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Abstract. This study investigates the evolution of ship- than 0.2 % the differences between simulations including co-
emitted aerosol particles using the stochastic particle-agulation and neglecting coagulation were negligible. Ne-
resolved model PartMC-MOSAIC (Particle Monte Carlo glecting condensation, but simulating coagulation did not im-
model-Model for Simulating Aerosol Interactions and pact the CCN concentrations below 0.2 % and resulted in an
Chemistry). Comparisons of our results with observationsunderestimation of CCN concentrations for larger supersat-
from the QUANTIFY (Quantifying the Climate Impact of urations, e.g., 18 % fo§ =0.6 %. We also explored the role
Global and European Transport Systems) study in 2007 irof nucleation for the CCN concentrations in the ship plume.
the English Channel and the Gulf of Biscay showed that theFFor the base case the impact of nucleation on CCN concen-
model was able to reproduce the observed evolution of totrations was limited, but for a sensitivity case with higher
tal number concentration and the vanishing of the nucleatiorformation rates of secondary aerosol over several hours, the
mode consisting of sulfate particles. Further process analysi€CN concentrations increased by an order of magnitude for
revealed that during the first hour after emission, dilution re-supersaturation thresholds above 0.3 %.

duced the total number concentration by four orders of mag-
nitude, while coagulation reduced it by an additional order of
magnitude. Neglecting coagulation resulted in an overpredic—l | .
. . ; ntroduction
tion of more than one order of magnitude in the number con-

centration of particles smaller than 40 nm at a plume age ofjssions from ocean-going ships have been receiving in-
1005s. Coagulation also significantly altered the mixing stat€creased attention in recent years due to their adverse effects

of the particles, leading to a continuum of internal mixtures 4, coastal and global air qualitaglt et al, 2009 Endresen
of sulfate and black carbon. The impact on cloud condensag; al, 2003 Gonzalez et a). 2011 Moldanova et al.2009

tion nuclei (CCN) concentrations depended on the supersatLEyring et al, 2007, human health Qorbett et al. 2007
ration thresholds at which CCN activity was evaluated. For \yjinebrake et a.2009 and the climate systenCépaldo
the base case conditions, characterized by a low formatior al, 1999 Eyring et al, 201Q Lawrence and Crutzen
rate of secondary aerosol species, neglecting coagulation, bylggg Aerosol particles from ship exhaust represent a large
simulating condensation, led to an underestimation of CCNf;ction of global anthropogenic aerosol emissiohgrawal
concentrations of about 37 % fér=0.3 % at the end of the al, 2009 Dominguez et a).2008 and influence signifi-
14-h simulation. In contrast, for supersaturations highertharmnﬂy the radiative budget of the atmosphere both directly
0.7 %, neglecting coagulation resulted in an overestimation,,q indirectly Capaldo et a).1999.

of CCN concentration, about 75 % fér=1%. ForS lower
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Ship-emitted particulates are a mix of different particle the same model as described Russell et al.(1999 to-
types. These include combustion particles consisting mainlgether with a delta-Eddington exponential-sum-fit radiation
of black carbon (BC), primary organic carbon (POC), sul- algorithm to simulate aerosol-cloud-interaction during two
fate and ash, and volatile particles forming from nucleationship track events in the MAST experiment. The results sug-
of sulfuric acid during plume expansiofdgng et al.2003 gested that both the marine clouds and ship tracks enhanced
Cooper 2003 Petzold et al.2008. Their overall direct ef-  atmospheric absorption with respect to a clear skyng
fect on the climate system is complex since BC causes a post al.(2003 used a Lagrangian photochemical plume model
itive radiative forcing, while sulfuric acid particles cause a to explore the in-plume sulfur chemistry and new particle
negative radiative forcingLauer et al. 2007 Kasper et al.  formation. Their findings stressed the importance of pho-
2007. While the different particle types are initially exter- tochemistry for the production of sulfuric acid particles in
nally mixed, internal mixtures can form as a result of co- plumesyon Glasow et al(2003 introduced a plume expan-
agulation and condensation processes as the plume evolvesipn scheme in a time dependent photochemical model based
which may significantly alter the particles’ optical properties on an updated version of the box model MOCCA (Model
and hence the magnitude of the direct climate impRetr{  Of Chemistry Considering Aerosolspé&nder and Crutzen
kee et al. 2000h Jacobson et g1201)). Particles from ship 1996 Vogt et al, 1996 to treat the mixing of background and
exhaust can also act as cloud condensation nuclei (CCN) anglume air. The evolution of particles in the plume was tracked
thus indirectly affect the climate by increasing cloud reflec- by considering dilution and chemical processes, while coag-
tivity (Twomey et al. 1968 Durkee et al. 2000a Durkee  ulation was neglected. The influence of semi-volatile back-
et al, 2000k Porch et al. 1999 Russell et al.2000 Pe-  ground aerosol particles was found to be important for the
ters et al.2012. The “ship tracks”, shown as the curvilinear in-plume gas phase chemistry, while including the soluble
cloud structures observed in satellite images of marine cloughip-produced aerosols was of little importance for in-plume
fields, in fact represented the first evidence of an indirect ef-heterogeneous reactions since dilution significantly reduced
fect by ship emissionsJonover 1966 Coakley et al.1987). ship-derived particles on a very short time scale.

Similarly to the particles’ optical properties, their CCN prop-  For this study we represented the evolving particle dis-
erties may change during the plume evolution, which in turntribution of ship-emitted aerosols with a new modeling
impacts their indirect effect. approach, the stochastic particle-resolved aerosol model

Many studies have been conducted in the past decadBartMC-MOSAIC (Particle Monte Carlo model-Model for
to characterize ship emissions and their effects on climaté&simulating Aerosol Interactions and ChemistrRiémer
through a combination of exhaust and plume measurementst al, 2009. This model explicitly resolves the composi-
(Murphy et al, 2009 Frick and Hoppel200Q Petzold etal.  tion of individual particles in a given aerosol population and
2008 Osborne et al2002; Sinha et al.2003 Coggon etal.  is therefore uniquely suited to investigate the evolution of
2012. Healy et al.(2009 investigated the freshly-emitted particle mixing states and the associated particle properties.
ship exhaust particles on a single-particle level using anPartMC-MOSAIC has been used for detailed studies on the
aerosol time-of-flight mass spectrometer (ATOFMS) at theparticle level, for example to derive aging time-scales of
Port of Cork, Ireland. They identified a unique ship exhaustblack carbon aerosolRjemer et al. 2010, to investigate
particle type residing in the ultrafine mode and containingthe heterogeneous oxidation of soot surfad¢€siger et al.
internally mixed elemental and organic carbon, sodium, cal-2011), to quantify the impacts of black carbon mixing state
cium, iron, vanadium, nickel and sulfate. To quantify the on black carbon nucleation scavengirigh{ng et al, 2012,
in-plume mixing statéAult et al. (2010 conducted a series and to explore the sensitivity of cloud condensation nuclei
of individual ship plume measurements at the port of Losactivity to particle characteristics at emissidfigfce et al.
Angeles using a 4 m sampling mast at a site near the cen2013. It was also used as a modeling tool to explain the diur-
ter of the main channel. The measurements characterizedal variations of aerosol hygroscopicity and the mixing state
the size-resolved particle mixing state for individual plumes of light-absorbing carbonaceous material in the North China
with plume ages ranging between 10-45min. Their studyPlain Liu et al,, 2011 Ma et al, 2012.
showed enhanced sulfate concentration in ship plumes, prob- The simulations for the present work were initialized with
ably due to vanadium-catalyzed sulfate-production reactiongias and particle information obtained from a test-rig study
in the plume within minutes of emission. as part of the European research project HERCULES (High-

The evolution of ship-emitted particles has also been in-efficiency Engine R&D on Combustion with Ultra-Low
vestigated in a number of modeling studiéaissell et al.  Emissions for Ships) in 2006 using a serial four-stroke ma-
(1999 applied an externally mixed, sectional aerosol dy- rine diesel engine operating on high-sulfur heavy fuel oil
namic model to characterize condensational and coagula@etzold et al.2008. We then tracked the particle popula-
tional particle growth during the Monterey Area Ship Tracks tion for several hours as it evolved undergoing coagulation,
(MAST) experiment in 1994 and found that the sulfur con- dilution with the background air, and chemical transforma-
tent of fuels used in combustion processes had a direct imtions in the aerosol and gas phase. We compared the results
pact on the CCN properties. Laterlick et al.(2001) applied  to aircraft measurements made in the English Channel and
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the Gulf of Biscay (France) in 2007 as part of the Europeanmassegt € R is N (u, 1) (m~3), which is defined to be the

program QUANTIFY. number concentration of aerosol particles that contain less
New particle formation (nucleation) may play an impor- thanu, mass of species, for alla=1, ..., A. The aerosol

tant role in the evolution of the ship plume particle popu- number distribution at timeand constituent massgse R4

lation (Song et al. 2003. Significant uncertainties are as- isn(u, 1) (m—3kg—4), which is defined by

sociated with modeling nucleation and growth, both re-

garding the quantification of the nucleation ratésiqas (. 1) = I N(p, 1) o

and Akimotq 2006 Yli-Juuti et al, 2011 Pierce and ’ U102 ... 0a

Adams 2009 Verheggen and Mozurkewic2002), as well _ .

as regarding the mechanism responsible for particle grothNe_denote the concent_rgnon Qf trace gas phase species

(Spracklen et a).2008 Kulmala et al, 2004 Westervelt 2t imer by g;(r) (molm™), for i=1, ..., G, so the trace

et al, 2013. Here we use the parameterization Kyang gas ph{:\se species concegtratlons are described bg-the

et al. (2009 to investigate when and to what extent nucle- dimensional vectog (1) e R”. We assume that the aerosol

ation impacts CCN concentration in the plume. This paper2d 9as species are numbered so that thedirspecies of

does not attempt to exhaustively survey the range of curfach undergo gas-to-particle conversion, and that they are
apnverts to aerosol

rently proposed models for nucleation and subsequent paf!! the same order so that gas spedi
ticle growth. specieq, fori =1, ...,C. Besides, we further assume that

The scientific contribution of this study is twofold. First, 2€rosol species +1iswater. , ,
it is the first process study on the evolution of the particle- . 1€ complete set of differential equations governing the
resolved mixing state in ship plumes quantifying the rolest!me e_voluﬂon of the multl_d|m_en5|onal aerosol size dls'gnbu-
of coagulation and condensation in the plume and their im-i°" With gas phase coupling in PartMC-MOSAIC is written
pact on CCN properties of the particles. Second, this study” EdS- €) and @).
provides validation for PartMC-MOSAIC due to good agree- (1) g e

ment to field observations. The structure of this manuscript //m/l((u’,u — W@, On(p — ', 1) duy dicy ... dity

is as follows. Sectior? states the governing equations that o1 55 %
form the basis of the model, and Se8tdescribes the nu- coagulation gain
merical methods. Sectiohshows the ship plume modeling T 7
results for the simulations, which did not consider nucle- _//'”/K("’ wynp, (', 0 duy At ... dicy
ation. The result for the simulations considering nucleation 00 o
are presented in Appendix A. SectiBrsummarizes our ma- coagulation loss
jor findings. + Adil (1) (npackp, 1) — n(p, 1))
dilution
. . . L

2 Coupled equations governing gas-particle - Z — (i li(n, g, )n(p, 1))

interactions = i

. . . -particle transf
Our modeling framework considers a Lagrangian parcel, gas-particie franster

which simulates the evolution of aerosol particles and trace _
gases that are emitted by the ship in a volume of air moving duc+1

along a specified trajectory at the center of the plume. After water transfer
leaving the exhaust stack the air parcel is not further influ- + Jnuc(8) 8 (1t — fnud)
enced by emissions. In addition to coagulation and aerosol

(CW IW(,L’ g’ t)n(”/a t))

and gas chemistry within the plume, the model treats mix- nucleation
ing of the parcel with background air. Inherent to the parcel L dpary (1) n(w, 1) 2
modeling approach is the assumption that the plume is imme- pdry(t)  dt

diately well-mixed. Within the air parcel we do not track the
physical location of aerosol particles, and we assume homo-
geneous meteorological conditions and gas concentrations.
Concentration gradients across the plume cannot be resolved
with this approach and would require the use of a spatially-
resolved 3-D model framework.

Assuming that an aerosol particle contains mags- 0
(kg) of species:, fora=1, ..., A, the particle composition
is described by tha-dimensional vectop € R4. The cumu-
lative aerosol number distribution at timeand constituent

air density change
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dgi (1)
= Adil () (8backi (1) — & (1)) +  Ri(g) 1 dA
ar i (g acki 8i ) 'l g_/ | hail () = — pl _ o+ ﬁ ©)
dilution chemical reactions Ap| dr t+ 1o
1 dpdry([) . . . . .
L 3 Previous ship plume studies have estimated the plume width
pary(1) ! and height at a plume age of 1 s to be approximately 10 and
air density change 5.5m, respectivelyvon Glasow et aJ.2003 Durkee et al.
0 00 o 20003 Ferek et al.1998, and we used these values fgr
_ / / f L(w, g, Hn(e, )durdus ... dua wo andff‘o, respectlvely,; Thg parameters-0.75 andB_: 0.6 _
are the “best guesses” estimated from the expansion of ship
00 0 tracks reported in the literatureedn Glasow et a).2003
gas-particle transfer Durkee et al.20003 and confirmed by observations reported
Vnucpi . in Petzold et al(2008. von Glasow et al(2003 evaluated
— J, 8 (i, 3 . o -
ci nuc(g)8 (1, ivzsau) ®) the influence of mixing by varying between 0.62 and 1. The
nucleation value ofe = 0.62 was deemed unrealistic as it caused a strong

and persistent separation between plume and background air,

In Eq. @), K(n, ') (m3s~1) is the Brownian coagula- which is not expected to occur in the marine boundary layer.
tion coefficient between particles with constituent magses Values ofa > 0.82 caused very strong mixing, most likely
andu’ (seeRiemer et al.2009, Aqii(r) (s71) is the dilution  only valid in extremely turbulent conditions. From thisn
rate,npack(pt) (M~3kg~4) is the background number distri- - Glasow et al(2003 concluded that = 0.75 was appropriate
bution,c; (kg mol2) is the conversion factor from moles of to characterize the plume dispersid?etzold et al(2008
gas speciesto mass of aerosol specieéwith ¢y the factor  derived the values of and 8 by fitting simulated excess
for water), I; (i, g, t) (mols™1) is the condensation flux of CO, as a function of plume age to the observed data. The
gas species (with Iy (u, g, t) the flux for water),Jnuc(g) result ofa =0.74 to 0.76 agreed well with the “best guess”
(m—3s71) is the formation rate of particles by nucleation, fromvon Glasow et al(2003, while their result forg =0.70
8 is the Kronecker delta functiomnyc represents the parti- to 0.80 was somewhat higher. While we will use the values
cle composition vector of each nucleated particle. In Bjy. (  of @ =0.75 and8 = 0.6 for our base case, we will also explore
gbacki (1) (molm~3) is the background concentration of gas the sensitivity to changes in these parameters in Se2t.
species, R;(g) (molm—3s71) is the concentration growth below.
rate of gas speciesdue to chemical reactions in the gas  We further assume the top of the marine boundary layer to
phase,ogry(t) (kgm~2) is the dry air density (witho; the  be impenetrable by the plume and defip@. as the height
density of gas specig$, anduvn,c (M°) is the volume of each  of the marine boundary layer. The total dilution rate used in
nucleated particle. The relevant references regarding the nwur ship plume simulation is then written as
merical implementation are provided in Sex:t.

——  hp(t) < zmBL
e P : (7)

. . )\‘ . t —
2.1 Model treatment of dilution dil (1) 2 hpi(D) = zwL

To model the dilution process we followedn Glasow et al. .

: . ; 2.2 Model treatment of nucleation
(2003 who proposed a Gaussian plume dispersion model for
the evolution of the plume in the horizontal and vertical di- 1o model the nucleation process we follow the parameteri-
rections. The time-dependent plume widif (r) and height  4ti0n proposed bituang et al(2008 based on the concen-
hpi(1) are described by two power laws as tration of sulfuric acid. This uses a power law to quantify the
production rate of nucleated particles as follows:

wpl(t) = wo <t i t0>a, 4)
fo Jhue =K - [HZSO4]P- (8)
t+10\° _
hpi(t) = ho o ; (5)  The values of prefactok and exponent? in our model

framework are 10'®m3s~1 and 2, respectively, based on
wherewg andhg are the dimensions of the plume at the start least squares fitting between the measured formation rate and
of the simulation. Note that compared to the formulation in corresponding sulfuric acid vapor concentrations at differ-
von Glasow et al(2003 we introducedy in the numeratorto ~ €nt atmospheric environments as describe&uang et al.
avoid a singularity for = 0 in the expression for the dilution (2008. The rate/n,c quantifies the production of particles of
rate below. The coefficientsandp are the plume expansion diameter 1 nm, which initially consist of sulfuric acid.
parameters in the horizontal and vertical, respectively. As-

suming the plume cross section is semi-elliptic and is given

asAp| = (w/8) wp hpi, the dilution rateiq (¢) is:
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3 Numerical implementation notion that a single computational particle can correspond to
some number of real particles, in other words, each compu-
The detailed description of the numerical methods used irtational particle is “weighted” by an appropriate factor. With
PartMC-MOSAIC is given irRiemer et al(2009. Here we  this approach it is possible to span the large range of sizes
briefly introduce the salient features of the model. PartMCand abundances of the particle population as will be demon-
(Particle-resolved Monte Carlo) is a 0-D, or box model, strated in Sec#.
which explicitly resolves the composition of many individ-  We used model version PartMC 2.2.0 for this study. We
ual particles within a well-mixed computational volume rep- initialized all simulations with 19 computational particles.
resenting a much larger air parcel. During the evolution of To capture the aerosol dynamics during early plume ages,
the air parcel moving along a specific trajectory, the masswvhen the particle number concentration rapidly decayed ow-
of each constituent species within each particle is trackeding to coagulation and dilution, we used a time step of 0.2s
Emission, dilution, nucleation and Brownian coagulation arefor the first 600 s of simulation time, and a time step of 60s
simulated with a stochastic Monte Carlo approach. The relfor the remainder of the simulation.
ative positions of particles within the computational volume
are not tracked. 3.1 Aerosol distribution functions

PartMC is coupled with the state-of-the-art aerosol chem- ) o . o
istry model MOSAIC (Model for Simulating Aerosol In- Wh|le' the ynderlymg mult|d|men3|ongl agro;ol (.1|str.|but|on
teractions and Chemistryzéveri et al, 2008 which in- is def_lned in Eq.1), we oft_en project this distribution in ap-
cludes the gas phase photochemical mechanism CBM-Propriate ways to better display the results. We take) to
(Zaveri and Peters1999, the Multicomponent Taylor Ex- be the cumulative number d|str|put|on, giving the number of
pansion Method (MTEM) for estimating activity coefficients Particles per volume that have diameter less thafiVe then
of electrolytes and ions in aqueous solutioBiaeri et al, ~ d€fine the number distribution D) by
20058, the multi-component equilibrium solver for aerosols dN (D)

(MESA) for intraparticle solid—liquid partitioningZaveri n(D) = dlog,, D ©)

) ! ) 10
et al, 20053 and the adaptive step time-split Euler method
(ASTEM) for dynamic gas_partic'e partitioning over size- The Underlying particle initial and background number size
and composition-resolved aeros@ageri et al, 2008, as distributions used in our study were all superpositions of log-
well as a treatment for SOA (secondary organic aerosolyiormal distributions, each defined by
based on the SORGAM schem@8chell et al. 2001). The 2
CBM-Z gas phase mechanism treats a total of 77 gas specieg(p) = e <_ (logyo D — logyo Dg) ) , (10)
MOSAIC treats key aerosol species including sulfate SO «/Z|09106g 2(Iogloag)2
nitrate (NGQ), ammonium (NH), chloride (CI), carbonate . . .
(CO3), methanesulfonic acid (MSA), sodium (Na), calcium where_N s the t_otal number cpncentratlomg IS the ge-
(Ca), other inorganic mass (OIN), BC, POC, and SOA. omt'atrl'c mean diameter, ang, is the geometric standard
OIN represents species such as Hi@netal oxides, and deviation. . . .
other unmeasured or unknown inorganic species present in To chare_lcterlze the partlcle mixing state, we refer to the
aerosols. SOA includes reaction products of aromatic pre_mass fraction of a speciesas
cursors, higher alkenes;pinene and limonene. _ Ma

A challenge of particle-resolved models is the large com- Ay = dry
putational burden when simulating the evolution of particles _ e . .
under ambient conditions. Particle size distributions usu.sllly\'\/here“a Is the mass of speciesin the particle, angary is

cover a very broad size range from a few nanometers t(}he total dry mass of the particle. We can then define a two-

tens of micrometers, and typically the number concentradimensional number distribution that is a function of both

tions of the small particles compared to the large partic:lesp""rt'c!e composmo_n a.nd Q|ameter. The t.wo-d|men3|onal cu-
differ by several orders of magnitude. Both sub-popula’cionsmu"'."t've number d'Str'bUt'OWa'dry(l.)’ w) is the number of
are important as the small particles dominate particle numbePartICIeS per v<_)Iume that have a d'ameter Ie_ss thaand a
concentration whereas the large particles dominate particlgry'maSS iraction less than f_or certain species. I_—|erea_
mass concentrations. Moreover, the most likely coagulationCOUId be BC PO.C‘ sulfate, mtrgte, etc. The two-dimensional
events involve interactions of small and large particles. It isnumber distributioma ar( D, w) is then defined by
chaI'Ienging to represent such a particle distributioq with a 32N, ary(D, w)

particle-resolved model, so that the large, rare particles ar@a,dr(D, w) = :
sufficiently resolved, while the overall number of computa-

tional particles is still manageable. Here we used the methodo investigate changes in the CCN properties of the aerosols,
by DeVille et al.(2011) to reduce the computational cost and we use the hygroscopicity parameterto define a two-
improve the model efficiency. This method is based on thedimensional cumulative number distributia¥, (D, «) in

(11)

—_— 12
dlogyg Dow (12)
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terms of diameter and hygroscopicity parameter. Then theTable 1.Hygroscopicity valuesg, for individual model species.
two-dimensional number distribution is written as

82N (D. ) Species Hygroscopicity;
nK(D, K) = . (13) H-SO, 0.9
d |Oglo Do Ioglo K 2 4 :
NH4HSO;  0.65
3.2 CCN activity module NH4NO3 0.65
NaCl 1.12
The unique feature of PartMC-MOSAIC to provide particle- POC 0.001
resolved mixing state information enables us to calculate SOA species 0.1
the critical supersaturatiof;; that an individual particle BC 0.0
requires to activate. The procedure is as follows. The per- Ash 0.1
particle water activityy ; is given by
1 Vary,i
— =14« dry.i s (14)
Aw,i Viw,i from the HERCULES study in 2006 during which a se-

wherex; is a single, dimensionless hygroscopicity param- rial four stroke marine diesel engine was used on a test rig
eter to relate particle dry diameter to CCN activighan ~ (Petzold et al.2008 Petzold et a|.2010. The heavy fuel

etal, 2001 Petters and Kreidenwei007), Vary,; is the dry oil was composed of 86.9 wt% carbon, 10.4 wt% hydrogen,
particle volume and, ; is the volume of water in the par- 2.21wt% sulfur, and some minor constituents. We used the

ticle. For an aerosol particlecontaining several non-water €xhaust data under 75 % engine load condition for our model
species, the; value for the particle is the volume-weighted inputs. These exhaust pondltlons are expected to be similar to
mean of the individuak value of each constituent species h€ ones encountered in the QUANTIFY study, therefore the
(Petters and Kreidenwei€007). Table1 lists « values for gerosol pc_)pulatlon and the gas phase concentrations present
individual aerosol components used in this study. The equiln the engine exhaust served as input for the model.

librium saturation ratiaS(D;) over an aqueous particleis During the QUANTIFY field study in June 2007, airborne
given by the Kéhler equation: measurements of a single ship plume (14 June 2007) as well
as aged aerosol in highly frequented sea lanes (11 June 2007)

S(D;) = aw, exp( dow My ) (15) were performed. During the single-plume study, the plume

RT pwD; was crossed several times during the time interval of approx-
imately one hour. As in-plume total particle number con-
centrations we considered the maximum measured concen-
tration during one plume crossind(> 4 nm). Size distri-
butions of both the polluted and the clean marine boundary
layer were determined using a combination of instruments
capable of measuring in different size ranges. The research
domain with the flight path for 11 June is shown in Fig.
The location of the shipping corridor is marked. In addition
to the size distributions observed in the shipping corridor, we
> . (16) also used measurements of gas phase species (N MO
SO, and CO) to qualitatively compare to our simulations.
Last but not least, the following meteorological parameters
in the well-mixed marine boundary layer were measured and
used for the model runs: a relative humidity of RH =90 %,
a temperatur@ =289 K and a boundary layer mixing height
zmeL =300 m. These parameters were obtained from obser-
3.3 Setup of case study vations on 14 June 2007. The mixing height was derived from
the vertical potential temperature profile.
Measurements of the particle and gas phase of the raw engine Table2 shows the initial and background conditions of the
exhaust served as initial input parameters for our model runsgaseous species obtained from the measurements during the
To evaluate our model, the output was compared to measurdtdERCULES and QUANTIFY study, respectively. From the
ments performed in a single ship plume and in a ship corridoHERCULES measurements only the total amount of non-
study. The two campaigns, HERCULES and QUANTIFY are methane hydrocarbons (NMHC) was known. We partitioned
briefly described in the following section. the total mixing ratio of NMHCs to different categories
The initial concentrations of gases and particles as wellbased on the composition fractions providedEjyring et al.
as particle size distribution and composition were obtained(2005, including (1) hexanes and higher alkanes, (2) ethene,

whereogy, is the surface tension of the solution—air interface,
M,, is the molecular weight of wateR is the universal gas
constant,T is the temperature, anf); is the particle wet
diameter. Combining Eqs14) and (L5) and using wet and
dry diametersD; andDqry,; to represent their respective vol-
umes, we obtain the-Kéhler equation based dpetters and
Kreidenweis(2007):

D3 _— D3 . Ao M.
S(D;) = s )exp< o D

D} — Dg,; (1 — ki RT pw D;
To calculate the critical supersaturation, we &&tD;) /0 D;
to zero and numerically solve for the critical wet diameter

D;, then use EQq.16) to obtain the critical supersaturation
Sc.; for each particle.
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Table 2. Gas phase initial and background conditions.

Ship-engine exhausts Model inputs
Measured Conc. (ppbV) CBM-Z Initial Background
species speciBs (ppbV, ppbC§  (ppbV, ppbC¥
NOx 9.14x 10P NO 8.77x 10° 1.86x 1072
co 3.4x 10* NO, 3.7x 10 3.95x 1072
SO, 4.7x 10° HNO3; O 3.29x 1071
NMHC 1.39x 10° O3 0 3.39x 10!
co 3.4x 104 1.05x 102
SO, 4.7x10° 1.55x 101
HCI 0 5.99x 10-1e
PAR 3.09x 10° 2.46
ETH 2.94x 104 1.37
OLET  3.38x10% 5.1x1072
OLEI 1.55x 103 5.0x 1073
TOL 2.56x 104 1.6x 1072
XYL 6.06 x 103 1.5x 1072

@ Ship exhaust data are obtained from HERCULES measurement in 2006 under 75 % engine load
condition Petzold et a].2008 Petzold et a].2010. NMHC refers to non-methane hydrocarbBIF.’AR,
ETH, OLET, OLEI, TOL, XYL stand for paraffin carbon, ethene, terminal olefin carbons, internal olefin
carbons, toluene and xylene, respectiveliitial data are based on HERCULES measurement data. A
NO : NO, ratio of 96 : 4 is assumed for the ship exhawstn(Glasow et a).2003. The attribution of
non-methane hydrocarbons are based on TableEgiimg et al.(2005. The units of inorganic and

organic species are ppbV and ppbC, respecti@e‘g&lues of background inorganic species are obtained
from European program QUANTIFY in 2007. N@o NOy ratio is 0.15 based on Table 28hon et al.
(2009 in the marine boundary layer. Organic species mixing ratios are based on measurements while
approaching the UK from the west on 8 July 198&(kett et a).1993. € Value from Table 2 irkKeene

et al.(2007).
(3) propene, (4) toluene, (5) xylene, (6) trimethylbenzenes 52—t A%7
and (7) other alkene. We then converted these mixing ra- 514 f:cﬂﬂfyg; mpaign j«h —
tios to model surrogate species mixing ratios as listed in 50 -1-71une-200
Table 2 suitable for the use in CBM-Z. Note that CBM-Z 49| = S\’ 7000
is a carbon bond mechanism, and the model species repre- g s i ,f\ L P 6000
sent the mixing ratios of constituent groups regardless of the g 47| 9 concenation e 5000
molecule to which they are attachegtgckwell et al.2012). £ 6] ot 4000 gk
The background inorganic gas phase mixing ratios in Table Tl o T?nf LI 2000 &
were obtained by averaging the values along the segment of 44 i
the flight track as marked in Fid. This segment was outside 3] | 1000
the shipping corridor, and sampled at low enough altitude. ol 5 1k,
The background NHMC concentrations were estimated from 121110 9 8 7 6 5 4 3 2 10

measurements byenkett et al(1993. They were taken on Longitude (deg)

8 July 1988, while approaching the UK from the west (With gjgyre 1. Map of research domain with flight path for 11 June 2007.

similar time and location to the QUANTIFY measurements). The section of the flight path marked with “corridor plumes” marks

The measured species were converted to CBM-Z species irnthe section of the path where the shipping corridor was sampled.

cluding PAR, ETH, OLET, OLEI, TOL and XYL. Also marked is the section of the path that was used to obtain the
Table3 shows the total number concentration, count me-background gas concentration (see Sé&and Table for details).

dian diameter and geometric standard deviation, the param-

eters determining the initial, background and ship corridor

tsrl]ze tdlsttn_butl(:nj. The initial aerogol f3|tzhe d|sgr_|btl_1t|otn fro(;n with Aitken, accumulation and coarse modes. We assigned
e test g study was composed ot three disinct MOOesy, q 5 tigng of sulfate, ammonium, nitrate, POC, BC and sea

V.V'th one volatile nuclqatlon mode ar_1d two larger Combus'salt to these three modes based@dowd and De Leeuw
tion modes. The volatile mode consisted of 100 % sulfa’te,(200D

while BC, POC and ash were prese_nt n th_e two com_bustlon We initialized our model with 19computational particles
modes. The background aerosol distribution was tri-modal

and followed the air parcel as it evolved for 14 h to predict the

www.atmos-chem-phys.net/14/5327/2014/ Atmos. Chem. Phys., 14, 58347, 2014
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Table 3. Aerosol initial, background and ship corridor conditidns

Initial N (m3) Dg (nm) oy Composition by Mass

(hygroscopicityx)
Volatile mode 2.2%10% 15 1.66 100% S@(0.9)
Combustionmode 1  4.3610'4 38 1.40 11.7% BG-88.3% POC (0.0009)
Combustion mode 2 3.14100 155 1.25 27.6% Ash 8.4% BC+ 64.0% POC (0.014)
Background N (m—3) Dg(hm) og  Composition by Mags

(hygroscopicityx)
Aitken mode 9.6<10° 40 1.7 9% SQ+2% NHg+1% NO3

+ 82 % POG+ 2% BC+ 4 % Sea salt (0.07)
Accumulation mode 2.3 10° 200 1.25 22% S@+6% NHz+1% NOz +

64 % POG+ 1% BC+ 6 % Sea salt (0.163)
Coarse mode 3R10° 900 1.8  1%NQ+5% POCH94%

Sea salt (0.999)
Ship corridor N (m~3) Dg (nm) o9 Composition by Mass
Aitken mode 7.5 100 60 1.6
Accumulation mode  1.& 10° 220 1.25

2 nitial aerosol size distribution and chemical composition data are obtained from HERCULES measurement in 2006 under 75 % engine
load condition Petzold et a].2008 Petzold et a].2010. Parameters are defined in E§j0). Background and ship corridor aerosol size
distribution data are obtained from the QUANTIFY campaign. The ship corridor number concentrations represent concentrations above the
background leveP Background aerosol compositions are estimated from FigGDowd and De Leeuw2007.

aged plume and to compare to measurements from the shipo quantify the variability within this ensemble, we show the
corridor. For the base case, the simulation started at 14:00 L5 % confidence interval for the size distributions in Figs.
similar to the measurement time of the single plume studyand5 below.

on 14 June 2007. During the plume evolution we consid-

ered the following processes: dilution with the background

air, coagulation of the particles, chemical transformations in4 Results and discussion

the aerosol and gas phase, and phase transitions.

Coagulation and condensation may physically or thermo-In this section we present the results of our base case simula-
dynamically change the particles’ composition and phasdion of the ship plume (start at 14:00 LT), and contrast it with
state, and consequently alter the CCN activation propertiesthe sensitivity case (start at 06:00 LT). To provide context,
To quantify the impact of coagulation and condensation, wewe begin by discussing the simulated evolution of selected
carried out two additional simulations, one where coagula-trace gas species and bulk aerosol species. We then show the
tion was not simulated (referred to as “only cond.”), and onecomparison of measured and modeled total number concen-
where chemical transformations were not simulated (referredrations from a single plume event, as well as the comparison
to as “only coag.”). of measured and modeled size distributions from the ship-

We also simulated a sensitivity case by setting the modeping corridor. Finally, we quantify the role of coagulation
starting time to 06:00LT instead of 14:00LT, to inves- and condensation for the evolution of aerosol mixing state
tigate conditions with a longer exposure to sunlight andand their impacts on CCN properties.
hence more opportunity for secondary aerosol mass forma-
tion. Analogous to the base case we performed three rungt.1 Evolution of gas and bulk aerosol species
“cond.+ coag.”, “only cond.”, and “only coag.”. ) ) o _

To investigate the impact of new particle formation on Figure2 shows the evolution of key trace gas mixing ratios
CCN properties in the ship plume, we additionally performed anq bulk aerosol species concentrations in the ship plume
simulations including nucleation as described in S22, as it evolves for 14 h. For our base case (start at 14:00LT),

and the simulation results will be discussed separately in thélilution reduced the concentrations of the primary emitted

Appendix. species by several orders of magnitude within the first 15—
Due to the stochastic nature of PartMC-MOSAIC, for each 20 min of simulation time. Ozone was diluted in from the

simulation we conducted an ensemble of 10 runs and aver@ackground air. For the base case the transition from day

aged the results of these runs to obtain more robust statisticé? Night occurred at about 6h after the simulation started.
The NG mixing ratio was further decreased after 6 h. While

Atmos. Chem. Phys., 14, 5325347, 2014 www.atmos-chem-phys.net/14/5327/2014/
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50 L L L L L L L L L L 25 50 L L L L L L L L L L L L 25
(a) Sensitivity case (b)
40+-F-1 2.0 4040 : +2.0
3
g 30 s 1.5 = g 30 3 1.5 z
g X 7o g v
o 201/ | L1.03 o 20/ - L1.03
o j= (e} i
HNO, g HNO; g
10— - F0.5 10ttt F0.5
O+ T —— 0.0 0t+—F—————————+0.0
2Ex10 e e gy 25x10° i 107
© e Sensitivity case d o6
20+ 20
i 0.5 2 H,S0,4 0.5
\% 15 ,0_4% §_ 154 OH ,0.4%
< | = < "" | e
8N 104 0.33 % 104 0.3—9r
F0.2™ F0.2™~
T 54 OH HZSO4 T 54
Q / FO.1 FO.1
O F—T———r T T T 0.0 0-r T T T T T T 0.0
10° | |Base case : (e) T 10° 1| Sensitivity casa» T
'o° ] 7 " [ 10° EC L
NO
210’ 210 7 — SR AR
8 ; g8 a \‘w
10 0 1 g0, Y
-3 -3 1 ] ] e NO i
10 10 1 r
‘|O-5 ]0-5 T T T T T T
0.8 r0.20 0.8 o —— 8 0.20
(ZD Sensitivity case (h) %
0.6 F 6w 70.158 _0.6- SOA F 6o —0.158
@ 0 @ s )
€ wn > 13 [%2] >
20.44 L4OL -  D0.44 4O =
204 44:\ 010z Zos4 NO; 44:\ 0.10%
Q NO = 3 ] = 3
A 3 o) & @ o
B o2\ s0, SOA 7 L2'5 L0.0s— © 0.2\ SO, /\——23 L0.05—
) BC 4 | BC 4
0.0 T T T T T 0 -0.00 0.0 T T T T T 0 -0.00
4:00 PM 8:00 PM12:00 AM4:00 AM 8:00 AM 12:00 PM 4:00 PM 8:00 PM
6/14/07 6/15/07 6/14/07 i
Local time Local time

Figure 2. Evolution of gas and bulk aerosol species in the ship plume over a period of 14 h for the base case starting from 14:00 LT (left
column panels) and sensitivity case starting from 06:00 LT (right column panels).

during nighttime the reaction of NQwith OH ceases, pDs proposed byAult et al. (2010. The SOA concentrations
and NG are formed. In addition, reactions of NQvith increased only by about 0.01 pg# The lack of production
volatile organic compounds deplete Néirther. of secondary aerosol mass was a result of the low mixing ra-

The OH mixing ratio reached about 0.03 ppt after 2 h of tios of oxidants (such as OH,s@&nd NQ) in the plume, so
simulation and decreased later in the afternoon. The §INO that oxidation reactions were largely limited. Our finding is
mixing ratio reached quickly its background value within the consistent with the results reported itobbs et al.(2000),
first 10 min, then showed a slight increase during daytime asvhere they did not observe any appreciable increase of the
a result of photochemical processes, and a subsequent daerosol mass concentration in the ship plume with similar
crease due to reaction with sea salt to form sodium nitrate. initial conditions and sun light exposure time.

Similar to the primary gaseous species, sulfate and BC The sensitivity case (start at 06:00 LT) shows a maximum
started out with high initial mass concentrations and theirOH mixing ratio to be 15 times higher than in the original
concentrations decreased very quickly due to dilution. Thereun, and the corresponding SOA mass concentration was en-
was no net formation of sulfate mass during plume aginghanced by a similar magnitude. An increase of sulfate mass
since dilution dominated the evolution of total sulfate massconcentration was observed after 4 h of simulation, leading to
concentration. Note that our predicted sulfate concentratiora net production of sulfate mass concentration in the plume
may be underestimated since we did not include vanadiumef about 2 pg m?3. Likewise, the nitrate mass concentration
catalyzed sulfate production reactions in our model, asincreased to about 6 ugm. This shows, as expected, that
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Table 4. Error metrics for comparison of measured and simulated aerosol number concentrations. The “only cond.”, “only coag.” and
“cond.+coag.” entries correspond to simulated number concentrations.

only cond. only coag. conek coag.

Mean bias 27% 101 m3  1.41x1019m=3 1.87x1019m=3

Mean error 27% 10 m=3  1.58x100m=3 1.96x 1019m—3

Mean normalized bias  1096.44 % 41.38% 59.55%

Mean normalized error  1096.44 % 51.81% 65.11%
_10'° in the 10—2000 nm size range were considered to be consis-
, ; ® Initial condition tent with the size range observed by the SMPS (Scanning
E10" 4 —parwC @Onvcond) . Mobility Particle Sizer) instrument.
c 3 —— PartMC (Cond.+coag., a=0.75, f = 0.6) y I 1z ’ . )
S10" 4 e (Cond.scoag. a=0.62, = 0.6) Due to the short encounter time with the ship plume, we '
e ] -~ PartMC (Cond.+coag., a=0.87, p = 0.6) assumed that the measurements were conducted at the ship
S PTG (o oo e b o) plume center line. The measurements were taken within the
§ first hour after the ship emissions entered the atmosphere,
© representing a relatively fresh plume. The horizontal error
2 bars on the measured values show the estimated errors in de-
§ termining plume ages. The estimated relative errors in num-

ber concentration are less than 8 %, and are not visible in this

70 graph due to the logarithmic scaling of the ordinate. As de-
scribed in Sect3.3we initialized the model simulations with
Figure 3. Comparison of modeled number concentrations from the data from the HERCULES study, indicated here with the red
base case with the measured data obtained during the single plunﬁl,ﬂt-
study on 14 June 2007 during the QUANTIFY campaign (sizerange The modeled time series of number concentration shows
of 10 to 2000 nm). The red dot indicates the initial aerosol num-a sharp decrease at the beginning due to dilution and coag-
ber concentration. The horizontal error bars represent the estimateglation, and then the model results approach the measure-
errors in determining plume ages. The four broken lines represeninents well when coagulation is included (solid red line).
results from sensitivity runs with different sets of valuesd@ndg When coagulation was not simulated, the total particle num-
ber concentration was overestimated by a factor of ten (blue

) o line). A list of error metrics, including mean bias, mean er-
the production of secondary aerosol species is largely detefror mean normalized bias and mean normalized error, is pro-

mined by the exposure time to sunlight during daytime. vided in Table4 for the comparison of simulated and ob-
No observations are available that followed the evolutiongeryed number concentrations. Note that since the plume en-
of a particular plume for several hours, hence a quantitative,qnter times during the measurements were very short, nei-

comparison to our simulation results is not possible. How-ther size distribution nor chemical composition data could be
ever, mixing ratios of NO, N@ Oz, SG;, and CO were mea-  gptained from the single plume study.

sured in the shipping corridor on 11 June 2007. These can Tq explore the sensitivity to the choice of the dispersion
be used for qualitative comparison with our_model r_esuns-parameter& andg, we conducted four sensitivity runs: two
Observed peak values of NO, NCand SQ mixing ratios  gensitivity runs use the base case value 810.75, but com-
were 4, 12, and 4 ppb, respectively. Observed mixing ratiogjne it with p=0.7 (lower end from the range iRetzold

for Og and CO were approximately 35 and 105 ppb, respect a1, 2008 and g =0.5, respectively. Two additional sen-
tively. These values are comparable with the model reSU|t%itivity runs use the base case valuef 0.6, combined
after approximately 7 h of simulation time of the sensitivity \ith o =0.87 andx =0.62, respectively (same range of val-
run (right column in Fig2). The mixing ratios of NO and ues used invon Glasow et a).2003. The simulated num-
O of the base case are somewhat lower because this cagy concentration from the sensitivity runs were added to
extends into the nighttime. Fig. 3 as broken lines. The parameter combinatior 0.62,

B =0.6) results in a consistent overprediction of the number
concentration by a factor of about 3, while the combination
(¢=0.87, 8=0.6) underpredicts the number concentration

Fi 3 dicted particl b ; after a plume age of 30 min. Differences due to variations
Igure S compares our predicted particie numboer concentra,¢ B are most noticable during the first 20 min of the plume.

tions to those measured in a ship plume during the SingleGiven the simplicity of the model assumptions, we do not
plume study on 14 June 2007. For this figure, only particles '

Plume age (min)

4.2 Evolution of total number concentration in a single
plume
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attempt to perform a fitting procedure, but conclude from this
exercise that using parameter set of our base ecas@(75,

B =0.6) captures the observed data reasonably well. Impor-
tantly, the spread caused by varyingand g is less than

the difference between the base case runs with and without
coagulation.

Initial

, & Only.cond.

(a)

5337

hip Cb ridor
4.3 Evolution of particle size distributions in the und \
shipping corridor ‘ A\
2 468"
. . — . 0.01 0.1 1
The aerosol population measured in the shipping corridor 10 Dry diameter D (um)
10

can be thought of as the superposition of many ship plumes
of different, albeit unknown, ages. This makes it difficult to
compare the size distribution measurements quantitatively to
the model results, which simulate only one specific plume.
Here we attempt to use the observations for a qualitative
comparison to see if the PartMC-MOSAIC results are con-
sistent with the observations.

Figure 4 displays the in-plume aerosol number distribu-
tions for the base case. The red, green and blue curves rep-
resent the measured aerosol distributions for initial, back-
ground and ship corridor conditions, while the five black
curves are the predicted distributions at plume ages of 1005,
1200s, 1 h, 5h, and 14 h, respectively. All model results are

_3)

dN/dlogD, (cm
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Ship Corrid
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A\
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Dry diameter D (um)

. Initial

(c)

N Cond+coég.

the averages of an ensemble of 10 runs. The error bars rep-
resent the 95 % confidence intervals, only shown for the size
distribution at 100s as an example. These are vanishingly
small for small particle sizes and are somewhat larger for the
size range above 500 nm. This is a result of the fact that fewer ; A P
computational particles are used to represent the population 10° %“‘"‘“‘
at Iarger sizes (ev_en th_ough we used the weighted particle 0.01 z 4 0.1 1
algorithm as described in Se@). Dry diameter D (um)

To distinguish the effects of coagulation and condensation
on particle size distributions, we show the results without Figure 4. Measured aerosol number distributions for background,
simulating coagulation (Figla, “only cond.”), without sim- initial gnd ship corrio!or and modelz_ed result_s {a neglecting co-
ulating condensation (Figh, “only coag”), and the case in- e_lgulatlon,(b) neglt_actlng condensation afc) including condensa-
cluding all processes (Fidc, “cond.+ coag.”). tion and coagulation at plume ages of 100s, 1200s, 1h, 5h, and

Figure 4a shows that particle number concentration Wasl4hf0r ba_se case (starting from 14:00 LT). The error bars represent
.o o L . 95 % confidence intervals from 10 ensemble runs (only shown for
S|gn|f|_cantly reduced due to Q|lutlon within the first 100 S, size distribution at 100's as an example).
and simultaneously large particles from background were di-
luted into the plume so that an accumulation and a coarse
mode in the size distributions were formed. However, it is
obvious that the shape of the size distribution observed inmpact of condensation on the size distributions was small for
the shipping corridor could not be reproduced when coag-this case due to the short daylight exposure time and conse-
ulation was neglected. The predicted number concentratiomuently limited amount of photochemical production of sec-
of small particles was overestimated compared to the shippndary aerosol mass, as already pointed out in the discussion
corridor measurement. For example, at 14 h, the model reef Fig. 2. Therefore, in this case, coagulation and dilution
sult overpredicted the number concentration of particles withwere the driving processes that shaped the size distributions.
sizes 30 nm by at least one order of magnitude compared to To investigate the impact of daylight exposure time fur-
the observed value. When coagulation was additionally in-ther, Fig.5 shows the in-plume particle size distributions for
cluded (Fig.4c), the depletion of the small particles in the the simulation of the sensitivity case, with a simulation start
volatile mode was captured and the modeled and observedf 06:00LT. The size distributions of plume ages smaller
size distributions agreed qualitatively better. than 1h were similar to those for the base case. However
Figure4b (condensation not simulated) shows a very sim-in the more aged plume (at 5 and 14 h), condensation of sec-
ilar pattern compared to Figlc, which confirms that the ondary aerosol set in, which shifted the particles to larger

hip Cdrfidor

dN/dlogD, (cm )
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sizes. Condensation in this case greatly altered the size dis- 10"
tribution, as shown in Figha and c. As in Fig4, we see that R i , i (@)
including coagulation led to particle size distributions that e 10° 1 100s o T
> . . ) , Only.cond...
are qualitatively in better agreement with the observations. S 6
Overall, Figs4 and5 demonstrate that dilution and coag- g 10
ulation were two major processes dominating the evolution 8 10" 1 it
of particles in ship plumes. While dilution significantly re- N S P hip- Corridor
duced the overall in-plume number concentrations, coagula- 310 T 14 hr Background
tion reduced the number concentrations of the small volatile 10° ) A N ...
particles. Moreover, the condensational growth of particles 0.01 2 46 80 1 2 4 638 1
was sensitive to the start of the simulation time. An earlier 10 Dry diameter D (um)
starting time with a longer, and more intense sun exposure 107 : ' by
8 Initial

enhanced the production of secondary aerosol mass. Gener-
ally, our model results are qualitatively consistent with the
observations in the shipping corridor.
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4.4 Impact of coagulation and condensation on particle
mixing state

dN/dlogD, (cm )
N

o
!

ground

To elucidate how the mixing state evolved over the course of 10 3 o 3 R

the simulation of the base case, we show the two-dimensional 0.01 0.1 1

number distribution as a function of dry diameter and dry- 10 _ Dry diameter D (um)

mass fraction of BC and sulfate in Figg.and 7 at plume . il (c)

ages of 100s, 1h, and 5h. The simulation results for the "?E Y Condlicoa..

three cases “only cond.”, “only coag”, and “condcoag” are S ’ 7

placed next to each other for comparison. The definition of Iy

the two-dimensional number distribution function is given in 8 e LiLL]

Sect3.1 D Bt Vip-qriiter
BC initially resided in the two combustion aerosol modes 5 T . VB‘ahcrk;round &

and also to a small extent in the background aerosol mode. 10° d F

Without coagulation (“only cond.”, Fig6a, d, and g), the 0.01 2 4 6 80 1 2 4 68 :

three particle source types were at all times distinctly sep- ' Dry diameter D (um)

arated shown as horizontal bands in the two-dimensional
number distribution plot. However, when coagulation was in- Figure 5. Measured aerosol number distributions for background,
cluded (Fig6b, c, e, f, h and i), a continuum of internal mix- initial and ship corridor and modeled results ¢ay neglecting coag-
ing states was established very quickly with BC dry-massulation,(b) neglecting condensation afd including condensation
fraction ranging from 0 to 12 %. and (_:c_quuIatlon at plu_me ages of 100, 1200s, 1 h, 5h, and 14 h for
When condensation was not simulated (“only coag.”), thesensnlvny.case (§tart|ng from 06:00LT). The error bars represent
- . . 959% confidence intervals from 10 ensemble runs (only shown for
initial range of BC mass fractions from 0 to 12 % was main- size distribution at 100 as an example).
tained (Fig6b, e, and h). When condensation was simulated,
the maximum BC mass fraction decreased over time to val-
ues as low as 9% after Sh of simulation, as seen in éig. An interesting feature of the sulfate mixing state is that
For the sensitivity case (not shown) this is even more pro-pger 1 b, the previously horizontal lines representing the
nounced, and the maximum BC mass fraction decreased tBarticIes from various sources became “tilted” (Figl, f,
values as low as 5%. o g and i). This tilt formed because secondary aerosol mass
An analogous evolution of the sulfate mixing state was ob-cqngensed on the particles, and the resulting change in sul-
served. A continuum of internal mixtures from 00 100% of tae gry-mass fraction was relatively larger for small parti-
sulfate dry-mass fraction formed due to coagulation (Flg.  ¢jes compared to large particles. For the volatile-mode par-
e, hand c, f, i), while for the simulation without coagula- cjes the tilt was the result of ammonia partitioning into the
thn the partlcles from different sources remalned eXtem,a"yaerosol phase and thereby reducing the sulfate dry-mass frac-
mixed (Fig.7a, d, and g). When condensation was not sim-jon | our simulation ammonia originated from the evapo-
ulated, (“only coag”, Fig7b, e, and h), the range of sulfate 5ion of ammonium nitrate present in the background par-
mass fractions completely filled the range from 0 to 100 % asjcjes. For the combustion-mode particles the tilt was due to
the population evolved. the condensation of sulfuric acid, thereby increasing the sul-
fate dry-mass fraction. This two-way condensation effect on
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Figure 6. Two-dimensional number distributiongc dry(D, w) after 100s, 1 h, and 5 h of simulation for the base case. The two-dimensional
number distribution is defined in EdL2).

sulfate mixing state was observed for both cases when coneorresponding critical supersaturation line. Fig8rehows
densation was included. A similar behavior could also be ob-these number distributions for 0s, 100s, 1 h and 5h for the
served for the BC mixing state (e.g., F&yl and g). Note that  base case simulation, including condensation and coagula-
other secondary aerosol species form, as well as contribute tdon. Initially (1 =0s), three distinct bands represented the
a change in mixing state, such as secondary organic aerosgblatile and the two combustion modes. The position of each
and aerosol nitrate, however for the sake of brevity we do noband was determined by the initial size distribution and com-

include these results as figures. position of each mode determining the overall hygroscop-
icity. The volatile-mode particles, which contained 100 %
4.5 Cloud condensation nuclei activity sulfate, had the largest hygroscopicity, while hydrophobic

combustion-1-mode particles, consisting of POC and BC,
We will now address the question to what extent the changesvere most difficult to activate initially.
in aerosol mixing state translated into changes in CCN ac- At r=100s, the space between the three bands had begun
tivity. For this purpose it is convenient to display the num- to fill out due to coagulation and the associated change of
ber distributionn, (D, «) based on Eq.13), as established mixing state. As a result, for a subset of the combustion mode
in Fierce et al(2013. Also shown in these graphs are the particles the hygroscopicity parameter increased. After 1 and
lines of constant critical supersaturation, which are a functions h, the average values of the aerosol population increased
of particle size and hygroscopicity parameter. For a givenfurther, indicating that a larger fraction of the particles had
environmental supersaturation threshold, the particles withthe potential to become a CCN for a certain supersaturation
critical supersaturations equal to or smaller than the thresh-
old will activate, i.e., these are the particles to the right of the
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Figure 7. Two-dimensional number distributiong, dry(D, w) after 100's, 1 h and 5 h of simulation for the base case. The two-dimensional
number distribution is defined in EdL2).

threshold. Note that particles larger than 0.2 um representedverall population moved up (i.e., reached higheralues)
mainly the background particles, as shown in Hig. in the diagram over time.

Figure9 shows the CCN concentration versus critical su-  The total number concentrations for the “only cond.” case
persaturationS ranging from 0.01 to 1% for 0s, 1h, 5h, were about one order of magnitude larger than for the cases
and 14 h for the base case. The three different curves at eadhat included coagulation. This means that there were more
time represent the cases where coagulation was not simulatgghrticles available that could act as CCN, but at the same
(“only cond.”, blue), where condensation was not simulatedtime they all competed for condensable material. The “only
(“only coag.”, green) and where both condensation and co-cond.” case resulted in smaller CCN concentrations than the
agulation was simulated (“condl.coag.”, red). As the simu- other two cases faf less than about 0.7 %. This is because
lation time progressed, the “cordl.coag.” case showed con- most of the combustion particles remained too hydrophobic
sistently larger CCN concentrations than the “only coag.”in the absence of coagulation, and also because there was
case, but only for supersaturations above a certain thresholdot enough condensable material available to render these
(e.g.,$=0.4% forr =1h). This is due to the fact that more particles hygroscopic enough to activate at supersaturations
particles are closer to the activation threshold in the case obelow 0.7 %. However, the CCN concentration of the “only
higher supersaturations, so adding some hygroscopic matesond.” case exceeded the other two casesSftarger than
rial by condensation can have an impact on CCN concentraf.7 % when the growth due to condensation was sufficient to
tion. Note that this threshold changed with time.:At1 h it enable activation. We conclude from F&y.that coagulation
wasS =0.4 %, while forr =5h andr =14 h it was lowered to  increased the particle hygroscopicity of initially hydropho-
S§=0.2%. This is consistent with Fi§, which shows thatthe bic particles. Coagulation therefore may enhance the CCN

number concentrations, while decreasing the total particle
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extent that they could activate at such low supersaturation Critical supersaturation (%) Critical supersaturation (%)
levels. Figure 9. CCN number concentrations as the function of critical

Similar CCN spectra resulted for the sensitivity case supersaturationat0s, 1h, 5h and 14 h for the base case.
(Fig. 10). However, condensation had a larger impact in this
case due to the increased formation of secondary aerosol
mass compared to the base case. This can be seen mast cgnclusions
clearly for low supersaturation thresholds (lower than 0.2 %)

after 14 h of simulation. For example, fi=0.2%, the CCN |y this paper we presented the application of the stochastic
concentration for the “cone: coag.” case was six times that  zergsol model PartMC-MOSAIC to investigate the evolution
of the “only coag.” case, and 3.5 times that of the “only 4t 5eros0l mixing state and associated changes of CCN prop-
cond.” case. _ _ erties in a ship plume. This work provides the first valida-
It has been reported that the typical supersaturation fokjon stydy of PartMC, and we showed that the model results
marine stratocumulus is around 0.1%oppel et al. 1996 5greed well with observed particle number concentrations.
Martucci and O’Dowd 2011). Our results suggest that the  "rrom our process analysis we conclude that for our base
impact of ship-emitted particles on marine cloud formation ¢ase dilution and coagulation were the two major processes
will significantly depend on the time of the day that these jnfuencing the particle distribution and the resulting CCN
particles are exposed to the marine boundary layer. activation properties. Dilution reduced the in-plume total
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concentrations for supersaturations larger than 0.3 %. For ex-
ample, for§=0.6% the CCN concentration for the “only
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Figure 10. CCN number concentrations as the function of critical the evolution of the ship plume aerosol population using

supersaturation at 0s, 1 h, 5h and 14 h for the sensitivity case. ~ the nucleation parameterization Kyang et al.(2008. For
the base case the influence of nucleation on CCN concen-

tration was limited because there was not enough condens-
particle number concentration by about four orders of magni-able material available to grow the particles formed by nu-
tude within 15 min from simulation start. Coagulation further cleation to CCN-relevant sizes. For the sensitivity case, af-
reduced the particle number concentration by another ordeter the newly-formed particles were exposed to about 10 h of
of magnitude and preferentially depleted small volatile parti- growth, the CCN concentration was increased by about one
cles. To adequately capture the evolution of the size distribuorder of magnitude when nucleation was included as long
tion, it was essential to include coagulation. as the supersaturation threshold was sufficiently high, in our

Moreover, coagulation amongst the particles and condenease higher than 0.3 %.

sation of secondary aerosol material altered the particle mix-
ing state in the fresh plume, leading to internally mixed
aerosols containing BC and sulfate within the first 1—2 minAcknowledgements]. Tian, N. Riemer, and M. West acknowledge
after emission, which evolved further over the course of thefunding from the National Science Foundation (NSF) under

; : o : Grant CMG-0934491. This publication was made possible by
simulation. This impacted the CCN properties even for con-
b prop US EPA grant 83504201. Its contents are solely the responsibility

ditions when only small amounts of hygroscopic secondary ) p o

. ; of the grantee and do not necessarily represent the official views
a_erosol_ mass were form_ed, as it applied for our base CaS6f the US EPA. Further, US EPA does not endorse the purchase of
simulation. However, the impact depended on the supersatusny commercial products or services mentioned in the publication.
ration threshold. For the base case, atthe end of the 14-h sinpart of this work was supported by the EU FP6 Integrated Project
ulation neglecting coagulation (but simulating condensation)QUANTIFY (Quantifying the Climate Impact of Global and
did not have any impact of the CCN concentration below su-European Transport Systentdtp://www.pa.op.dir.de/quantify/
persaturation values of 0.2 %. For supersaturations between
§=0.2% andS = 0.7 % neglecting coagulation resulted in a Edited by: C. H. Song
reduction of the CCN concentration, for example by 37 and
28 % for supersaturation thresholds of 0.3 and 0.6 %, respec-
tively. For supersaturations larger than 0.7 % neglecting co-
agulation resulted in an overestimation of CCN concentra-
tion, about 75 % forS =1 %. On the other hand, neglecting
condensation, but simulating coagulation, also did not im-
pact the CCN concentrations below 0.2 %. It resulted in an
underestimation of CCN concentrations for larger supersatu-
rations, e.g., 18 % fof = 0.6%. From this we conclude that,
for the base case conditions, coagulation had a larger impact
on CCN concentrations than condensation.
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Figure Al. (a) Comparison of simulated number concentrations rigre A2, Measured aerosol number distributions for background,
from the base case with nucleation to the observed data obtaineghitia| and ship corridor and modeled results with nucleation for

during the single plume study on 14 June 2007 during the QUAN- ) hase case (from 14:00 L) sensitivity case (from 06:00 LT) at

TIFY campaign. The red dot indicates the initial aerosol numberlmume ages of 100, 12005, 1h, 5h and 14 h. The error bars repre-

concentration. The horizontal error bars represent the estimated e&ant 95 94 confidence intervals from five ensemble runs (only shown
rors in determining plume agegh) Simulated number concentra- ¢4, size distribution at 100's as an example).
tions from the base case during the entire simulation period with nu-

cleation for particles in the range of 10—2000 nm and below 10 nm.

including only the particles from the observed 10—-2000 nm
Appendix A: Simulations including nucleation size range, the results are the same as for the correspond-
ing case without nucleation (Fig\1a). However, nucleation

Here we describe the results for the base case and for thdid affect the number concentration of particles smaller than
sensitivity case when nucleation was included. As before wel0O nm. FigureAlb shows the evolution of number concen-
first present the results for the number concentrations, thetration for particles in the 10—-2000 nm range, as well as for
the size distributions, and finally the resulting CCN spectra. those below 10 nm, for the entire 14 h of simulation period.

On a process level, a nucleation event can impact CCNTlhe concentration of nucleated particles (which are assigned
concentration in several ways: (1) nucleation produces ahe size of 1nm when they enter the simulation) reached
large number of additional particles, which can grow into the maximum of 18 m~=3 at 16:00 LT (2 h after simulation),
CCN directly if enough condensable material is present;then gradually decreased to around%dm—2 at 20:00LT.
(2) if the condensable material is limited, then the competi-The concentration of 10—-2000 nm particles, however, did not
tion for this material between the large near-CCN-active par-increase, which indicated that the nucleated particles did not
ticles and the nucleated small particles could actually lead tayrow to sizes larger than 10 nm during the plume evolution.
less CCN; and (3) the nucleated particles can coagulate with The evolution of the size distributions is shown in FAQ
other particles, which could potentially render them CCN- for both the base case (Fig2a) and the sensitivity case
active, increasing the CCN concentration. When including(Fig. A2b). Note that we extended the diameter axis down
the treatment of nucleation as described in S2@, we to 1 nm to capture the full range of sizes. In both cases, nu-
found that nucleation did occur in the ship plume, but thatcleated particles formed a distinct mode below 10 nm, and
the newly formed particles did not contribute significantly the number concentrations in this mode gradually decreased
to CCN except in particular situations when condensationaldue to coagulation and dilution, and moved to larger sizes
growth was prevalent for several hours. due to condensation during the plume evolution. While for

Figure A1 shows the evolution of the base-case num-the base case the nucleated particles form a distinct mode
ber concentration when nucleation was simulated. Wherthat remains below 10 nm in size, for the sensitivity case they
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Figure A3. CCN number concentrations as the function of critical Figure A4. CCN number concentrations as the function of critical
supersaturation at 0s, 1 h, 5h and 14 h for the base case, compasupersaturation at0s, 1 h, 5h and 14 h for the sensitivity case, com-
ing the simulation with nucleation enabled to the simulation with paring the simulation with nucleation enabled to the simulation with
nucleation disabled. nucleation disabled.

grow beyond this size, which has an appreciable impact on For the sensitivity case, including nucleation led to much
CCN concentrations as shown below. larger differences after several hours of simulation. This can
Figure A3 shows the comparison of the CCN spectrum be seen in FigA4d (r =14 h), where the CCN concentra-
with and without nucleation for the base case. Coagulatiortion for supersaturations above 0.3 % increased by about one
and condensation were included for these simulations. Wherder of magnitude when nucleation was included. Interest-
nucleation is included, the CCN concentration remains un-ngly, for this time, we also observe that for supersaturation
changed for supersaturations below 0.6 %. For higher supetower than 0.3 % the CCN concentration decreased when nu-
saturations, the simulation with nucleation yields somewhatcleation was included. This counterintuitive result is a re-
higher CCN concentrations. For example, at 5h, nucleatiorflection of competition for condensable material between the
increased the CCN concentrationSat 0.6 % from 2422 to  larger near-CCN-active particles and the nucleated particles.
2496 cn 3 for the base case, and from 3053 to 3200€ém
for the sensitivity case. This is consistent with the findings
described above.
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