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Under certain conditions ships can affect the structure of shallow layer clouds. 
Simultaneous observations of two ship track signatures in stratus clouds from a 
satellite and in situ from an aircraft show that in the ship tracks the droplet sizes were 
reduced and total concentrations of both droplets and particles were substantially 
increased from those in adjacent clouds. In situ measurements of the upwelling 
radiance within the ship tracks was significantly enhanced at visible wavelengths, 
whereas radiance at 2.2 micrometers was significantly reduced. Cloud reflectivity 
along the tracks was enhanced at 0.63 and 3.7 micrometers. These observations 
support the contention that ship track signatures in clouds are produced primarily by 
particles emitted tirn ships. 

C 
ONCENTRATIONS OF CLOUD DROP- 
lets are determined primarily by the 
concentrations of cloud condensa- 

tion nuclei (CCN) in the air (1). Anthropo- 
genic sources of pollution can affect CCN 
concentrations (Z), and CCN from such 
sources may already have affected clouds on 
a continental scale (3). Increases in CCN 
may play an important role in climate 
through their effects on the proportion of 
solar radiation reflected by clouds (4). 

An interesting example of the effects of 
anthropogenic CCN on cloud reflectivity is 
the so-called “ship track” phenomenon. Ship 
tracks were first observed in cloudless condi- 
tions with satellite imagery under the unusu- 
al circumstances when particle emissions 
&om the ship were evidently needed for the 
formation of a visible cloud (5). However, 
they appear more frequently in satellite im- 
agery as modifications to already existing 
low-lying stratus and stratocumulus clouds. 
Tracks are seen most clearly in satellite imag- 
ery by comparison of the radiance at 3.7 p,rn 
with that at 0.63 or 11 p,rn (6). In order. to 
account for the observed change in radiance, 
cloud droplet concentrations must be com- 
paratively high and the mean size of the 
cloud droplets small in the ship tracks. 

In this report we describe results of simul- 
taneous measurements from both aircraft 
and satellites of clouds modified by the 
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emissions from ships. The observations were 
made in marine stratocumulus clouds dur- 
ing FIRE (7) off the coast of southern 
California on 10 July 1987. The satellite 
observations, of a pair of roughly parallel 
ship tracks, were made from the NOAA-10 
Advanced Very High Resolution Radiome- 
ter (AVHRR) as it passed over the region at 
1538 UTC (Fig. 1). The reflectivity at 0.63 
pm (Fig. 1A) for the ship tracks (objectively 
identified) was 68.3 * 1.4% and that for 
the noncontaminated clouds was 60.9 ? 
4.5% (mean * SD). The higher reflectivity 
of the ship tracks was also apparent at 3.7 
pm (Fig. 1B). The two ship tracks were 
penetrated by the University of Washing- 
ton’s C-131A research aircraft between 
1556 and 1609 UTC on 10 July 1987 in the 

vicinity of 32”N and 120W. The aircraft 
flew about midway between the top and 
bottom of the stratocumulus layer, which 
was about 500 m thick. 

The aircraft measurements indicate that 
distribution of cloud droplet sizes changed 
dramatically in both ship tracks (Fig. 2). 
The ship tracks are also evident in measure- 
ments of the total concentration of cloud 
droplets (Fig. 3A) and, unexpectedly, in the 
cloud liquid-water content (Fig. 3B). These 
measurements permit estimates of differ- 
ences in optical depth (T) and effective cloud 
droplet radius (fk), the mean droplet radius 
as weighted by the droplet cross-sectional 
area, in the ship tracks and the surrounding 
cloud unaffected by the ships. The optical 
depth of a cloud is (8) 

Tcx~l13 ~213 
(1) 

where N is the total droplet number concen- 
tration and W is the cloud liquid-water 
content. The aircraft data therefore suggest 
that 7 was enhanced by a factor of 2.6 over 
that of the noncontaminated cloud in the 
first ship track and by a factor of 2.1 in each 
of the two peaks of the second ship track. 
The effective cloud droplet radius is (8) 

which can be compared with the value de- 
rived from the droplet size distribution. 
Using Eq. 2, we would predict a negligible 
reduction of r, for the first ship track (a 
factor of 0.96) when compared to the unaf- 
fected clouds, but a significant-reduction in 
the second ship track (0.82). Direct mea- 
surements show that r, decreased from 12 to 
10.5 pm (88%) in the first track and from 
11.2 to 7.5 p,rn (67%) in the second track. 
These results emphasize the radiatively im- 
portant role of the unexpectedly high liquid- 

Fig. 1. Images constructed from 1 Ion by 1 km NOAA-10 AVHRR data at (A) 0.63 pm and (8) 3.7 
v that contain the ship tracks transected by the C-131A aircraft. The images are for a 200 by 190 km 
region of ocean off the coast of southern California. Parts of the ship tracks have been identified at both 
wavelengths by objective analysis (red lines). Randomly selected, noncontaminated cloud pixels are 
identified by yellow dots. 
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water content and reduced droplet size in 
the ship tracks. 

Airborne measurements of the total con- 
centration of all particles (A&en nuclei) 
also showed a sharp increase across the ship 
tracks (Fig. 3C). These measurements (9) 
were made in the cloud and represent mainly 
cloud interstitial aerosol ( 10). However, be- 
cause of the sampling technique, some of 
these particles are the evaporated residues of 
cloud droplets. Hence, for incloud measure- 
ments, a modest correlation is to be expect- 
ed between the total concentrations of cloud 
droplets and particles. The sharp increase in 
the total concentration of particles in the 
ship tracks, however, must have resulted 
from a dramatic increase in the concentra- 
tion of interstitial particles (that is, particles 
that did not serve as CCN at the cloud’s 
supersaturation). 
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The ship tracks can also be seen in the 
airborne measurements of the upwelling 
shortwave flux density in the cloud layer, 
which increased from around 150 to 280 W 
me2 in the first ship track and to 260 W mm2 
in the second ship track (Fig. 3D). The 
downwelling shortwave flux density, on the 
other hand, showed a modest decrease. 
These measurements were obtained with 
broadband Eppley pyranometers mounted 
on the fuselage of the aircraft. Also aboard 
the aircraft was a multichannel cloud-ab- 
sorption radiometer, which measured the 
angular distribution of scattered radiation at 
13 wavelengths between 0.5 and 2.3 pm 
(11). As the aircraft penetrated the two ship- 
track features, all narrowband channels of 
the cloud-absorption radiometer showed 
signiticant changes. In general, the upwell- 
ing (nadir) radiance increased in the shortest 
(0.5 to 1.03 pm) wavelength channels and 
decreased in the longest (1.2 to 2.3 pm) 
wavelength channels. These changes are 
consistent with the observed increase in the 
total optical thickness of the cloud layer (1.2) 
and are a direct consequence of the increase 
in total concentration of small droplets, 
while the mean droplet radius decreased 
(Figs. 2 and 3A). Thus, the increased up- 
welling flux (Fig. 3D) reflects primarily the 
increased upwelling radiance at wavelengths 
less than about 1.0 pm, wavelengths for 
which the solar radiation is the greatest. 

Droplet diameter (pm) 

cloud) for both the nadir and zenith direc- 
tions as a function of aircraft flight distance. 
The first ship track shows an increase in the 
spectral ratio of about a factor of 20 whereas 
the second ship track shows an increase of 
about a factor of 5. These changes in the 
internal scattered radiation field are thus not 
confined to the nadir (satellite-viewing) di- 
rection, but are reflected in the entire angu- 
lar distribution of scattered radiation in a 
cloud. 

ship were CCN. It appears from these mea- 
surements that, although ships do emit par- 
ticles that serve as CCN, they most likely do 
not directly emit sutlicient numbers of CCN 
to account for the formation of the ship 
tracks. Laboratory measurements of the ra- 
tio of CCN to all particles in fuel oil com- 
bustion also support this conclusion (25). 

Could particles produced by the ships 
modify the clouds as described above? We 
calculated the flux of CCN that a ship would 
have to produce to cause the changes in 
droplet concentrations that we observed. 
Assuming a ship speed of 10 m s-l and 
using the measurements of 17 km and - 500 
m for the width and depth, respectively, of 
the second ship track and the measured 
increase in droplet concentration of 80 cme3 
in the track, we find that a ship would have 
to generate -2 x lOi CCN per second 
(13) to produce these changes. This flux 
requires the ship to be a large source of 
CCN. From the concentrations of intersti- 
tial particles in the two ship tracks (Fig. 3C), 
we calculated that each ship was producing a 
total flux of particles (Aitken nuclei) of this 
magnitude. 

The explanation for this discrepancy may 
partly lie in the conversion of the gases 
emitted by the engines of ships into parti- 
cles. Comparatively rapid production of 
CCN by gas-to-particle conversion in the 
atmosphere has been observed in power- 
plant plumes, where this mechanism can 
dwarf direct particle emissions and can pro- 
duce phenomena remarkably similar to ship 
tracks (“stack tracks”) in overlying layer 
clouds (16). 

Ship tracks can be identified from satellite 
images most readily at 3.7 pm (6). Howev- 
er, the greater number of spectral channels 
available from our airborne cloud-absorp- 
tion radiometer suggest that the radiance 
ratio between absorbing and nonabsorbing 
wavelengths can provide a strong signature 
of ship tracks in clouds (Fig. 3E). For 
example, both ship tracks are sharply de- 
fined by the ratio of the radiance at 0.744 
pm to that at 2.20 pm (measured in the 

Subsequent airborne measurements in a 
cloud-free environment above a large cargo 
ship showed a total emission flux of 
4 x lOi particles per second. Another large 
vessel, powered by low rpm marine diesel 
engines, had a similar emission flux, but 
simultaneous measurements with a CCN 
counter (14) showed that only -10% of the 
particles in the exhaust from this particular 

One of the remarkable features of ship 
tracks is their persistence. If all of the CCN 
necessary to modify the cloud were deliv- 
ered in an initial pulse at cloud base and then 
were subsequently spread by dilution, the 
average cloud droplet size would be smallest 
and the droplet concentration would be 
highest at the head of the track (hence 
optically brightest). Subsequent dilution of 
the CCN would rapidly reduce their effect 
on the cloud. However, ship tracks are not 
markedly brighter at their head, nor do they 
monotonically decrease in brighmess along 
the track. Hence, there is apparently contin- 
ual production of CCN in the track, such as 
would be provided by gas-to-particle con- 
version. 

Our airborne measurements also suggest 
that there was an evolutionary transforma- 
tion of the particles (Fig. 3, A and C) in the 
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Fig. 4. The droplet size distribution in the first 
ship track (S) and on either side (L, R) of this 
track. Note the absence of a strong drizzle mode 

in the ship track cloud compared to the adjacent 
region R. 

A puzzling feature of our aircraft observa- 
tions is that the liquid-water content is 
higher in the ship track (Fig. 3B) than in the 
surrounding cloud. This observation 
prompted speculation that the release of 
heat and moisture fi-om ships might produce 
dynamical effects on clouds that increase 
their liquid-water content (17). However, in 
a subsequent analysis, Albrecht showed that 
the liquid-water content of marine stratocu- 
mulus clouds was substantially less than the 
adiabatic value while similarly appearing 
clouds that developed in admixtures of ma- 
rine and polluted continental air had, in 
general, close to adiabatic liquid-water con- 

10. L. F. R&e, in Pra-ipitation Scavenging, oly Lkpori- 
fia, rmd Rcmqmsia, H. R. Pruppacher, R. G. 
Semonim, W. G. N. Slinn, F&. (Etier, New 
York, 1983), pp. 71-78. 

11. M. D. King, M. G. Strange, P. Leone, L. R. Blaine, 
J. Atmos. Oceanic Technol. 3, 513 (1986). 

12. At the shortest wavelengths, the absorption of solar 
radiation by the cloud is negligible; therefore, an 
increase of optical thickness leads to an incrcasc in 
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Fig. 3. Aircraft transects of the two ship tracks 
showing changes in (A) the total concentration of 
droplets, (B) the liquid-water content, (C) the 
total concentration of cloud interstitial particles, 
and (D and E) radiative properties. 

tracks. The differences in the total concen- 
trations of droplets and particles between 
the first and second ship tracks suggest that 
the first track was younger than the second 
track. The higher total concentrations of 
particles and the lower concentrations of 
cloud droplets in the first track suggest that 
there was a temporal conversion of Aitken 
nuclei to CCN to droplets. Such a conver- 
sion provides an explanation for the longev- 
ity of ship tracks. The tracks will tend to 
persist until the total particles and trace 
gases are signiticantly depleted. 

tents ( 18). The comparatively higher droplet 
concentrations in the clouds affected by 
continental air evidently caused this differ- 
ence. High droplet concentrations and 
hence small mean radii suppress the growth 
of large droplets by collision (through a 
collision efficiency threshold); in turn, the 
development of drizzle is suppressed. Thus, 
“clean” marine stratocumulus clouds are 
more likely to lose liquid water through 
precipitation. Clearly, a similar phenome- 
non could account for the higher liquid- 
water contents in the ship tracks. 

To test this hypothesis, we averaged the 
droplet-size distribution across the first ship 
track and compared it with equal distances 
of cloud on either side of the ship track (Fig. 
4). The concentration of droplets of diame- 
ter >200 pm (the usually accepted mini- 
mum size for drizzle) in the ship track was 
only about one-tenth of that in the sur- 
rounding cloud. The largest droplet found 
in the ship track was 800 km, whereas some 
drops in the cloud unaffected by the ship 
track were 1200 v in diameter. We con- 
clude that the liquid water content in the 
ship tracks was higher because the higher 
droplet concentration and the smaller aver- 
age droplet sizes restricted loss of liquid 
water by precipitation. 
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