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Abstract. Aircraft measurements are presented of the interaction of aerosols and 
stratocumulus cloud within the effluent of ships powered by partial combustion of 
low-grade diesel fuel. Two case studies are shown where aerosol is modified by cloud 
processing over times of 1-2 hours, or < i hour accumulatively spent within cloud. 
One case shows a good example of the Twomey effect, whereby the cloud droplet 
effective radius reduced and the extinction coefficient increased quite dramatically 
for a given liquid water content. The other cloudy case shows relatively little cloud 
perturbation due to the ship aerosol. In both cases a Hoppel dip appears in the 
dehydrated aerosol spectrum between 0.1 and 0.2/•m diameter and a new mode 
grows out to about 0.45/•m. Scattering coefficients of particles between 0.1-0.7/•m 
show that the modified spectra have greater efficiency at scattering solar radiation. 
A modeling study of one of these cases indicates that aqueous-phase sulfur chemistry 
within cloud can explain the aerosol features. By comparison with the concomitant 
processing of the background aerosol, it is shown that the Hoppel dip and hence 
critical size for droplet activation lies at larger particle sizes in polluted clouds. 
A third case study is presented where the plume evolves in a cloud-free boundary 
layer. Here no modal growth of the aerosol was seen and the aerosol was diluted 
primarily by mixing with background air. The aerosol was highly deliquesced, 
which suggests that haze particle chemistry was probably insignificant in modifying 
the aerosol in any of the cases. 

1. Introduction 

It became prominent in the 1970s that the Earth's 
climate can be potentially modified by anthropogenic 
aerosol emissions [Hidy and Brock, 1970; Rasool and 
Schneider, 1971; Twomey, 1974]. Two main mechan- 
isms of aerosol radiative forcing are now commonly re- 

act as cloud condensation nuclei (CCN) within warm 
low-level (in particular stratocurnulus) clouds affect the 
microphysics of the cloud and hence its radiative prop- 
erties. 

The indirect effect can be divided into two forms 

sometimes referred to as the first and second indirect 

effects. Increased levels of CCN will increase the nurn- 

cognized: the dire• effect and •he indirect effec• The her of cloud drOPletS but decrease •h•ir m•an size for 
direct effect pertains to the direct interaction of the 
particles with radiation fields, i.e., extinction of solar 
and terrestrial radiation [Charlson et al., 1991]. The 
indirect effect covers a number of different possible scen- 
arios whereby the aerosol particles modify a radiatively 
active constituent of the atmosphere such as clouds or 
trace gases. The indirect effect will hereinafter refer to 
the way in which changes in the subset of particles that 
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a fixed liquid water content. This increases the optical 
depth of the cloud and hence its albedo. This bright- 
ening mechanism is the first indirect effect and was de- 
scribe by Twomey [1977]. Evidence on a global scale 
for this was given by Hah et al. [1994], where satel- 
lite retrieval shows a smaller effective radius of low- 

level cloud droplets in the (more polluted) Northern 
Hemisphere compared to the Southern Hemisphere. In- 
creased cloud droplet concentrations also increase the 
colloidal stability of the cloud droplets and hence re- 
duce the production of drizzle. This potentially has im- 
plications for cloud fractional cover and cloud lifetime 
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[Albrecht, 1989]. This is the second indirect effect. It 
is thought that the first and second indirect effects are 
potentially similar in terms of global radiative forcing 
[Rotstayn, 1999; Jones et al., 1999]. 

It has been shown by in situ observation in the past 
that cycling of aerosol particles through stratocumulus 
and cumulus clouds can affect the aerosol size distri- 
bution through various forms of physical and chemical 
cloud processing [Hoppel et al., 1986, 1994]. Kerminen 
and Wexler [1995] have shown through process studies 
that aqueous-phase reactions within cloud droplets can 
explain the modification of aerosol spectra observed be- 
low cloud base under the timescales involved. However, 
because of the nonlinear feedback of combinations of 
processes, the effects of cloud droplet coalescence, in- 
terstitial scavenging, entrainment, haze particle chem- 
istry, and aerosol particle coagulation cannot be readily 
ignored. For example, Feingold et al. [1996] have shown 
through modelling studies that droplet coalescence can 
be as effective as aqueous-phase reactions under condi- 
tions of high liquid water contents, i.e., greater than 0.5 

--3 
gm . 

Growth of CCN through cloud processing by the ad- 
dition of soluble inorganics (such as sulphate) can po- 
tentially produce larger and more efficient CCN and 
particles that become more efficient at scattering solar 
radiation. These changes may have implications for the 
direct and indirect forcing of the aerosol undergoing 
modification. 

2. Environment of a Ship Track 

hncreased levels of submicrometer aerosol particles 
within plumes emitted from the exhaust stack of ships 
are known to locally modify (often quite dramatically) 
the microphysics and hence radiative properties of stra- 
tocumulus cloud within the environment of the ship 
track [C oakley et al., 1987; Radke et al., 1989; Hindman 
et al., 1994; Durkee et al., 2000]. Thus the ship track 
refers specifically to the modified cloud, and the ship 
plume refers specifically to the exhaust of particulates 
and trace gases from the ship. Ship tracks have been 
found to contain higher concentrations of cloud droplets 
of smaller mean size than the ambient cloud [Hobbs et 
al., 2000; Durkee et al., 2000]. This is an example of 
the Twomey [1977] effect whereby the optical depth of 
the cloud has been increased in the region of the ship 
track. An example of an increase in the albedo above a 
ship track relative to the surrounding cloud using air- 
craft measurements is given by Taylor and Ackerman 
[1999]. This explains why ship tracks are observable 
from satellites at visible and near-infrared wavelengths, 
especially at 3.7/•m, which is particularly sensitive to 
the effective radius of the cloud droplets [Platnick and 
Twomey, 1994]. 

Certain conditions are required if ship tracks are to 
form within stratocumulus cloud. These include (1) 
thermodynamic conditions; that is, the marine bound- 

ary layer (MBL) must be well mixed and not decoupled, 
which implies a shallow (less than 1 km) MBL is most 
likely to support the formation of ship tracks; (2) am- 
bient cloud microphysics also plays a crucial role of- 
ten defined by the cloud susceptibility [Platnick et al., 
2000], which describes the sensitivity of the cloud al- 
bedo to changes in the droplet (and hence CCN) con- 
centration; (3) the type of fuel and type of combustion; 
partial combustion of low-grade diesel produces suffi- 
cient concentrations of particles large enough to act 
as CCN within stratocumulus cloud. Steam and gas- 
powered vessels generally use higher-grade fuels and so 
produce very small particles or particles of very low con- 
centration to create significant ship tracks [Hobbs et al., 
•000]. 

The environment of a ship track is particularly suited 
for insitu (as well as remotely sensed) measurements re- 
lating to the Twomey effect and the interaction of an- 
thropogenic aerosols and clouds because (1) the ship 
plume is a source of high loadings of fresh anthropo- 
genic aerosol particles and trace gases; (2) they are loc- 
alized and so allow easy comparison with the ambient 
surroundings; (3) the aerosol size spectrum very close 
to the source (the ship stack) is obtainable by flying low 
over the ship; (4) they can be long-lived (up to a few 
days if suitable conditions persist) and can reach hun- 
dreds of kilometers in length (and tens of kilometers in 
width); (•) they allow properties of organic aerosols to 
be studied where knowledge is still lacking (this item 
will not, however, be addressed in the present paper). 

This paper focuses on the modification of the aerosol 
microphysics of ship plumes within well-mixed cloud- 
capped and cloud-free MBLs. The MBLs were all relat- 
ively shallow, containing moderate to high wind speeds, 
were shear driven, and had little buoyancy under near- 
neutral stability. The ship plumes were all produced by 
the partial combustion of low-grade marine diesel (also 
known as marine fuel oil). 

3. Aircraft Measurements 

The analysis in this paper is carried out through the 
use of aircraft data gathered by the U.K. Meteorological 
Research Flight C-130 aircraft during the Monterey 
Area Ship Track (MAST) experiment [Durkee et al., 
2000]. MAST was carried out between June and July 
1994 off the coast of California where persistent mar- 
ine stratocumulus clouds often exist. The primary in- 
struments used in this paper are (1) Particle Measuring 
System's (PMS) Passive Cavity Aerosol Spectrometer 
Probe (PCASP-100X) which sizes and counts aerosol 
particles over 15 discrete size bins between diameters of 
0.1 and 3.0/•m. The particles are assumed to be spher- 
ical and of the same density and refractive index as that 
of water. On the basis of experimental evidence, opera- 
tion of the PCASP with its deicing heaters switched on 
is known to dry out submicrometer particles [Strapp et 
al., 1992]. The accumulation mode of aerosol size spec- 
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tra often lies within the PCASP size range, i.e., with 
the modal diameter between 0.1 and 0.5 •um [Hoppel et 
al., 1985]. Therefore the total concentration measured 
by the PCASP (hereinafter NA) will be used to repres- 
ent the accumulation mode particle concentration. DA 
will hereinafter represent the associated mean particle 
diameter over the accumulation mode. Because of the 

nominal air speed of the C-130 (100 m s-1), droplet 
shattering on the PCASP inlet causes spurious data 
when measuring in cloud. This effect becomes more ap- 
parent in clean clouds of low droplet concentrations con- 
taining large drizzle drops. (2) P MS Foward Scattering 
Spectrometer Probe (FSSP-100) which sizes and counts 
cloud droplets (and coarse mode aerosol particles) over 
15 discrete size bins between diameters of 2 and 47/•m. 
By far the majority of the number of cloud droplets 
are found within the size range of the FSSP, i.e., in 
the condensation mode of droplets; therefore ND will 
hereinafter refer to the number concentration of cloud 

droplets measured by the FSSP. (3) PMS 2-D (two di- 
mensional) cloud probe (2D-C) measures water droplets 
in the size range 25 to 800/•m in diameter (i.e., it spans 
the drizzle mode) by using 2-D shadow images formed 
on an array of photodiodes caused by droplets inter- 
cepting a laser beam. The effective radius of an en- 
semble of cloud droplets is often sensitive to the size of 
the drizzle mode and so its value will be represented by 
either _rssP (that measured with the FSSP size range 

_2DO (that measured by both the FSSP and only) or '% 
the 2-DC size range). (4) Johnson-Williams probe uses 
the hot wire method to determine the liquid water con- 
tent (hereinafter qœ). Impacted droplets are evaporated 
by a heated wire and the change in electrical resistance 
of the wire as a result of the temperature drop is meas- 
ured. Even though this probe suffers from a gradual 
reduction in collection efficiency with droplet size for 
droplets greater than about 30/•m, it is preferred over 
the method of integrating FSSP and 2D-C spectra. 

For further details of the cloud physics suite of in- 
struments, see Moss et al. [1993] and Brown [1993]. 

For descriptions of turbulence measurements, see Ro- 
gers et al., [1995]. Note that data variabilities quoted 
below indicate a variation of q- i standard deviation 

from the mean value. 

4. Hyundai Duke Case Study 

The flight used to study the plume emitted by the 
Hyundai Duke took place on June 9, 1994. The stra- 
tocumulus cloud cover was between three quarters and 
full cover, with cloud base at 250 m and cloud top at 
430 m, which marked the base of the subsidence inver- 
sion. The ambient ND was 73 q- 13 cm -3, the cloud top 
.FSSP . e Was 10.5/•m, and the cloud top qœ was 0.4 g kg -• 
Rates of increase of qœ with height were around 1.9 g 
kg -1 km -1 i.e. very near adiabatic values. Ambient 
N• below cloud base was fairly uniform with height at 
36 q- 9 cm -3, which is indicative of a pristine maritime 
air mass [Martin et al., 1994]. 

Figure i shows N• and associated D•t from a run 
below cloud at 150 m altitude, while Figure 2 shows 
the cloud properties of ND, _rssP 't e , qœ, and extinction 
coefficient (fiext) at 350 m to illustrate the pronounced 
effect of the plume particulates on the cloud microphys- 
ics. •ext has been derived using the following equation 
[Stephens, 1978]' 

•ext- _3 q•, (1) 
2 pwre 

_FSSP and Pw is the density of water. The where re -- 't-e 
aircraft transected the centers of the plume and track 
(i.e., the center in the horizontal plane) at approxim- 
ately 56 and 60 km downwind of the ship, respectively. 
(The plume aerosol can be assumed to be vertically 
well mixed between the sea surface and the cloud top 
at these distances from the ship.) The plume aerosol 
can be identified by the increase in N• and decrease 
in D•. Measurements show that there was little ver- 
tical shear of wind speed and direction between the 
run levels in Figures i and 2 (i.e., there was only 2- 
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Figure 1. Accumulation mode aerosol concentration (NA, solid line) and mean diameter (Dd, 
dotted line) from a straight and level run at 150 m below cloud transecting the Hyundai Duke 
plume 56 km downwind of the ship. 
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Figure 2. (a) Cloud droplet concentration (ND, solid line) and effective radius ' rssP [r e , dotted 
line), and (b) liquid water content (qœ, solid line) and extinction coefficient (•/ext, dotted line) 
from a straight and level run within stratocumulus cloud at 350 m transecting the ship track 60 
km downwind of the ship. The vertical dashed lines delineate the edge of the track. 

3 m s -z over the depth of the whole MBL) and hence 
little differential advection of aerosol or cloud. There- 

fore the aerosol below cloud contained representative 
CCN that formed the droplets in the ambient cloud and 
cloud track. Wind speeds at 150 m averaged 14.8 q- 0.9 
m s -z. Within the plume, NA increased to a peak of 
750 cm -a, and the mean diameter was reduced relative 
to the ambient aerosol due to the plume aerosol being 
Weighted to smaller sizes. 

Discounting the track edges, the mean ND within the 
track was 380 cm -a and peak values of ND reached to 
730 cm -a The background _FssP reduced from an av- o 7' e 

erage of 10.0 to 8.6 /•m from one side of the track to 
the other, which based on the relatively constant back- 
ground ND but reduced qL along the run signifies a 
change in height 'of the cloud base and possibly also 
variation due to entrainment of drier free tropospheric 
air. The average _FSSP across the run was 9.4/zm (or 

_rssP reduced to 22DC of 9.6 •m) Within the track, % 7' e ß 

5.4 •m away from the track edges (or _2DO of 5.5 •m) '1' e , 

Although there is no reduction in q• in the track rel- 
ative to the ambient conditions because of the natural 

variability of the ambient cloud, the derived value of 
fiext shows a pronounced increase in the track. This 
implies that the optical depth (i.e. the integrated ver- 
tical column of •/ext within the cloud) of the cloud track 
is higher than that of the ambient cloud. 

The ratio of ND to NA within the track and plume 
(i.e., using ND when in cloud and Na for the associ- 
ated run below cloud) varied between 0.5 and 0.9, which 
shows that a reasonable proportion of the accumula- 
tion mode aerosol was acting as CCN at 60 km from 
the source. In the background environment this ra- 
tio was greater than unity, which implies that particles 
smaller than 0.1 /zm (i.e., more particles than meas- 
ured within the PCASP size range) were activated into 
droplets. This is not an uncommon observation within 
clean maritime conditions [Martin et al., 1994]. 

Figure 3 shows cloud droplet spectra within the am- 
bient and track cloud to illustrate the remarkable trans- 
ition in cloud microphysics that can occur over a very 
short distance due to aerosol perturbations. Observa- 
tions to note here are the higher concentrations in the 
track and the change in the shape of the distribution; 
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Stratocumulus cloud droplet size distri- 

butions from within ambient (solid line) and Hyundai 
Duke ship track (dashed line) conditions 'that have been 
averaged over the track and ambient cloud shown in Fig- 
ure 2. Data have been used from both the FSSP and 
the 2D-C probes. 

i.e., the shift of the droplet mode to smaller sizes and the 
reduction in size of the drizzle mode within the track. 

The latter observation is indicative of drizzle suppres- 
sion due to enhanced CCN concentrations. However, 
the number concentration of drizzle-sized drops (dia- 
meter > 25/•m) increased from 22.9 4. 11.3 per liter in 
the ambient cloud to 39.5 4- 19.6 per liter in the track. 
The large values of variability here (the relative size of 
which was also observed in the drizzle liquid water con- 
tent) implies that the change in the mode was small 
given the natural variability of the stratocumulus. 

Table i summarizes some observations from a run at 

180 m altitude that zig-zagged from overhead the Hy- 
undai Duke downwind penetrating the plume 4 times. 
Peak values of NA reduced from 6400 cm -3 overhead 

the ship to 750 cm -3 at the farthest penetration about 
56 km downwind. Given the time-scale involved of 

•01 hour, it is thought this is due primarily to dilu- 
tion of the plume with background air. Coagulation 
(which is proportional to the square of particle concen- 
tration) will have played a significant role at diameters 
of •00.1/•m only within the first minute after emission 
where concentrations were very high. Deposition to the 
sea surface acts on very slow time-scales. The efflu- 
ent aerosol was estimated to have been 136 min old at 

56 km downwind based on the measured MBL wind 

speed. On the basis of the MBL depth and the cloud 
thickness, and assuming the MBL was overturning reg- 
ularly, the estimated accumulative time an average aer- 
osol particle spent within the stratocumulus cloud at 
56 km downwind was about 52 min. The mean dia- 

meter of the particles within the plume increased with 
distance downwind, principally due to dilution by the 
ambient aerosol of larger mean size. This dilution can 
also be seen by looking at the increase in the ratio of 
the ozone concentration in the plume to that in ambient 
conditions just outside the plume. Background ozone is 
consumed within the ship plume due to the rapid re- 
action with nitric oxide. During daylight hours (which 
all three case studies presented here were) the recov- 
ery of ozone levels will be due in part by photochemical 
production from NO2 and partly due to mixing with 
ambient air. 

Plate I shows a color-coded contour map of the aer- 
osol size distribution as a function of distance from the 

Hyundai Duke where four transections of the plume 
were observed. The data have been smoothed by av- 
eraging the spectra over 5 s intervals. It can be seen 
that as the plume aerosol is advected away from the 
ship, its characteristics significantly change. There is 
a relatively rapid reduction in the concentration of the 
smallest measured aerosol sizes in the plume due to dis- 
persion and dilution of the emitted aerosol. The con- 

Table 1. Various Quantities During Four Transections of the Hyundai Duke Plume 

Transect 

Distance Age Cloud time N• EA•c DA O3 Ratio M• riscat 
(kin) (rain) (rain) (cm -3 ) (/•m) (kg m -3 ) (zn -1) 

I I 2 0 6400 0.13 0.37 9.7x10 -9 3.9x10 -11 
2 27 30 12 1300 0.15 0.51 - - 

3 39 44 19 880 0.17 0.78 - - 

4 56 63 24 750 0.19 0.83 3.2x10 -9 3.2X10 -11 

Measurements taken at 180 m altitude that correspond to the transections labeled 1-4 in Figure 
4. The columns headings are explained thus: distance is that between the ship and the centre of the 
transection; age is the estimated time since emission of the plume aerosol; cloud time is the estimated time 
an average plume aerosol particle has accumulatively spent in cloud; N• E^K is the peak accumulation 
mode concentration measured during the transection; D• is the mean diameter of the plume particles 
at the centrer of the transection; O3 ratio is the ratio of the ozone mixing ratio in the center of each 
transection to the mixing ratio in background conditions just outside the plume; M• is the aerosol mass 
integrated over the size range 0.1-0.6 /zm assuming a density of ammonium sulphate; and riscat is the 
scattering coeificient integrated over the size range 0.1-0.7/zm at a wavelength of 0.55 
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Figure 4. Aerosol size spectra from within the plume 
at various distances downwind of the Hyundai Duke. 
These spectra have been averaged over the width of 
the plume containing concentrations that are at least 
twice the ambient aerosol concentration. Two ambient 
spectra have also been included from near the ship and 
60 km downwind. 

centration of aerosol particles in the size range 0.25-0.45 
/•m in the plume increases at greater distances from 
the ship, producing the "humped" appearance of the 
plume penetrations; that is, particles must be growing 
into this size range. As these concentrations in this size 
range are not observed in the background air, the plume 
evolution cannot be explained simply as a mixing effect; 
significant processing of the aerosol must also be taking 
place which is actually growing a subrange of particles 
to larger sizes. 

Figure 4 shows six aerosol size spectra between 0.1 
and 20/•m: two from the ambient aerosol around the 
ship and far downwind and four in the plume at differ- 
ent distances from the ship. Each plume spectrum is 
an average of the spectra shown in Plate 1, where the 
plume is defined as where aerosol concentrations are at 
least double ambient concentrations. 

The spectrum observed directly above the ship shows 
very high concentrations of small particles and indicates 
that the ship is not emitting particles larger than 0.25 
•um, with the modal diameter at about 0.1 •um, which 
is consistent with measurements of diesel combustion 

aerosols from laboratory experiments [Weingartner et 
al., 1997]. See also Hobbs et al. [2000] and Noone et al. 
[2000a] for further measurements on emitted particle 
sizes from ship exhausts. By the second transection of 
the plume 27 km downwind, a bulge can be seen at sizes 
larger than 0.25/•m. This bulge accentuates in the third 
and fourth penetrations, and by 56 km a slight modal 
separation can be seen at just greater than 0.1/•m. 

The shape of the modified plume aerosol spectrum 
suggests that processing of the aerosol by the stratocu- 
mulus cloud is the cause. Therefore the local minimum 

in the 56 km spectrum in Figure 4 could be the Hoppel 

dip, which defines the cutoff size for CCN and cloud- 
interstitial particles. Particles that are activated into 
cloud droplets will then undergo processing in the form 
of aqueous-phase chemistry, droplet coalescence, and in- 
terstitial scavenging, so the mass of those CCN will in- 
crease with time. 

To show that cloud processing could have modified 
the aerosol in the short time scales involved here, a pro- 
cess model has been employed. A modified version of 
the cloud microphysics and chemistry model described 
by Bower et al. [1995 and Bower and Choularton [1993] 
has been initialized with the aircraft observations, and 
some results are shown here in Figure 5. This model in- 
corporates gas-phase and liquid-phase chemistry but no 
droplet coalescence or in-cloud scavenging. The coarse 
mode particles measured by the FSSP were assumed to 
be wet and so were "dried off" to their expected dry 
sizes before use in the model (i.e., a growth factor of 
•2 based on sodium chloride). The PCASP was as- 
sumed to measure dry aerosol particles. The soluble 
fraction of the aerosol was prescribed to be 50% for 
particles < 0.25 /•m, 75% for particles between 0.25 
and 1.0 /•m, and 100% for particles > 1.0 /•m. Most 
of the plume aerosol particles are located below 0.25 
/•m and the assumption of half of them being soluble 
is not unreasonable but most probably an overestim- 
ate, if anything [Hobbs et al., 2000]. With these aerosol 
inputs and with updraughts typical of those observed 
(up to 0.1 m s-i), cloud droplet numbers are very well 
reproduced by the model simulation, which is a good 
indication that the soluble fraction of the smaller aer- 

osol is fairly well prescribed. The increase in solubility 
with size is realistic in that sea-salt particles will tend 
to dominate in the coarse mode under the moderate 

winds speeds. The composition of the soluble aerosol 
component, based on measurements made by a volatil- 
ity system, was prescribed as entirely sodium chloride 
for particles > 2/•m and as a mixture of sodium chloride 
and ammonium sulphate (in the molar ratio 1:200) for 
all smaller particles [C. D. O'Dowd, personal commu- 
nication, 1996]. Although SO2 was not measured with 
the C-130, an initial SO2 concentration of 10 ppb was 
used, which is realistic for the average concentration 
across a ship plume a few kilometers downwind of the 
source where the plume first interacts with the cloud 
[Frick and Hoppel, 2000]. The concentration of hydro- 
gen peroxide, the principal oxidant of dissolved SO2 in 
cloud water under these conditions, was initially set at 
0.2 ppb on the basis of airship measurements during 
MAST [Genfa et al., 1999]. Cloud dimensions and air 
temperatures were based on the aircraft measurements. 

Figure 5 demonstrates the modification of the modeled 
in-plume aerosol spectra and associated modeled CCN 
activation spectra within the polluted environment of a 
ship plume which is being cloud processed by aqueous- 
phase reactions. The plots show a select number of 
"runs" or cycles through the modeled stratocumulus 
cloud where an input unimodal aerosol spectrum is split 
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Plate 1. Contoured aerosol size spectra plotted as a function of distance from the Hyundai Duke 
from a run at 180 m altitude zig-zagging away from the ship so as to transect the plume 4 times. 
The spectra have been smoothed by averaging the data over 5 second intervals. The labels 1-4 
correspond to the transect numbers in Table I and the spectra in Figure 4. 
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Plate 2. Contoured aerosol size spectra plotted as a function of distance from the Kurama 
during a meandering run at 150 m altitude. The periods that the aircraft was in the plume are 
annotated by the distance bars and labels "P"; the cloud edge (from full cover to zero cover) is 
annotated by the distance bar labeled "C". The labels 1-5 refer to the transect numbers in Table 
2. 
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Figure 5. Results of modeling studies to simulate the effect of cloud processing of the Hyundai 
Duke plume aerosol by aqueous-phase reactions: (a) aerosol size distribution modification by re- 
peated cloud cycles (here cycle or run numbers 1, 5, and 10 have been selected); (b) corresponding 
cloud condensation nuclei activation spectra evolution by repeated cloud cycles. 

into a bimodal distribution with a modal development 
that accentuates through the runs. The Hoppel dip ap- 
pears at around 0.2/•m diameter. This said, the general 
appearance of the modeled spectra (e.g., the upper size 
limit to which the mode grows) suggests that aqueous- 
phase oxidation within droplets to form sulphate is a 
very likely candidate to explain the observed changes 
in the Hyundai Duke plume. 

The modeling study suggests that H202 concentra- 
tions are continually being replenished with distance 
downwind of the ship, even though it is rapidly con- 
sumed by reaction with dissolved SO2 to form sulph- 
ate. H•O• often peaks in the lower free troposphere 
just above cloud top and reduces in the MBL where 

there are sinks through deposition to the sea surface 
and oxidation in cloud water [Genfa et al., 1999]. So 
even low entrainment rates are probably sufficient to 
provide a flux of H•O• into the MBL. Even if entrain- 
ment rates were minimal, mixing of the plume air with 
background air would help replenish H202, assuming 
that it is consumed at a lower rate as a result of any 
cloud processing of the ambient aerosol. 

The developing bimodality in the modeled aerosol 
spectrum corresponds with an evolving modeled CCN 
spectrum in that the cloud droplet concentration is 
augmented to about 220 cm -3 (the "activated num- 
ber") such that all the associated particles below about 
0.02 % critical supersaturation are activated, with the 
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particles requiring supersaturations between 0.02 and 
0.1% (the leveling out of the activation spectra) lying 
within the Hoppel dip where the number of activated 
particles in the model run reduces to zero after the first 
cycle through cloud. Likewise, at even higher model su- 
persaturations, where smaller particles are involved (in 
the smaller of the two modes), no activation is possible 
in the stratocumulus cloud. The aerosol processing re- 
duces the critical supersaturation required to activate 
the newly modified aerosol. Because of this, the max- 
imum supersaturation reduces in successive runs (due 
to increased efficiency in water vapor uptake) such that 
the cloud droplet number and effective radii, assuming 
similar dynamics along the plume, are not modified sig- 
nificantly even though the CCN are more efficient. This 
would explain why the track was observed from satellite 
as a coherent structure at 3.7 •um for well over 70 km 
in length. 

The observed ND at successive distances downwind 
of the ship did not show a systematic trend, with 160, 
380, and 180 cm -a measured at 50, 60, and 70 km, 
respectively. It is thought that the natural variability 

and the sometimes broken structure of the stratocumu- 

lus cloud meant that it was not possible to measure the 
variation (if any) of the cloud microphysics in the three 
available transections of the track. 

5. Kurama case study 

The ship encountered on June 11, 1994, was called 
the Kurama, and 3.7 •um satellite imagery shows that 
the plume produced a weak cloud track relative to the 
Hyundai Duke track. Stratocumulus cloud cover was 
full (except on the western edge of the operating area 
where there was a sharp edge to the cloud sheet) with 
the base at 200 m, tops at 500 m with a cloud top _Fssr 
of 7.5 •um, and qœ of 0.53 g m -3. The rate of increase of 
qœ with height was 1.8 g m -3 km -1, i.e., only slightly 
subadiabatic. Drizzle was observed below cloud base, 
although the rate of washout of aerosol over the times- 
cale involved here would have been small. The relatively 
high qœ suggests that coalescence may have been signi- 
ficant in modifying the aerosol spectrum. Background 
N4 was 264 + 56 cm -3 at 32 km from the ship. This 
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Figure 6. A straight and level run within cloud approximately 32 km from the Kurama at an 
•titude of 420 m showing (a) cloud droplet concentration (No) and effective radius (r[SSP); and 
(b) accumulation mode aerosol concentration (Na) and mean diameter (Da). The actual values 
of the aerosol parameters are spurious and only the relative change is believable (see text). The 
vertical dashed lines indicate the edges of the ship track. 
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Table 2. Various Quantities During Five Transections of the Kurama Plume 

Transect 

Distance Age Cloud time N• E^}( DA MA •scat 
(km) (min) (min) (cm -a) (ttm) (kg m -a) (m -i ) 

1 8 13 6 1870 0.07 2.5x10 -9 2.1x10 -11 
2 25 39 17 300 0.11 - - 

3 34 54 23 405 0.11 - - 
4 65 104 48 520 0.11 - - 

5 104 166 72 580 0.12 3.3x 10 -9 3.8X 10 -11 

Measurements taken at 150 m altitude. Transections are numbered on the abscissa in Plate 2 

suggests a continentally perturbed air mass that agreed 
with the synoptic situation, which indicated a flow just 
off the Californian coast. 

Figure 6 is from a straight and level run within cloud 
at 420 m altitude and shows ND with associated _rssp 
and NA with associated DA at 32 km dwonwind. Air- 
craft navigation shows that the Kurama track was tran- 
sected during this run. At first glance, there seems to 
be no strong signature from the cloud microphysics in- 
dicative of a ship track, yet NA within the cloud shows 
a very large peak that maybe interstitial aerosol from 
the ship plume. The reduction in Dn is due to the 
weighting of the aerosol spectrum to small sizes, as was 
seen in the Hyundai Duke plume in Figure 1. Although 
the PCASP inlet suffers from droplet shattering when 
flying in cloud, and so makes any quantitative analysis 
difficult, it is assumed here that the relative change is 
indicative of interstitial particles and not because of a 
change in the droplet shattering characteristics induced 
by changes in the drizzle mode. The ozone concentra- 
tion within this high aerosol region showed a reduc- 
tion of 10% compared to background values possessing 
a standard deviation of only 3% about the mean. 

This aerosol and ozone signature coincides with a 
small change in the cloud microphysics where ND peaks 
at 370 cm -a, with a mean of 295 + 34 cm -3. The am- 
bient ND has a mean of 257 + 26 cm -3. The cloud 
signature _rssp was 6.9 + 0.3/•m, while the ambient 
rrSSp was 7.3 + 0.3/•m. Therefore the cloud track was e 

not significant during this transection in terms of the 
change in cloud microphysics. This implies very few 
of the particles in the plume were acting as CCN. Yet 
with the track being observed from satellite, this im- 
plies the track perturbation, albeit only a small change, 
was consistent along its length whereas the variability 
within the ambient cloud was "random". Note that am- 

bient ND was similar to the ambient below cloud N• 
at 32 km, which implies all the particles in the PCASP 
size range were activated into droplets. This is surpris- 
ing, given the relatively high ambient N.4 [Martin et 
al., 1994]. Within the plume below cloud, N•t peaked 
at 700 cm -a with a mean of about 400 cm -•. 

The run, used to analyze the change in the aerosol 
below cloud, started 120 km downwind of the ship and 

meandered toward the ship at an altitude of 150 m at- 
tempting to stay in the ship plume for as long as pos- 
sible. For various distances along this run from the 
ship Table 2 shows the estimated age (i.e., time since 
emission) of the plume (based on observations of the 
boundary layer wind speed of 10.4 + 1.8 m s -x) and 
the estimated average time spent in cloud. 

Plate 2 shows a color contour plot of the aerosol size 
distribution from this run and has been annotated to in- 

dicate which regions of this run were in the plume and 
which were in background air. Also labeled is where 
the aircraft flew from being under full cloud cover to 
a cloud-free boundary layer. Profile data within the 
cloudy and clear boundary layer (not shown here) in- 
dicate a lower inversion height within the clear air by 
about 80 m. 

The aerosol size distribution within the plume far 
from the ship is different from the distribution near the 
source in that the high concentrations of small particles 
(< 0.2/•m) are reduced and a mode (0.2-0.45/•m) has 
appeared at 85 km downwind. This mode is best seen 
by the slight "hump" in the green, yellow, and red lines 
above the ambient distribution. A change can also be 
clearly seen in the ambient aerosol spectra when the dis- 
tribution at the far end of the run is compared to that 
at the very start of the run; a strong local minimum has 
developed just above 0.1 /•m which can be seen in the 
brown contour. So both plume and ambient aerosols 
have undergone significant processing within 1-2 hours. 

The long period in the dilute plume between about 
40-70 km is interesting in that a gentle gradient can be 
seen in the dark green line (in particular) which shows 
that more particles are appearing in the size range 
between approximately 0.2 and 0.4 /•m in diameter, 
which is indicative of the growth of smaller particles. 
The start of this gradient coincides with the cloud edge 
at about 20 km along the run. The upper size of the 
yellow contour in the plume at 70 km is the same as the 
background a little farther out at, say, 75 km. These ob- 
servations suggest that the aerosol processing, evident 
in this long plume penetration, was produced by am- 
bient aerosol entrained into the plume and those same 
particles processed by cloud within the environment of 
relatively high concentrations of trace gases (such as 
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Figure 7. Variation of the ambient aerosol size spectra 
between 0.1 and 3 pm at five positions along the run 
at 150 m altitude shown in Plate 2. Each spectrum has 
been averaged over 10 s. The distances in the key are 
distances downwind of the Kurama. The two nearest 

the ship were within a cloud-free boundary layer. 

SO2) within the ship plume. This is most probably 
evident here because the aerosol concentrations within 

this penetration were relatively low and so much dilu- 
tion had occurred with ambient air. The plume spectra 
at 100 km and farther downwind show a more dominant 

mode at larger sizes than the nearby ambient aerosol. 
NA, within the plume at these distances, was higher 
than during the dilute long transection of the plume at 
shorter distances from the ship. 

Figure 7 shows ambient aerosol spectra from five posi- 
tions at various distances from the ship given within the 
key (compare to Plate 2). A bimodality has developed 
from a unimodal distribution. The spectra at I and 
18 km downwind of the Kurarna were taken within the 

cloudless boundary layer. The subsequent spectra at in- 
creasing distances from the ship show the creation of a 
mode at just over 0.2 pm and this modal size increasing 
with distance downwind, with the local minimum ac- 
centuating with distance, which can be especially seen 
in the farthest spectrum downwind. The original spec- 
trum h• been Split ifi two •ith the cloud edge being ,•, 
well correlated with where these evolutionary changes Q 
started to occur. Such spectra are consistent with pre- 
vious observations that the Hoppel dip just above 0.1 

z 
/•m shows the division between the cloud-residual mode 
at larger sizes and cloud-interstitial aerosol at smaller 
sizes. This cloud-residual mode is another term for the 
accumulation mode. 

Figure 8 depicts a number of in-plume spectra aver- 
aged over selected sections of the data shown in Plate 
2. One ambient spectrum from far downwind is also 
added. The reduction in the smallest aerosol particles 
is seen going away from the source and the creation of 
a mode which becomes increasingly more pronounced 

with distance. A local minimum (possibly the Hoppel 
dip) appears in the 65 km spectrum but becomes filled 
in again in the 104 km spectrum although the new mode 
is more prominent in the 104 km spectrum. The aerosol 
spectrum beyond 65 km downwind of the ship displays 
a more prominent mode (i.e., at larger sizes but similar 
magnitude) than the processed ambient spectrum 115 
km downwind. This could be due to stronger processing 
of the entrained aerosol in the plume environment or 
additional processing of the plume aerosol. The Hoppel 
dip in the plume aerosol (which contains higher con- 
centrations than the ambient Hoppel dip) is evidence of 
cloud processing of the plume particles themselves. 

The Hoppel dip also lies at a slightly larger size in the 
plume spectra which is consistent with the theory that 
in polluted clouds the elevated cloud droplet concentra- 
tion reduces the peak supersaturation at cloud base and 
therefore increases the critical particle size required for 
droplet activation. The larger aerosol particles in the 
new mode do not protrude above about 0.45 pm, which 
is similar to the Hyundai Duke case study. However, 
the Kurarna modal diameter at 0.3 pm lies at a larger 
size than was observed during the Hyundai Duke case 
study. 

The potential role of coagulation should also be con- 
sidered when analyzing the aerosol spectral evolution. 
Growth of an Aitken mode by self-coagulation would 
decrease the concentration of particles while growing 
the mode to larger sizes; that is, the spectrum remains 
unimodal. So it is difficult to see how coagulation alone 
could produce the Hoppel dip. Yet coagulation could 
augment the accumulation mode growth that was ini- 
tiated, it would seem, through cloud processing. Com- 
pared to aqueous-phase reactions, however, both self- 
coagulation and coagulation with cloud droplets act on 
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Figure 8. Variation of the plume aerosol size spectra 
at five positions from the Kurama (shown in the key) 
from the run at 150 altitude shown in Plate 2. One 
ambient spectrum has been included for comparison. 
Each spectrum has been averaged over 10 s. 
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timescales at least 1 order of magnitude longer than the 
1-2 hours of plume evolution [e.g., Hoell et al., 2000]. So 
coagulation most likely plays a small role in the evolu- 
tion of both the Kurama and the Hyundai Duke plumes. 

There is strong evidence in this case study of am- 
bient aerosol processing (outside the plume) by cloud, 
where the ambient aerosol was characteristic of a con- 

tinentally influenced type of air mass. Within cloud, 
very little track signature was observed, such that the 
plume aerosol were not providing any significant CCN 
contribution; that is, most of the cloud droplets in the 
track were still formed on ambient CCN. This indicates 

that the cloud in the Kurama case had a lower suscept- 
ibility to changes in CCN loading than the Hyundai 
Duke cloud. It would seem that the cloud processing 
of the ambient aerosol entrained into the plume envir- 
onment was observed on a significant scale. The very 
similar aerosol concentrations in the processed ambi- 
ent and processed plume accumulation modes between 
0.2 and 0.3 •um are evidence of this. No modeling of 
this case study has been carried out, yet even though 
there are significant differences between the Kurama 
and the Hyundai Duke conditions, the features of the 
aerosol spectra are broadly similar and which occurred 
over similarly short timescales. This suggests that cloud 
processing by aqueous-phase reactions can probably ex- 
plain the evolution of the Kurama plume. Further pro- 
cess modeling is required to explain the differences that 
did occur between these two case studies, however. In 
particular, the effects of cloud droplet coalescence may 
have been significant, based on the greater values of qœ 
in the Kurama case; modeling the effects of coalescence 
on the aerosol spectrum is therefore desired. 
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Figure 9. Variation of the plume aerosol size spectra 
as a function of distance from the Newport Bridge dur- 
ing a straight and level run below cloud at 150 m alti- 
tude. One typical ambient aerosol spectrum has been 
included. Each spectrum has been averaged over 10 s. 

Table 3. Various Quantities During Four Transections 
of the Newport Bridge plume 

Transect 

Distance Age N• EAK D A 
(km) (min) (cm -s) (pm) 

03 

1 2 2 5370 0.13 0.40 
2 10 11 980 0.14 0.74 
3 30 32 330 0.15 0.89 
4 55 59 210 0.15 0.98 

Measurements taken at 150 m altitude which corres- 

pond to the spectra in Figure 9. 

6. Newport Bridge case study 

This final and shorter case study centers on the New- 
port Bridge container ship encountered on June 9, 1994. 
The plume analyzed here evolved in a totally cloud- 
free MBL. The MBL was 360 m deep, well mixed, and 
capped by a temperature inversion. Figure 9 shows a 
series of aerosol size distributions at increasing distances 
from the ship at 150 m altitude from a run starting over- 
head the ship and flying downwind within the plume. 
The relative humidity along this run was 96.4 + 0.5% 
which indicates that the aerosol particles would have 
been highly deliquesced [Tang and Munkelwitz, 1994] 
based on measurements of the aerosol chemistry during 
the MAST project in typical plumes produced by diesel 
powered vessels [Noone et al., 2000b]. Table 3 summar- 
izes some basic parameters of aerosol and ozone where 
the transect numbers 1-4 correspond to the spectra at 
2, 10, 30, and 55 km in Figure 9 respectively. 

The spectra in Figure 9 show a gradual reduction in 
concentration of the small plume aerosol emitted below 
0.25 •um but no evidence of particulate growth into or 
within the accumulation mode. The steep gradient of 
the spectra between 0.1 and 0.25 •um reduces with dis- 
tance to approach that of the ambient aerosol spectrum. 
Even though no processing was evident, the mean dia- 
meter increased with distance along the plume because 
of the reduction in concentration of the small particles 
caused primarily through dilution with the ambient aer- 
osol (with coagulation probably playing a role very early 
on near the ship stack). MBL wind speeds were typic- 
ally 15.6 •: 1.2 m s -i, and on the basis of this figure, 
the estimated age of the plume at the end of the run in 
Figure 9 was 59 min. Ozone shows a similar trend to 
the Hyundai Duke case in Table 1. 

The Newport Bridge case shows a significant differ- 
ence in the evolution of the ship-produced aerosol with 
time compared with the Hyundai Duke and Kurama 
case studies. The probable cause of this was the lack of 
stratocumulus cloud capping the MBL. The plume from 
the Newport Bridge was not studied as far downwind as 
the other two cases, and so the plume had not aged so 
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much. However, on the basis of aerosol spectra taken 
at similar times since emission, it was shown that the 
Hyundai Duke (in particular) and Kurama plumes had 
signs of particle growth, whereas the Newport Bridge 
plume had not. Additionally, ambient aerosol spectra, 
which were essentially unimodal (and hence probably 
largely unprocessed previously by clouds), also showed 
no signs of modal development between the ship and 60 
km downwind in contrast to the Kurama case. 

7. Light-Scattering by Unprocessed and 
Processed Aerosol Particles 

In the cloudy cases of the Hyundai Duke and Kurama 
presented above, it was clear that the additional aerosol 
mass produced in the accumulation mode entered the 
efficient light-scattering range [Yuen et al., 1994]. Fur- 
ther analysis has been carried out to see what effects 
the processed aerosol have on the scattering properties. 
The scattering coefficient /•scat for an aerosol with a 
number-size distribution dN/d log D is defined by 

•r / D2 dN •scat = • Qscat dlogD 
o 

,/log, (2) 

where D is the aerosol diameter and Qscat is the single- 
particle scattering efficiency for a given wavelength, 
particle size, and refractive index. The measured aero- 
sol spectra were dried, and so, as an example of what 
can occur in the atmosphere, the calculations here have 
been adjusted to a relative humidity of 85% which im- 
plies an aerosol particle growth factor of 1.4, i.e., the 
ratio of the moist to the dry particle diameter [Tang 
and Munkelwitz, 1994]. Values of •scat were calculated 
for the unprocessed and processed aerosol plumes at 
a wavelength of 0.55/•m assuming that the aerosol is 
composed of ammonium sulphate with a small amount 
(5%) of strongly absorbing aerosol (black carbon). 

As an example of the possible radiative effects of 
cloud processing of the Kurama plume aerosol, Fig- 
ure 10 shows the scattering coefficient in size-resolved 
form, i.e., dt•scat/dD, as a function of the dry aerosol 
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Figure 10. Size-resolved aerosol particle-scattering coefficient at a wavelength of 0.55 /•m 
(d/?scat/dD) for particles at 85% relative humidity up to I /•m in diameter as calculated us- 
ing equation (2) and the aerosol spectra shown in Figure 8 at 8 and 104 km downwind of the 
Kurama which correspond to the dashed line and the solid line, respectively, in the graph above. 
The abscissa is dry particle diameter (D) and the bin widths and sizes are the same as the PCASP 
that measured the aerosol spectra. The area under the curves equals the total particle-scattering 
coefficient. 
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Figure 11. Size-resolved aerosol particle-scattering coefficient at a wavelength of 0.55 /•m 
(d/3scat/dD) for particles at 85 % relative humidity up to 1/•m in diameter as calculated using 
Equation 2 and the aerosol spectra shown in Figure 4 at 1 and 55 km downwind of the Hyundai 
Duke which correspond to the dashed line and the solid line, respectively, in the graph above. The 
abscissa is dry particle diameter (D) and the bin widths and sizes are the same as the PCASP 
that measured the aerosol spectra. The area under the curves equals the total particle-scattering 
coefficient. 

particle diameter as calculated using equation (2). The 
two spectra shown are for the relatively unprocessed 
(dashed line) and processed (solid line) aerosols that 
coincide with the spectra at 8 and 104 km downwind 
of the ship shown in Figure 8. It is immediately clear 
that the cloud processing has a marked effect on the 
scattering properties of the aerosol between 0.1 and 0.7 
/•m. The aerosol mass and scattering coefficient over 
this particle size range (i.e., calculated by integrating 
over the appropriate range in Figure 10) are included 
in Table 2. In the range 0.1-0.7/•m, •scat has increased 
by nearly double through processing and the mass has 
increased by around one third. Compared to dried aero- 
sol at 30 % relative humidity, the value of/•scat at 85 % 
is approximately double in both the processed and the 
unprocessed cases. The contribution to the scattering 
at larger sizes is probably due to the effects of sea-salt 
aerosol. 

Data from the Hyundai Duke are shown in Figure 
11 where these /•scat distributions were derived from 
the aerosol spectra at I km (unprocessed in the dashed 
line) and 55 km (processed in the solid line) downwind 

of the ship in Figure 4. Values of the aerosol mass 
and/•scat over the size range 0.1-0.7/•m have been in- 
cluded in Table 1. The unprocessed aerosol spectrum 
in this case was taken much nearer to the ship than for 
the Kurama, case and so the aerosol mass was seen to 
decrease to about one third of the unprocessed mass. 
Although there is considerably less mass loading in the 
processed aerosol spectrum than in the unprocessed aer- 
osol, the scattering coefficient at 85 % relative humidity 
decreases by a much smaller amount, indicating that 
processing offset the reduction in aerosol mass by dilu- 
tion. 

8. Summary 

The evolution of highly localized emissions of very 
fresh aerosol from a single combustion source has been 
studied by the use of three case studies that show how 
aerosol particles over the accumulation mode size range 
within the environment of a ship exhaust plume are 
modified downwind of the ship stack. These case studies 
were (1) Hyundai Duke, a stratocumulus-topped MBL 
within a clean maritime air mass; the cloud had a rel- 
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atively high cloud susceptibility and a strong radiative 
signature was observed from satellite; (2) Kurama, a 
stratocumulus-topped MBL with a relatively low-cloud 
susceptibility because of a slightly polluted background 
air mass; a weak cloud track was observed by satel- 
lite; (3) Newport Bridge, a cloud-free MBL where the 
ship plume was advected in a shallow MBL capped by 
a temperature inversion. 

The cloudy cases show a distinctly different modific- 
ation of the aerosol spectrum to the third case. This 
modification in a cloudy environment is consistent with 
previous observations and modeling studies of cloud 
processing of the aerosol; that is, a Hoppel dip appears 
just above 0.1/•m and a new mode appears between the 
Hoppel dip and 0.45/•m, the modal size of which grows 
with distance downwind. These are dry particle sizes, 
and so within the ambient environment, they would be 
deliquesced into sizes very efficient at scattering solar 
radiation. Particle growth occurs where particles within 
the plume are acting as additional CCN, although in the 
Kurama case, there was evidence of cloud processing of 
the ambient aerosol that had been entrained into the 

very dilute plume. The time since emission of the plume 
aerosol was estimated, and it was shown that dramatic 
modification can occur over timescales of 1-2 hours, or 
less than 1 hour spent accumulatively within cloud. 

The size to which particles grow reaches the lower end 
of the efficient light scattering range and so if the cloud 
in such cases were to evaporate the optical depth of the 
aerosol could increase, albeit only on the localized scale 
of the ship plume. If such effects were to occur in con- 
tinental air masses advecting in cloudy conditions, then 
increases in optical depth may occur on the mesoscale 
or regional scale. The change in the scattering coeffi- 
cient over the size range 0.1-0.7/•m was estimated for a 
wavelength of 0.55/•m using the measured aerosol size 
spectra as input to equation (2). The Kurama plume 
aerosol showed a significant increase in the scattering 
coefficient that coincided with an increase in mass over 

this size range, whereas the Hyundai Duke aerosol re- 
mained about the same for a drop in mass. This latter 
case still implies an increase in the scattering efficiency 
of the particles. 

A modeling study of the Hyundai Duke case shows 
that aqueous-phase sulfur reactions to produce sulph, 
ate within the cloud droplets can broadly explain the 
aerosol features observed below cloud base. 

With high relative humidities in the MBL and thereby 
highly deliquesced particles in a cloud-free MBL, one 
could still expect aqueous-phase chemistry to play a 
role in terms of changing the aerosol modal size. Haze 
chemistry intuitively would grow a unimodal spectrum 
to larger sizes, while remaining unimodal, due to the up- 
take of water by all hygroscopic particles regardless of 
size. That is to say, there would be no modal separation 
because the haze particles are not activating into cloud 
droplets and thereby no Hoppel dip would be formed. 
In the cloud-free case of the Newport Bridge no modal 

development was observed, with primarily dilution of 
the plume with background air accounting for the re- 
duction in aerosol concentrations. The lack of growth 
of the accumulation mode thereby indicates that any 
haze chemistry present was not playing an important 
role in the evolution of the plume aerosol. This im- 
plies that haze chemistry probably plays a minor role in 
modifying anthropogenic aerosol size distributions from 
combustion sources. 
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