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Direct and Remote Sensing Observations of the 
Eff- of Ships on Clouds 

Under certain conditions ships can sect the structure of shallow laya clouds. 
Simultaneous observations of two ship track signatures in stratus clouds from a 
satellite and in situ from an airctaft show that in the ship tracks the droplet sizes were 
reduced and total concentrations of both droplets and particles were substantially 
incrrased from those in adjacent clouds. In situ measurements of the upwelling 
radiance within the ship tracks was sigdicantly 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 obsemations 
support the contention that ship track signatures in clouds are produced primarily by 
particles emitted from 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 (2), 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 e f fm on the proportion of 
solar radiation reflected by clouds (4). 

An interesting example of the effects of 
anthropogenic CCN on doud reflectivity is 
the so-called "ship trackn phenomenon. Ship 
tracks were first observed in cloudless condi- 
tions with satellite imagery under the unusu- 
al circumstances when particle emissions 
b m  the ship were evidently needed fbr the 
h a t i o n  of a visible cloud (3. However. 

emissions from ships. The observations were 
made in marine stratocumulus clouds dur- 
ing FIRE (7) off the coast of southern 
CAifbrnia 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 2 1.4% and that fbr 
the noncontaminated clouds was 60.9 2 
4.5% (mean 2 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 120"W. 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 
dismbution 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 (7) and effective cloud 
droplet radius (re), 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 doud is (8) 

where N is the total droplet number concen- 
tration and W is the cloud liquid-water 
content. The aircraft data therdbre 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 tactor 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 re for the first ship track (a 
fictor of 0.96) when compared to the unaf- 
f e d  clouds, but a significant reduction in 
the second ship track (0.82). D' lrect mea- 
surements show that re decreased from 12 to 
10.5 pm (88%) in the first track and from 
11.2 to 7.5 pm (67%) in the second track. 
These results emphasize the radiatively im- 
portant role of the unexpectedly high liquid- 

Univasi of k a s h p n ,  Seattle, ~ ~ ' 9 8 1 9 5 .  Fig. 1. constructed from 1 km by 1 km NOM-10 AVHRR data at (A) 0.63 pm and (6) 3.7 
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ntght Center, Grrcnbdt, MD 20771. identified by ydow 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 (Aitken 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, fbr 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). 

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 
m-2 in the first ship track and to 260 W m-2 
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 airuaft. Also aboard 
the airaaft 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 
(1 1). As the-airaaft penetrated the two ship- 
track features, all narrowband channels of 
the cloud-absomtion radiometer showed 
si@cant chanies. In general, the upwd- 
ing (nadir) radiance increased in the shortest 
(0.5 to 1.03 pm) wavelength channels and 
deaeased in the longest (1.2 to 2.3 pm) 
wavelength channels. These changes are 
consistent with the observed inaease in the 
toml optical thickness of the cloud layer (12) 
and a& 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 KO wavelengths-fbr 
which the solar radiation is the greatest. 

Ship tracks can be identified fiom 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 absoFbing and nonabsorbing 
wavelengths can provide a strong signature 
of ship tracks in clouds (Fig. 3E). For 
example, both ship tracks are-sharply de- 
6ned by the ratio of the radiance at 0.744 
pin to that at 2.20 pm (measured in the 

Fig. 2. Size distribution 
along flight path showing 
the two ship tracks. The 
second aadr had a double 
peak in the number of 
droplets. The color scale is 0 

logarithmic in order to 
show the variability f a u d  0 
in the noncontaminated 
part of the cloud. 

cloud) fbr both the nadir and zenith direc- 
tions as a function of aircraft Q h t  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 hctor 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. 

Could particles produced by the ships 
m o w  the clouds as desaibed 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-' 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 UII-~ 

in the track, we find that a ship would have 
to generate -2 x 1016 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. 

Subsequent airborne measurements in a 
cloud-fiee environment above a large cargo 
ship showed a total emission flux of 
4 x 10" 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 

hip track 315 

a tShb" a 

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 sdcient numbers of CCN 
to account fbr the formation of the shiv 
tracks. Laboratory measurements of the A- 
ti0 of CCN to all partides in fuel oil com- 
bustion also suppok this conclusion (15). 

The explanation fbr this dissrepancy 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 tracksn) in overlying layer 
clouds (16). 

One of the remarkable features of ship 
tracks is their ~ersistence. If all of the CCN 
necessary to Aodifj 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 a c t  
on the cloud. However, ship tracks are not 
markedly brighter at their head, nor do they 
monotonically decrease in brightness 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 transfbrma- 
tion of the particles (Fig. 3, A and C) in the 
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150 tents (18). The comparatively higher droplet 
concentrations in the clouds affected by 

- continental air evidently caused this differ- 
g roo ence. High droplet concentrations and - 
F hence small mean radii suppress the growth - of large droplets by collision (through a 
8 collision efficiency threshold); in turn, the 
8 50 - development of drizzle is suppressed. Thus, - 
P 
2 "clean" marine stratocumulus clouds are 
n more likely to lose liquid water through 

o precipitation. Clearly, a similar phenome- 
0.8 non could account for the higher liquid- 

7- water contents in the ship tracks. 
5 0.6 To test this hypothesis, we averaged the - - droplet-size distribution across the first ship 
a - track and compared it with equal distances 
8 0.4 of cloud on either side of the ship track (Fig. 
z - 4). The concentration of droplets of diame- 
? q 0.2 

ter >200 pm (the usually accepted mini- 
u mum size for drizzle) in the ship track was 
2 only about one-tenth of that in the sur- 

0.0 
1200 40 60 80 100 

rounding cloud. The largest droplet found 

Distance (km) in the ship track was 800 pm, whereas some 
YE 1000 drops in the cloud unaffected by the ship 
U - track were 1200 pm in diameter. We con- 
s 800 - clude that the liquid water content in the 
F - ship tracks was higher because the higher 
5 600 
u droplet concentration and the smaller aver- 

& 400 
age droplet sizes restricted loss of liquid - - water by precipitation. 

E 200 Fig. 3. Aircraft transects of the two ship tracks 
P showing changes in (A) the total concentration of 
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Structure of Complex of Synthetic HIV-1 Protease 
with a Substrate-Based Inhibitor at 2.3 A Resolution 

The structure of a complex between a peptide inhibitor with the sequence N-acetyl- 
Thr-Ile-Nle-W[CH2-NH]-Nle-Gln-Arg.amide (Nle, norleucine) with chemically syn- 
thesized HIV- 1 (human immunodeficiency virus 1) protease was determined at 2.3 hi 
resolution (R factor of 0.176). Despite the symmetric nature of the unliganded 
enzyme, the asymmetric inhibitor lies in a single orientation and makes extensive 
interactions at the interface between the two subunits of the homodimeric protein. 
Compared with the unliganded enzyme, the protein molecule underwent substantial 
changes, particularly in an extended region corresponding to the "flaps" (residues 35 
to 57 in each chain), where backbone movements as large as 7 hi are observed. 

R ETROVIRAL PROTEASES, WHICH 

are members of the aspartic prote- 
ase family, specifically process high 

molecular weight viral polyproteins into in- 
dividual structural proteins and enzymes (1). 
Mutation of the active site Asp to Asn in 
HIV-1 protease (HIV-1 PR) prevents pro- 
cessing of polyprotein (2), so that immature, 
noninfective virions result. Thus specific in- 
hibitors of HIV-1 PR would serve as candi- 
dates for AIDS therapeutics. 

The structure of cloned HIV-1 PR has 
been determined at 3 A (3). Important 
corrections were made in a 2.8 A x-ray study 
with synthetic HIV-1 PR (4) and have been 
confirmed for the cloned material (5 ) .  More 
detailed information needed for inhibitor 
design can be gleaned from studies of en- 
&s complexid with substrate-derived in- 
hibitors. For cellular aspartic proteases, ex- 
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tensive investigation of inhibitor complexes 
with endothiapepsin (6), rhizopuspepsin 
(7), and penicillopepsin (8) have been re- 
ported. 

Modeling of the interaction of inhibitors 
and substrates with HIV-1 PR (9)  could 
only make limited predictions in the absence 
of experimental data, and the available crys- 
tal form of the HIV-1 PR was not suitable 
for inhibitor studies because of the Dresence 

I 

of only one subunit (one-half of the mole- 
cule) in the asymmetric unit and the limited 
diffraction (3-5). For these reasons we co- 
crystallized HIV-1 PR with a substrate- 
based inhibitor. 

An inhibitor was designed based on the 
sequence of a good peptide substrate for the 
enzyme. Hexapeptides derived from known 
cleavage sites of the viral gag-pol polyprotein 
products were synthesized, and several were 
shown to be substrates (10). The hexapep- 
tide substrate with the lowest Michaelis 
constant K, (1.4 mM), Ac-Thr-Ile-Met- 
Met-Gln-Arg.amide (where the amide is on 
the carboxyl terminus), was chosen as a 
candidate for further modification. The isos- 
teric amino acid norleucine (Nle), in which 
the sulhr of the Met side chain is re~laced 

I 

by a methylene group, was used for synthet- 
ic simplification and shown to give a sub- 
strate, Ac-Thr-Ile-Nle-Nle-Gln-Arg.amide, 

with comparable affinity. In an approach 
analogous to that of Szelke et al. (11) for 
human renin, we prepared an inhibition of 
HIV- 1 PR, compound MVT- 101, with the 
sequence N-acetyl-Thr-Ile-Nle-T[CH2-NH]- 
Nle-Gln-Arg.amide (12), where the scissile 
peptide bond has been replaced by a reduced 
analog (13,14). 

The crystal structure of the complex was 
solved by molecular replacement using the 
native HIV-1 PR (4) as a starting model 
(15). The IF, - F,la, map based on the 
phases from the preliminary refinement 
showed density in the active site corre- 
sponding to the inhibitor. A model of the 
hexapeptide with a reduced peptide bond 
was fitted easily, with the polarity indicated 
primarily by the buky side chain of Arg206. 
The positions of all six residues of the 
inhibitor are well defined by the electron 
density (Fig. 1). The inhibitor binds to the 

Fig. 1. A view of the electron density and of the 
final atomic model of the inhibitor MVT-101. 
This 12F0 - F,la, electron density map was calcu- 
lated after refinement and was contoured at the 
0.8~ level. All of the atoms belonging to the 
inhibitor molecule, with the exception of Cy of 
Thrzo', are in the density. 
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