E-3 1.8+0.14 —0.06+0.007  2.1E-3+0.09E-3
BnoC (1.83+ 0.05) (0.95+0.03) —239414 4 88103)  (~0.35+0.06) (1.4140.08) —0.2240.02
ASO, column burden: relative [%)] Asulfate column burden: relative [%]
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Fig. 8. Ship-emission induced five-year annual zonally averaged relative changes of atmospheric column burdens with respect to CTRL

computed a{% . 100): sulphur dioxide (S, top left), sulfate (top right), black carbon (BC, bottom left) and particulate

organic matter (POM, bottom right). Relative changes irp $6lumn burdens obtained from experiments A, BnoC and BnoBC are very
similar to B whereas changes in Asc are very similar to those in Bsc. Changes in sulfate column burdens in BnoBC and BnoC are very
similar to those obtained from B.

Regarding changes in species column burdens @)ig. SO, is less and sulfate is more abundant in A, respectively
carbonaceous species are slightly more abundant in the midsee Fig8).
latitudes of both hemispheres in A compared to B. This may Differences in particle number column burdens (Figs.
be due to regionally reduced lifetimes of carbonaceous partiand10) are most pronounced for the modes Kl and AS. For
clesin B —on a global scale, there is no systematic change il in A, particle numbers increase south of°3® and north
carbonaceous particle lifetimes (with respect to experimenbf 15° N due to the emission of insoluble carbonaceous par-
CTRL) detectable (see TabR. Due to the change iifsg,, ticles. Between 30S and 18 N, Kl particle numbers are re-

duced for both experiments A and B. The most pronounced
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Fig. 9. Ship-emission induced five-year annual zonally averaged absolute- and relative changes of atmospheric column number bur-

dens with respect to CTRL and aerosol mode in ECHAM-HAM: Nucleation mode soluble (NS, top), Aitken mode insoluble (KI, sec-
ond from top), Aitken mode soluble (KS, second from bottom) and Accumulation mode insoluble (Al, bottom). Relative changes are

. “experiment—CTRL
derived fron(w . 100).

absolute decrease is simulated over South America, subgrowth. Boundary layer nucleation is also higher in A com-
Sahel Africa, and northern Australia (not shown). In thesepared to B (not shown), but boundary layer KS particle num-
regions, carbonaceous emissions from biomass-burning areers are higher in B, indicating the inefficient microphysical
partly assigned to Kigtier et al, 2005 and represent an ef- ageing of emitted Kl particles in A. The changes in AS col-
ficient condensational sink regarding ship-emitted condensumn number burdens clearly reflect this (Fig), top row).
able species. There, the relative increase obtained from B is distinctly
In experiment A it therefore seems that microphysical age-higher than that of A, especially in the NH mid-latitudes.
ing of emitted Kl particles over main shipping corridors is Less efficient internal mixing in A also results in longer
insufficient for efficient internal mixing and thus particle particle lifetimes, due to reduced scavenging efficiency, and
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Fig. 10. Ship-emission induced five-year annual zonally averaged absolute- and relative changes of atmospheric column number burdens
with respect to CTRL and aerosol mode in ECHAM-HAM: accumulation mode soluble (AS, top), Coarse mode insoluble (ClI, middle) and

. N iment—CTRL
Coarse mode soluble (CS, bottom). Relative changes are deri e&’fﬁgicml_ 100).

subsequent higher total column number burdens compared tm A (Fig. 12, top right). The changes in cloud liquid wa-
B (not shown). ter path (LWP) also show the same distinct difference pat-
The resulting changes in zonally averaged aerosol opticatern. While the LWP increases by almost 4 % over NH mid-
depth (AOD) and its fine mode fraction (Figjl) match the latitudes in B, this increase amounts to onhl % in A
changes in number burdens and are thus larger for B than foFig. (12, bottom left).
A. So despite the results from A yielding a slightly larger to-  The globally averaged AIE from B amounts $€0.22+
tal aerosol number burden, B yields more particles in larger0.008 W ntT2 whereas that of A is simulated at0.07+
size modes which subsequently leads to higher AOD values0.017 W nT2. For both simulations, the zonally averaged
This also holds for the changes in the AOD fine mode frac-AlE (Fig. 12, bottom right) is largest over the NH mid-
tion because the experimental setup of B leads to substariatitudes, amounting to about0.7 and —0.2 W ni 2 for
tially more particles in AS. The changes in the AOD of ab- B and A, respectively. In experiment B, it is therefore the
sorption are also higher for B due to internally mixed BC effect of assigning more and smaller soluble particles for a
particles. The resulting aerosol direct radiative effect (DRE)given amount of emissions (see Tal)evhich leads to more
is however not much different between the two experimentsthan a tripling of the AIE in ECHAM-HAM for the model
—2354+09mWm2and—229+1.7mWm 2 for A and configuration we used in this study. A similar dependence of
B, respectively (Figl1, bottom right). shipping emission induced AIEs to the size distribution of
The relative change in zonally averaged CDNC at cloudemitted particles was found Wighi et al.(2011).
top (Fig. 12, top left) is substantially larger in B than A, We performed a preliminary investigation to pinpoint the
i.e. about 5% vs. 2 % at NH mid-latitudes. Correspondingly, process responsible for most of the increase in radiative forc-
theress decreases by more than 1% in B versus about 0.25%ng. In our study, the increase in the number of emitted
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Fig. 11. Ship-emission induced five-year annual zonally averaged relative changes of quantities related to direct aerosol-radiation interaction
with respect to CTRL computed s‘;%w . 100): aerosol optical depth (AOD, top left), AOD fine mode (top right), AOD of

absorption (bottom left). The resulting aerosol direct radiative effect(DRE) at TOA is also shown (bottom right).

soluble particles in experiment B compared to A is causedwho also used higher total annual emissions compared to our
by three factors: (i) increasingsq,, (i) changing the emis-  study.
sion size distribution of primary sulfate particles and (jiii) as-  In our experiments, the AIE does not scale linearly with
signing carbonaceous emissions to the soluble instead of théhe emissions, i.e. an increase of about 40 % versus a 63 %
insoluble Aitken mode. We find that it is the change in the increase in emissions compared to B. The non-linearity also
emission size distribution of primary sulfate particles which applies to all relevant diagnostics, e.g. species burdens, parti-
makes up for the bulk of the change in AIE. Future measure-cle numbers, CCN concentrations, etc. This is most probably
ment campaigns should thus focus on characterising the evadue to saturation effects in the aerosol system (seeSiiso
lution of the emitted particle size distribution from the scale et al, 20063. For Asc, the increase in forcing scales more
of the emission plume to the scale of global model resolu-closely with the increase in emissions (57 % increase com-
tions. pared to A), indicating lower saturation of the aersol system
compared to B.
4.2 Effects of changes in the amount of emissions
4.3 Reduction of carbonaceous emissions

Although we illustrated that the AIE of shipping emis-
sions as calculated by an aerosol-climate model such abthe experiments BnoBC and BnoC, we set the emissions of
ECHAM-HAM strongly depends on the chosen emission BC and BC + POM from ships, respectively, to zero to inves-
parametrisation, we investigate a possibly more obviougigate the relevance of primary carbonaceous particle emis-
AlE-determinant in this section: the uncertainty associatedsions from ships for the calculated aerosol indirect effect.
with total shipping emissions. The zonally averaged relative changes of BC column burdens

With respect to the results of experiments A and B, theindicate lower values in both experiments than those of the
results obtained from Asc and Bsc (see S2cf) show the  reference experiment CTRL (Fi§, bottom left). This is due
same zonally averaged patterns for all investigated paramto increased internal mixing and the subsequently decreased
eters, but with an offset. From experiment Bsc, we obtainlifetime of already present BC-particles. The same holds for
an upper estimate of the globally averaged AIE from ship-the relative changes of POM column burden in experiment
ping emissions (i.e—0.3240.01 W m2), which is about  BnoC (Fig.8, bottom right).
half of the largest of previously published estimates of AIEs  Although the number of emitted particles is surely lower
from shipping emissions—0.60 W n1?2 as given inLauer  in BnoBC and BnoC compared to B, the effect of ship-
et al, 2007). However, our results compare well with the ping emissions on clouds and radiation is nearly the same.
highest estimate given iRighi et al.(2011) (—0.40 W nT2) Analysis of mode-wise aerosol mass mixing ratios (MMRS)
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Fig. 12. Ship-emission induced five-year annual zonally averaged relative changes of quantities related to aerosol-cloud interaction with

respect to CTRL computed z(s%r;l_cm‘ 100): cloud droplet number concentration (CDNC) and cloud droplet effective radius

(reff) at cloud top (top left and right) and cloud liquid water path (LWP, bottom left). The resulting AIE at TOA is also shown (bottom right).
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Fig. 13. Ship-emission induced five-year annual zonal mean relative changes in [%)] of (from left to right) POM(KS), sulfate(NS and KS)
mass mixing ratios and total number mixing ratio in AS in experiment BnoC compared to experiment B deriv cﬁﬂ%ﬁﬁ -100).
Please note the non-linear contour spacing. The black contour lines enclose areas showing statistical significance at the 90 % level.

reveals that changes in the aerosol microphysical state are edue to the reduced number of primarily emitted carbonaceous
ident, especially in BnoC. The involved mechanisms nicely particles, the condensational sink for sulfuric acid is reduced,
illustrate competitive effects between primary particle emis-leaving more ship-emitted SQvailable for new particle for-
sion and secondary particle formation. We show zonally andmation. Interestingly, the newly formed and grown particles
meridionally averaged relative changes of selected aerosaontribute just about as many particles to AS as the pri-
species MMRs in experiment BnoC compared to B in mary carbonaceous particles did, leaving the globally aver-
Fig. 13. The depicted changes in POM-MMR for KS are also aged aerosol indirect effect largely unchanged (E®).bot-
representative for the changes in BC-MMR in KS and showtom left). The described effects are smaller in BnoBC and
the expected reduction throughout the boundary layer. Thdollow the same causality.

model calculates an increase of sulfate particle mass NS and In recent literature, several studies have advocated the
KS, indicating increased particle nucleation in BnoC com-importance of accounting for carbonaceous particles in the
pared to B. As a result, the total aerosol number mixing ratioCCN budget (e.gPierce et al.2007 Spracklen et al2011)

in AS (Fig. 13, right), i.e. the highly relevant mode for CCN and that not doing so could lead to substantial underesti-
formation, is about the same in both experiments. Thereforemates of the AIE. Our results partly confirm these studies,
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namely that carbonaceous particles from shipping emissionemission of substantially more soluble particles. The mod-
play an important role in determining the CCN budget. How- ifications to the emission parametrisation were within the
ever, we do not find that omitting carbonaceous particle emisobserved ranges (see Se2td).We did not investigate the
sions from ships leads to noticeably reduced AIEs due to thesffect of employing a different geographical distribution of
compensating effect of increased boundary layer nucleationthe shipping emissions, such as that present&tlang et al.
This is likely to be a consequence of their predominant emis{2007) and used iLamarque et al2010, because the effect
sion in pristine environments (low condensational sink). Al- on the obtained AlE-estimate would most probably be neg-
though our results represent a somewhat extreme scenaritigible compared to that obtained when using the given ge-
our findings are of particular importance when consideringographical emission-distribution &ehreng2006 (accord-
future ship-fuel regulations, as the combustion of higher-ing to the results shown ibauer et al. 2007).
quality ship fuel leads to less carbonaceous particle emis- The second uncertainty arises from the fact that the global
sions compared to the currently used bunker fuedsk and  annual amount of fuel consumed by ship traffic is still not
Corbett 2012. fully constrained. There do exist relatively low and high esti-

Regarding changes of the DRE, the zonally averagedmates of annual fuel consumption, with the emissions inven-
relative change of the AOD of absorption is reduced intory we employed in this studyehrens2006 providing an
BnoBC and BnoC with respect to B. This combines the ef-estimate which is on the lower end. Therefore, we scaled the
fects of both the reduction of carbonaceous emissions fromemissions to meet the highest published value (see 34dyt.
ships and the general decrease of carbonaceous-compouadd therefore framed this emission sensitivity analysis within
lifetimes. Omitting emissions of BC and POM from ships the range of published uncertainties.
therefore results in a slightly more negative DRE compared For quantifying the third question, we performed two sim-
to experiment B (see Tab®), highlighting the positive forc-  ulations. In the first one, only black carbon (BC) emissions
ing component (at TOA) of these species. from shipping were omitted and in the second one, all BC-
and particulate organic matter (POM) emissions were omit-
ted.

The different model experiments yield substantially dif-

In this study, we used the aerosol climate model ECHAM-ferent RFs at TOA and we f_ound the _strongest estimate of
. o the AIE at TOA from shipping emissions to be0.32+
HAM to quantify the aerosol indirect effect (AIE) from "5 . .
o . . o . 0.01Wnr< from the model run performed with the modi-
shipping emissions. For this, we used the shipping emis-

. . : fied emission parametrisation and scaled emissions. This is
sions inventory fronBehrens(2006 and designed the ex- '
: . . . . ._a factor of two smaller than the upper estimate froauer

periments to investigate the uncertainty of the derived radia-
. . . . o . et al. (2007, who also used the ECHAM model, but used
tive forcing (RF) associated with the uncertainty in the ship- ~. . . . . .

. e . slightly different cloud microphysics and coupled it to a dif-
ping emissions themselves. For these experiments, ECHAMferent aerosol sub-model. lrauer et al(2007), the zonall
HAM was nudged with ERA-Interim re-analysis data, sea ' ) ' y

surface temperatures (SSTs) were prescribed by AMIP dataggi]ragf: dé«leoljr Teuscuflltsla(rg;ar T;hsoggﬁ:cz aI:r:)d Silé?ézgplgs
and the model integrations span the time frame of October P 9. 1o, gnb). y 9

1999-December 2004. The first three months were used substantially higher global mean value. The difference in the

as .. ) . : :
model spin-up and discarded from the analysis. distribution of the forcing may have its cause in the applied

The sensitivity experiments consisted of three sets of sim-f’ierOSOI modules, the representation of tropospheric chem-

. ; : . - . istry or differences in the coupling of the aerosol microphysi-
ulations in which the following key uncertainties/questions, ; : o ;
) . cal to the cloud microphysical parameterisations. It is beyond
with respect to AIEs, were assessed:

the scope of this study to delve into the exact differences be-
1. Uncertainty in the emitted particle-size distribution and tween the two model versions, but it should be noted that

5 Summary and conclusions

-composition. the two employed aerosol sub-models differ in terms of their
o o representation of the aerosol size distribution, treatment of
2. Uncertainty in amount of emissions. aerosol species and representation of tropospheric chemistry

3. The effect of reducing carbonaceous emissions from(S€€ AEROCOM phase 1 publications for more detall, e.g.
shipping. Textor et al, 2006. In additionLauer et al(2007) calculated

aerosol activation following\bdul-Razzak and Ghaf2000
We addressed the first uncertainty by modifying the orig-whereas this was treated followirign and Leaitch(1997)
inally implemented emission parameterisation (AeroCom,in our simulations. However, our results compare well with
Dentener et al.2006§. Compared to that parametrisation, those presented iRighi et al. (2011), who used the same
we assigned all particles from shipping emissions to a sol-GCM environment akauer et al(2007) but employed a dif-
uble and/or smaller aerosol mode with a higher fraction offerent geographical distribution of shipping emissions.
emitted sulfur instantaneously transformed to particulate sul- We found that the emission size distribution matters far
fate. Thus, the modified emission parametrisation leads to thenore than the amount of total emissions. Even in the case
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