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FINAL REPORT ON ONR GRANT GN00014-92-1-1587, AND PROJECT NUMBERS

PR 214J005 AND PR 43AB005 TO THE UNIVERSITY OF WASHINGTON ENTITLED
"STUDIES OF MARINE AEROSOLS AND THEIR EVOLUTION IN THE EASTERN NORTH
ATLANTIC AND ANALYSIS OF MAST DATA." BRINCIPAL INVESTIGATORS: PETER V.
HOBBS AND RONALD J. FEREK '

Background
It has long been known that under certain conditions ships can leave tracks in low-level
- marine stratiform clouds (so called "ship tracks") that are detectable from satellites.
The Monterey Area Ship Track (MAST) Study was designed to obtain further information

on ship tracks for the purpose of elucidating the mechanism(s) responsible for their formation.

Objecfives of the University of Washington Studies

The Cloud and Aerosol Research Group (CARG) of the Department of Atmospheric
Sciences, University of Washington (UW), participated in MAST. The objectives of the CARG
were to obtain airborne in situ measurements of the particle and gas emissions from various types

of ships and their effects on the microstructures (drop sizes and liquid water contents) of marine

stratiform clouds.

Approach
The field portion of MAST was carried out from June i-Juné 30, 1994, off the California
Coast. The approach was to use aircraft to measure the emissions from various ships and their

effects on marine stratiform clquds and the production of ship traéks.

Data Obtained
" During the course of the MAST field project, the UW/CARG used its research aircraft to

sample the plumes from 17 ships (12 ships of opportunity and 5 U.S. Navy ships). In 14 cases




(11 ships of opportunity and 3 U.S. Navy ships), the plumes from ships were sampled in clouds;
| 8 of these piumes produced measurable in situ cloud microphysical perturbations that were readily
measured from the aircraft.

A listing of the parameters measured the UW aircraft, summaries of each ﬂight, and maps
showing the flight tracks for each case are given in a report entitled: "University of Washington
C-131A Research Flights for the Monterey Area Sth Track (MAST) Experiment, June 1-30,
1994, Flight Summaries and Azrcraft Position Plots" by P. V. Hobbs and R J. Fcrek Cloud
and Aerosol Research Group, Atmospheric Sciences Department, University of Washington,

December 1994,

Results

The full results of the MAST study will\ be described in a Speciall Issue of the Journal of
the Atmospheric Sciences, which will probably appear in 1998. Many of the papers in this
Spcdal Issue contain data acquired by the UW/CARG and co-authored by CARG mémbers (see
Publications below). A brief summary of some of the main results that were obtained for the
UW/CARG is given below. |

Emissions of particles, gases, heat and water vapor from ships were measured. These
measurements were used to derive emission factors of SO2 and NO from diesel-powered and
steam turbine-powered ships, burning low grade marine fuel oil (MFO); they were ~15-89 and
~2-25 grams per kilogram of fuel bumed respectively. By contrasta steam turbine-powered ship
~ burning high gradc navy distillate fuel had an SO2 emission factor of ~6 gkgl

Various types of ships, burning both MFO and navy distillate fuel, emitted from ~4 x 1015
to 3 x 1016 total particles per ldlogl'am of fuel burned (~8 x 1015-2 x 1016 particles per second).
However, diesel-powered ships burning MFO emitted particles with a larger mode radius (~0.03-
0.05 pum) and larger maximum sizes than those powered by steam turbines burning navy distillate
fuel (mode radius ~0.02 pm). Consequently, for similar bhemical compositions, the particles

emitted by diesel ships burning MFO serve as cloud condensation nuclei (CCN) at lower




supersaturanons (and are therefore more likely to produce ship tracks) than particles emitted by
steam turbine ships burning distillate fuel. Since steam turbine-powered ships fueled by MFO emit

pamcles with a mode radius similar to that of diesel-powered ships fueled by MFO, it appears that,
for given ambient conditions, the type of fuel burned by a ship is more important than the type of
ship engine in determining whether or not a ship will produce a ship track. However, more
measurements are needed to test this hypothesis. |

The particles emitted from ships appear to be primarily organics, possibly combined with

sulfuric acid prodtxeed by gas-to-particle conversion of _SOz. Comparison of model results with
measurements in ship tracks suggest that the particles from ships contain only about 10% water-
soluble materials. Measurements of the total particles entering marine stratiform clouds from
diesel-powered ships fueled by MFO, and increases in droplet concentrations produced by these
pamcles, show that only about 12% of the particles serve as CCN.

. ~ Enhancements of droplet concentrations in ship tracks were usually fan'ly accurately
predicted from ship emission factors and plume and background CCN spectra. Ship exhausts can
tltus account for the increased droplet concentrations (and decreases in droplet sizes) in clouds,
which give rise to ship tracks. |

The fluxes of heat and water ve.por from ships are estimated to be ~2-22 MW and ~0.5-1.5
kg 5'1 respectively. In MAST, these emissions rarely produced measurable temperature '
perturbations, and never produced detectable perturbatlons in water vapor, in the plumes from |
ships. Nuclear-powered ships, which emit heat but neghglble partmles, do not produce ship
wracks. Therefore, it is concluded that heat and water vapor emissions do not play a sighiﬁcant role
in ship track formation and that particle emissions, particulaﬂy from those burning low-grade fuel
oil, are responsible for sh1p tracks. | - |

Measurements from several sources produced data 51gna1s consistent with a reduction in
drizzle drops in stratus clouds affected by ship effluents.. Concurrent increases in liquid water in
the cloud droplet sizte_ range, due to redistribution from the drizzle mode, svere not always

observed, possibly because of the relatively small and often negligible amounts of water in the




driz;le mode. Significant changes in cloud droplet size distribution, as Qell as reductions in drizzle
flux and concentraﬁbnS of drops >50 uni radius, were observed in ship tracks when drizzle was
more uniformly present in the ambient cloud. Therefore, under appropriate conditions, increases

in liquid water contents in clouds affected by ship effluents may enhance the formation of ship

tracks.
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