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BUBBLE-MEDIATED SEA-AIR EXCHANGE

Preface

The papers included in this volume were all presented
during the Sea Grant Symposium on “Climate and Health Implica-
tions of Bubble Mediated Sea-Air Exchange” held at the Univer-
sity of Connecticut, Avery Point, on 6 and 7 October 1988. This
symposium was one of several events scheduled to celebrate the
designation, by the U. §. Secretary of Commerce, of the University
of Connecticut as a full-fledged Sea Grant College.

The topic of this symposium was felt 1o be particularly ap-
propriate at this time, when an improved understanding of climate,
and of those factors which influence global climate change, is the
goal of the National Oceanic and Atmospheric Administration, the
federal agency which sponsors the several dozen Sca Grant pro-
grams located in the various coastal and Great Lakes states.

This scientific meeting also coincided with the formal dedi-
cation, on this same campus, of the Laboratory for the Study of the
Physics and Chemistry of the Sea Surface, and of the new whitecap
simulation tank housed in this facility. The research into a variety
of bubble-mediated sca surface processes carried out in this labora-
tory, whose outfitting was made possible by a grant from the
University of Connecticut Research Foundation, is supported by
such funding agencics as the Office of Naval Research and the
National Science Foundation. In the six months that have elapsed
since its dedication, scientists from France, the Netherlands,
Denmark, and the United Kingdom, and from states as distant as
Ca!lfornia. have traveled to the Marine Sciences Institute at Avery
Point and participated in a series of co-operative experiments
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centered on the new whitecap simulation tank. Involved in the
work in this laboratory during this same interval have been Gradu:
ate Students and Post-Doctoral Scholars from Ireland, Poland, the
People’s Republic of China, and the United Kingdom, as well as
from the United States. This bringing together of scientists from
all over, to pool their insights, talents, and equipment in pursuit of
the answers to pressing questions relevant to our marine environ-
meny, is, we believe, an ideal, and at the same time and efficient,
way to conduct research. Certainly this practical approach to the
scientific endeavor is one fully consonant with the responsibility o
each Sea Grant College to foster research, education, and advisory
services, in the fields of applied marine science.

We are particularly pleased to be able to include in this vol-
ume & number of papers which are truly multi-disciplinary in
nature, spanning within a single paper the range of disciplines fron
microbiology/medicine to physics/meteorology. We trust that the
reading of these contributions may encourage others to engage in
these sorts of fruitful, cross-disciplinary, studies.

This symposium, and the associated poster session, benefited
immeasurably from the dedicated efforts of all of the staff of the
Connecticut Sea Grant Office.

This volume was brought to its final form thanks in large
measure to the work and perserverance of my co-editor, Ms. Peg
Van Patten, who was assisted in this effort by Ms. Pairicia
Beetham,

Neither the symposium nor this volume would have been
possible without the funding provided to the Connecticut Sea
Grant College Program by the National Sea Grant Office, National
Oceanic and Atmospheric Administration, U. . Department of
Commerce, via Grant NA85AA-D-SG101. Additional support for
the symposium was provided by the University of Connecticut

Research Foundation. L J '/;/
ST / /, /

o L . s . i
é/{/):/ i - ./-_-- /,} v ¢ “

Edward C. Monahan
Avery Point, April 1989




BUBBLE-MEDIATED SEA-AIR EXCHANGE

The new Whitecap Simulation Tank IV on its podium in the Laboratory for
the Study of the Physics and Chemistry of the Sea Surface at the Unives-
sity of Connecticut Marine Sciences Institute. Visible near the bottom of
the tank is an amay of frits used to produce a continuous plume of
bubbles as required in the series of Petit-CLUSE experiments, carried
out with the support of N.S.F. and C.N.R.S. (France), to assess the
contribution of bubble-generated droplets to the sea-air moisture flux.
Beneath the movable ganlry, the hood that serves to enclose the space
above the tank can be seen.

vi
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..1..

Bacteria and Other Materials
in Drops from Bursting Bubbles

Duncan C. Blanchard

Atmospheric Sciences Research Center
State University of New York at Albany
Albany, NY 12222

Abstract

The ubiquitous breaking waves on lakes, rivers, and at sea are
probably the most important source of air bubbles, but on a local
scale the falling of precipitation into the water may also be impor-
tant. Bubbles can collect bacteria as they rise through the water,
and when they burst at the surface many of the bacteria are
skimmed off the bubble and into the jet drops. Depending upon a
number of factors, including drop size and the distance the bubbles
move through the water, the bacterial concentration in the jet drops
can be several hundred times that in the water where the bubbles
burst. Film drops enriched in bacteria have also been found. Under
certain conditions, the enrichment of jet and film drops with bac-
teria, viruses, and toxins may be a health hazard to people living
along the shore.

1. Introduction

Over 2,300 years ago, Hippocrates wrote about the influence of
weather and the environment on human health. His ideas, and
those of others down through the centuries, have been discussed by
Sargent (1982). Much of our environment consists of the lakes,
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D.C. BLANCHARD

rivers, and oceans that cover over 70% of the surface of the e@h.
From these waters an aerosol is produced and carried by the winds
to great distances and heights. . o

Since all natural waters contain bacteria, it would only be
common sense to believe that the concentrations of ba(.:tf?ria in the
droplets rising from these waters are unchanged in their journey
from the water into the atmosphere. Common s€nse, however, 1n
this case can be wrong. Numerous laboratory experiments have
shown that the concentration of some species of bacteria in the
droplets is hundreds of times that in the water from whence .tt.ley
came. Many of us are exposed to these droplets, since our Ciues
and towns are usually located near rivers, lakes, or the sea. We
must understand how bacteria are enriched in the droplets, for they
may occasionally pose a hazard to human health.

This paper, a review of the work on the problem, begins with a
short account of the experiments that showed the importance of
bursting bubbles in producing an aerosol from natural bodies of
water. Much of this review, especially that dealing with the bac-

teria, draws heavily from one of my carlicr papers (Blanchard,
1983).

2. The Production of Jet and Film Drops

Qver 30 years ago, marine meteorologists studying the for-
mation of rain-drops in marine clouds (Woodcock and Blanchard,
1955) began to investigate the mechanism by which giant conden-
sation nuclei are produced at the surface of the sea (Moore and
Mason, 1954; Blanchard and Woodcock, 1957). This work still
goes on and, consequently, most of what we know about aerosol
production from natural waters is only for seawater. Relatively
little work has been done with freshwater (Monahan and Zietlow,
1969; Monahan, 1969).

Most of the aerosol generated from natural waters is in the
form of jet and film drops from the bursting of air bubbles. The

bubbles can be produced by a variety of ways: by rain and snow
falling into the water (Fig. 1), by waterfalls and rapids, and by the
breaking of wind-induced waves (Blanchard and Woodcock,
1957). The coverage of the sea by breaking waves or whitecaps
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increases with more than the third power of the wind speed
(Monahan and O’Muircheartaigh, 1980), and on average the world
ocean whitecap coverage is about 1 per cent. Bubble spectra within
whitecaps at sea have not been obtained, but in a laboratory model
breaking wave, Cipriano and Blanchard (1981) found bubbles from
<1 mm to about 10 mm diameter. The bubble flux to the surface
was about 2 x 108 m2 s,

When a bubble bursts at the surface of the water (Fig. 2), some
of its surface free energy is converted into kinetic energy of a jet of
water that rises rapidly from the bubble cavity (Blanchard, 1963:
Maclntyre, 1972). The jet, first postulated by Stuhlman (1932) and
experimentally confirmed by Woodcock e al. (1953), breaks up
into 1 to 10 drops, the more the smaller the bubble. The first jet
drop, usually called the top drop, is about one-tenth the bubble
diameter, but the lower drops can be larger or smaller. Most are
larger. The maximum in the ejection height of the top drop is
nearly 20 cm for drops from bubbles of 2 mm diameter. No jet
drops are produced from bubbles >7 or 8 mm.

—""""_:".'v*.-;-- " !
LRl " . I
._ o
----- o

4. WARMING OF WATER
IN SPRING 77

——
L ] - -

PRODUCTION OF
BUBBLES IN THE SEA

Fig. 1. Four ways to produce bubbles in the sea. The first three have been
experimentally proven, but the fourth is still only conjecture.
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Fig. 2. Jet drops
moving rapidly
upward from the jet
of a collapsing 1-mm
diameter bubble.
Some of the drops
may have escaped
from the field of view.

Bursting bubbles also produce film drops that arise from the
disintegration of the thin film of water that separates the air in the
bubble from the atmosphere (Fig. 3). Unlike jet drops, film drops
are hard to measure, most being <4 pm diameter (Cipriano et al.,
1987), but some are >100 pm (Resch et al., 1986). It has long been
thought that film drop production increased steadily with bubble
size, but Blanchard and Syzdek (1988) recently reported a maxi-
mum of about 75 film drops from bubbles of 2 to 2.5 mm diameter.

3. The Enrichment of Bacteria in Jet and Film Drops

Horrocks (1907) appears to have been the first to show that
bacteria could be ejected into the atmosphere by bubbles bursting
at the surface of bacterial-laden waters. Nearly half a century
passed before Woodcock (1959), unaware of the earlier work,
suggested that jet drops could carry bactena. In 1970, Blanchard
and Syzdek found that the concentration of the bacterium, S.
marcescens, in jet drops could far exceed that in the water where
the bubbles burst. A measure of the bacterial enrichment is given
by ’!hc enrichment factor EF, the ratio of the concentration of bac-
teria in the drop at the moment of production (before evaporation
occurs) to the concentration in the water from which the drop was
p@uced. High EFs depend on 1) a bubble arriving at the surface
w;}h many bacteria attached to it, and 2) by having these bacteria
skimmed off the surface of the bubble and into the jet drops.

4
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JET
©  DROPS

8UBBLE
FiLM

®)

Fig. 3. (a) An air bubble at rest at the surface of the water; (b)The
production of jet and film drops from a bursting bubble. (From Blanchard
and Syzdek, 1982)

The simple apparatus shown in Fig. 4 has been used to deter-
mine jet drop EF, especially that of the top jetdrop. An inverted
agar plate is lowered to a height over the water Jjust sufficient for
the top jet drop from a bursting bubble to strike and stick to it.
Details of the preparation of the bacterial suspensions, the determi-
nation of the number of bacteria carried by the drop, the measure-
ment of drop size, the construction of bubble-producing capillary
tips, and other things required to calculate EF can be found else-
where (Blanchard and Syzdek, 1975, 1977, 1978).

The bacterial EF in jet drops is controlied by 1) bubble scav-
enging, 2) drop size, 3) drop position in the jet set, and 4) the
hydrophobicity of the bacteria. Each is discussed below.

Bubble scavenging.

The number of bacteria collected by a bubble depends on the
distance the bubble moves through the water. This is often referred
to as the bubble rise distance, BRD. Since some, perhaps all, of
the bubble bacteria are transferred 1o the jet drops, the EF of the
drops should be a function of BRD,

Figure 5, from Blanchard et gl ( 1981), shows how the EF in-
creased with BRD for a bubble of 380 um diameter nsing through
a bacterial suspension of S. marcescens in pond water. The cell
concentration in the water was about 10° mi*. The EF increased

5
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INVERTED

Fgmmm AGAR PLATE Fig. 4. Schematic outline of an

experiment to obtain the number
of bacteria carried by the top jet
drop (or the top two of more) as a
JEY DROPS sunction of the distance the bubble
has risen through the bacterial

’TJ-’“’_, suspension.
gUBBLE FROM

o O CAPILLARY TIP

l N BACTERIAL
AN

SUSPLNSION

ALR

dramatically from near-negligible values 1o about 400 as the BRD
increased to only 3 cm, but then increased more slowly to 600 at a
BRD of 10 cm. The marked decrease in the rate of increase of EF
at about 3 cm appears to be because the bubble changes from a
fluid 10 a solid sphere. During the first few centimeters of rise, a
bubble of this size moves as a fluid sphere (clean bubble) with a
clean surface (Tedesco and Blanchard, 1979). In addition to
bacteria, it collects surface-active material during its ascent. The
mobility of the bubble surface, therefore, decreases until enough
surfactant has accumulated to render the surface immobile (Clift ez
al., 1978). From then on it rises as a solid sphere (dirty bubble).
The rate of collection of bacteria by a bubble in the early period of
rise, when its surface is clean, is much higher than the rate later on,
when its surface is dirty (Weber e al., 1983).

Very few bacteria make contact with the bubble by diffusion or
inertial forces. Most do so by interception, a collection mechanism
Ehm depends on the finite size of the bacteria (Weber, 1981). Since
incrtial effects are negligible, bacteria follow the fluid streamlines
around the bubble. Due to their finite size, however, those bacteria

following streamlines very close to the bubble make contact and
are scavenged.



Fig. 5. The enrichment

k factor (EF) for bacteftia

in the top jet drop as a
function of the distance
the bubble nses through
a bactenal suspension of
S. marcescens in pond
water. Three different
expariments are shown.
{(From Blanchard et al.

[ ] 1981)
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Drop size.

Having scen how the EF increases with BRD for a given
bubble size, we’ll now look at what happens when the BRD is held
constant and bubble size is varied. This is how Blanchard and
Syzdek (1970) did their first bacterial experiments. Their results,
presented in a graph of the top drop EF as a function of drop size
(or, if multiplied by 10, the bubble size, since the top drop is about
one tenth the bubble size), showed that the EF reached a maximum
for drops of about 50 um diameter. The maximum was also found
by Bezdek and Carlucci (1972) with seawater suspensions of S.
marinorubra, by Blanchard and Syzdek (1972), again using dis-
tiltled water suspensions of S. marcescens, and by Hejkal et al.
(1980) with suspensions of a number of species of marine bacteria
in NaCl solutions.

In the center of Fig. 6 is a graph showing a composite of all the
data. The surrounding sketches suggest a possible explanation for
the EF maximum. Let us assume, following MacIntyre (1972), that
the microlayer thickness, kR, skimmed off the surface of the burst-
ing bubble to produce the jet drops, is proportional to the bubble
radius R. For the smallest bubbles it is probable that kR is less than
the size of the bacteria attached to the bubble. Most of these bacte-
ria, therefore, will be left behind when the microlayer is trans-
formed into jet drops. In fact, the EF might be <1 for drops < 20
im (from bubbles less than about 200 pm diameter).

As bubble size increases from small to intermediate, an optimal

7
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thickness kR is reached where only -the highly f:nrichcd- layer of
bacteria attached t© the bubble is skimmed off into the jet drops.
This produces 3 maximum EF. With increasing bubble size, kR
extends decper into the bulk suspension. The jet drop EF de- -
creases and approachcs unity when the layer kR is so thick that 1ts
pacterial concentration approaches that of the bulk suspension.
The decrease of the EF to unity in Fig. 6 is more rapid than we
would expect. This SUBEESES that either the thickness of the micro-
layer is increasing with bubble size faster than we have assumed,
or that the experimental results are in error. Clearly, further experi-
ments are needed.

The maximum EF is attained when the thickness of the bubble
microlayer is about 0.5 pum, the width of a bacterial cell (we as-
sume that the cells attach to the bubble as shown in Fig. 6). Since
the bubble diameter is about 500 pm, the microlayer thickness is
0.1 percent of the bubble diameter. This is in reasonabie agree-
ment with the estimate of 0.05 percent calculated by MaclIntyre
(1972) on the basis of a mass balance between the microlayer and
the jet drops.

- THE BUBBLE MICROTOME EFFECT - N

1 THE MATERIAL FOR THE JET DROPS IS SKIMNED
FROM A MICROLAYER OF AVERAGE THICKNESS MR
THAT SURROUNDS THE BUBBLE

. INTERMEDMTE R 7

-
~ ~ 'R

LARGE R

RAL TERIA

DROP DA {w mi

Z‘D- 6. Schematic diagram of a hypothesis to explain the occurrence
the maximum bacterial enrichment factor (EF) shown in the lower
center graph. (From Blanchard, 1983)
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Drop position in the jet sel.

The jet set is the entire set of drops produced from the jet of a
bursting bubble. How might the bacterial EF vary in drops other
than the top drop of the jet set? Maclntyre (1968, 1972) hypothe-
sized that the liquid for the top drop comes from the surface layer
of the bubble, while that for the lower drops is from progressively
deeper layers, If true, we should find the EF decreasing from the
top to the bottom drop of the jet set. This appears to happen. In
experiments with S. marcescens, Blanchard and Syzdek (1975)
found an EF of about 1200 for the top drop that decreased with
drop position to 8 for the fifth or lowest drop in the jet set.

Hydrophobicity of the bacteria.

Bacterial cells do not necessarily stick to a bubble upen colli-
sion. This is a function of its sticking or attachment efficiency
which, in turn, is a function of the hydrophobicity of the cell wall
{Dahlbick et al., 1981). For normal S. marcescens cells the stick-
ing efficiency is estimated to be about unity, since the calculated
collision efficiency, about 107, is nearly the same as the observed
collection efficiency (Weber ef al., 1983). Sometimes, however,
large differences in bubble collection efficiency and jet drop EF
are found. Normally, S. marcescens cells generate prodigiosin, a
pigment that produces bright red colonies. But a number of envi-
ronmental stresses can alter prodigiosin production to produce
colonies ranging in color from the normal red to pink, orange, and
white (Williams, 1973).

Blanchard and Syzdek (1978) let bubbles rise through a sus-
pension of both red and white S. marcescens cells. They found the
EF for the top jet drops to be several hundred for the red cells but
only unity for the white cells. This strongly suggests that the
production of prodigiosin by a cell is correlated with its hydropho-
bicity. This work has been extended by Syzdek (1985), and Bur-
ger and Bennett (1985) have suggested a possible selective func-
tion for prodigiosin in the ejection of S. marcescens into the
atmosphere.
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1 drop enrichment.
deAlthgugh Smith (1968) appears to have been the first to show

that film drops can carry bacteria, he was not able to detcrmi.nc the
EF. Cipriano (1979) found EFs of 50-100 on drops <10 pm in the
aeTosol p,-oduccd from the bubbling of seawater suspensions of S.
marinorubra. He concluded that these drops were film drops,
primarily because jet drops of this size show little bacterial enrich-
ment (Fig. 6). Film drops, unlike jet drops, have a wide size range
and unpredictable trajectories (Fig. 3). They are not as easy 10
collect and analyze for bacteria as are jet drops. Blanchard and
Syzdek (1975), however, have used electrostatic induction to
charge and pull film drops upward to impact randomly on inverted
agar plates. With this method of drop collection, they were able to
show unequivocally that film drops from 1.7 mm diameter bubbles
rising <2 cm through an §. marcescens suspension have EFs
between 10 and 20 (Blanchard and Syzdek, 1982).

4. Potential Health Hazards

High concentrations of bacteria can be found in estuaries
(Ferguson and Palumbo, 1979), and even higher concentrations
have been found at the surface of the water (Crow ef al., 1975).
Although this may be a health hazard, it has been hard to show an
adverse effect on the health of swimmers and others along the
shore who breathe the bacterial-laden aerosol (Cabelli ez al., 1976).
There is, however, one health hazard atmributed to the aerosol
produced by bursting bubbles. This is the burning sensation in the
eyes and respiratory tract and the coughing experienced by people
living along the shore in Florida and the Gulf of Mexico when on-
shore winds pass over coastal waters that contain high con-centra-
tions of the red tide organism, Prychodiscus brevis. Woodcock
(1948) showed that the toxic agent was not a gas but an aerosol
produced by bursting bubbles. Asai et ai. (1982) have found
evidence that asthma attacks are induced in susceptible peopie who
breathe this aerosol. As yet, there is no evidence that the toxins

produced by P_ brevis are enriched on the bubble-produced aero-
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sol, but Pierce (1986) believes they might be and has experiments
underway to detect it.

Legioneila prneumophila, the cause of the respiratory disease
legionellosis, commonly known as the Legionnaires’ discase, is a
pathogen that can cause disease after being ejected into the atmos-
phere by bubbling and splashing processes. Although it has been
isolated from many lakes (Fliecrmans et al., 1979), the outbreak of
the disease appears to be singularly associated with the aerosol
generated by air conditioning cooling towers (Dondero ez al.,
1980; Friedman et al., 1987). L. preumophila has been found
enriched in the foam in cooling towers (Colbourne er al., 1987)
and in jet drops from bursting bubbles (Parker er al., 1983).

Gruft et al. (1975), aware that Mycobacterium intracellulare
infections in humans occur more frequently along the southeastern
shores of the United States, suggested that the source of the bacte-
rium was in estuaries and other coastal waters. Since their expert-
ments showed that the bacterium could be enriched in jet drops,
they postulated that the infectious aerosol was produced by the sea
and carried inland by onshore winds. Later, Parker er al. (1983)
indicated that the source of infection might also be an aerosol pro-
duced by fresh and brackish waters.

Viruses deliberately mixed with seawater in the surf zone
(Baylor et al., 1977) were found to be highly enriched in the
bubble-produced aerosol that passed over the shore. This could
have public health implications since viruses exist in the sewage
that is often dumped into the coastal regions of the sea.

Some pollutants produced on land are carried to the sea by
rivers, where a portion of them are ejected into the atmosphere in
jet and film drops to be carried by onshore winds back to the land
again. Fraizier et al. (1977) have used this scenario to explain the
sharp falloff of radioactivity in plants with distance inland from the
shore along sections of the French coast.

In certain regions along the shore in Italy, pine trees have been
affected by a bubble-produced aerosol. Gellini et al. (1985) believe
that surfactants carried to the sea by rivers become airbome aboard
jet and film drops. During onshore winds the drops stick to the
pine needles where a synergistic reaction between the sodium

11
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chloride and the surfactant kills the needles and eventually the tree.
Little damage is done by either salt or su‘rfactant alone.

I is only the interference of humans in the ecosystem that
causes the destruction of trees and vegetation along the shores of
estuaries and other coastal regions of the world. Left alone, these
trees and plants have evolved to take advantage of npmcms cax.'ncd
ashore on the jet and film drops produced by bursting bubbles In

the sca (Art etal., 1974).

§. Summary

Raindrops and snowflakes produce bubbles as they fall into the
water, but whitecaps or breaking waves appear to be the primary
bubble producers. On average about 1 percent of the sea is covered
with whitecaps. Bubble sizes in whitecaps extend from <0.1 mm 10
at Jeast 10 mm diameter.

Both jet and film drops arc ejected into the atmosphere when
bubbles burst at the surface of the water. Jet drops are about one-
tenth the bubble diameter, while the more numerous film drops can
range in size from <1 pmto > 100 pm. The concentrations of
these drops can be high. In the lowest kilometer of the atmosphere
over the sea, for example, they can exceed 10° m® (Woodcock,
1972).

Air bubbles rising to the surface of the water collect any
material, dissolved or particulate, that is surface-active. When the
bubbles burst, the material is skimmed off the bubble to become
highly enriched in the jet and film drops. The enrichment factors
for some bacteria in jet drops can exceed several hundred for
bubbles that have risen only a few centimeters through a bacterial
suspension. The magnitude of the enrichment factor depends not
only on the number of bacteria scavenged by the bubble but on
other factors, including bubble size.

Health hazards may exist for those who live along the shore
and i'nhalc a bacterial-enriched aerosol, although a cause-and-effect
relationship has not been clearly and convincingly shown. The
only bubble-produced acrosol that has been definitely linked to
human infections is that produced in air-conditioning cooling

12



towers containing the bacterium responsible for Legionnaires’
disease. Under some conditions, trees and other vegetation along
the shore can be damaged by pollutants that are scavenged from
the water by bubbles and then ejected into the air on an aerosol that
is carried inland by the wind.
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the Aerosolization of Mycobacteria
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Abstract

Strains of the Mycobacterium avium, M. intracellulare and M.
scrofulaceurn (MAIS) group are highly concentrated in droplets
ejected from the surfaces of natural waters and suspensions of cells
in the laboratory. However, values reflecting the in vitro concen-
tration of these mycobacteria in the ejected droplets are quite
variable. The observed variation is due to both methodologic and
biologic factors. Methodologic factors include differences in the
growth medium composition, the formation of cell aggregates, the
age of the culture and the concentration of salt in the suspending
medium. Biologic factors include species and strain differences
which remain after methodologic factors are taken inte account.
Surface charge of cells does not appear to be a major factor influ-
encing differences in acrosolization.

Introduction

Representatives of the Mycobacterium avium, M. intracellulare
and M. scrofulaceum (MAIS) group are human pathogens which
are found in high numbers in southeastern United States waters
(Falkinham, et al., 1980). Because M. avium and M. intracellulare
cause pulmonary infections (Wolinsky, 1979), the possibility that
MAIS organisms were aerosolized from natural waters was
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investigated. Not only were MAIS organisms shown 10 be aero-
solized and associated with particles able to penetrate human !ung
alveoli (Wendt, et al., 1980), but those aerosollzefl were identical
1o those recovered from patients with pulmonary infections (Fry, et
al., 1986; Mcissner and Falkinham, 1986).

Because of the evident importance of this pathway for human ‘
infection by these environmental human pathogens, the aerosoliza-
tion of MAIS strains was studied in the laboratory. Ejected drqp-
Jets produced by bubbles rising through a suspension of bactena
can be collected on medium suitable for growth and the number of
cells in each droplet directly determined (Blanchard and Syzdek,
1970). Studies of the in vitro aerosolization of strains of M. avium,
M. intracellulare and M. scrofulaceum demonstrated that represen-
watives of the former two species were highly concentrated in
cjected droplets with respect to their concentration in the bulk
suspension (Parker, et al., 1983). That observation was consistent
with the fact that M. scrofulaceum is rarely found as a pulmonary
pathogen (Wolinsky, 1979). However, that conclusion was weak-
ened by the fact that values for the relative concentration of myco-
bacteria in ejected droplets varied widely (Parker, ef al., 1983). In
addition to such methodologic factors as uniform bubble diameter
(Blanchard and Syzdek, 1977) and bubble rise distance through the
bacterial suspension (Blanchard, er al., 1981; Weber, et al., 1983),
we sought to identify biologic and other methodologic factors

capable of influencing the measurement of mycobacterial enrich-
ment in aerosolized droplets.

Materials and Methods

Mycobacterial Strains.

The Mycobacterium avium and M. scrofulaceum strains used in
this study are listed in Table 1 along with their origin of isolation

and cnrichment in ejected droplets. M. intracellulare strains were
not included because they behave as do those of M. avium.

Growth of Mycobacteria.

Stock cultures were maintained in Middlebrook 7H9 broth base
(BBL Microbiology Systems, Cockeysvilie, MD) containing 0.5%
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(voljvol) glycerol and 10% (vol/vol) OADC enrichment (BBL
Microbiology Systems, Cockeysville, MD). For aerosolization
experiments, strains were grown in either Middlebrook 7H9 broth
base containing 0.5% (vol/vol) glycerol, Middlebrook 7H9 broth
base containing 0.5% (vol/vol) glycerol and 10% (vol/vol) OADC
enrichment, or in autoclaved natural water (George, et al., 1980)
collected from the James River in Richmond, Virginia. All strains
were grown to late log phase at 30°C for each experiment. For
some experiments cultures were vortexed vigorously for 3 minutes
before suspension at low density for aerosolization.

Measurement of Aerosolization.

Enrichment of the strains in droplets ejected from suspensions
in filter-sterilized James River water was measured as described by
Parker, et al. (1983). For examination of the influence of salinity
on acrosolization, artificial sea salts (Forty Fathoms Bio-crystals
Marine Mix, Marine Enterprises, Timonium, MD) were added to
the bacterial suspension. Results are expressed as the enrichment
factor (EF) obtained by dividing the colony forming units/ml (cfu/
ml) of the collected ejected droplets by the cfu/ml of the bulk
suspension (Parker, et al., 1983).

Measurement of Cell Surface Charge.

The surface charge of cells grown and suspended in James
River water was measured by micro-electrophoresis using a cyto-
pherometer (Carl Zeiss, Oberkochen, FRG) as described by
George, et al. (1986).

Results

Species and Strain Differences in Enrichment.

The data in Table 1 show that there were wide differences 1n
the potential for aerosolization (i.e. expressed as enrichment factor)
between species and strains of the same species. Mycobacterium
avium strains were generally more enriched in ejected droplets
than were strains of M. scrofulaceuwrn (Table 1; Parker, et al.,
1983). Note that one strain of M. scrofulaceum (14S) was highly
enriched in ejected droplets (Table 1). The mean values for
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enrichment factors (EF) were significantly different (? <005,
Student’s T-test) between some representatives of a single spoimes
(i.e. M. qvium strains 13S and 18S and M. scrofulacgum strains
14S and 16, Table 1). However, in spite of the significance of the
differences, there was great variability in the enrichment factors

(Table 1) and we sought 1o identify the sources of that variability.

Influence of Medium Composition on Aerosolization. -
The enrichment factor of cells of M. avium strain 13S grown in
Middlebrook 7H9 broth containing 1% (volivol) glycerol and 10%
(volivol) OADC enrichment (EF = 230 + 160) was significantly
jower (P < 0.05, Student’s T-test) than the value for cells grown in
filter-sterilized James River water (EF = 1,100 & 470). This differ-
ence was observed in spite of the fact that cells of both strains were
suspended in a portion of the same sample of James River water
for acrosolization.

Table 1. List of mycobacteria strains.

Species Source of Enrichment Reference
and Strain [solation Factor* 3
Mycobacterium avium
138 aerosol 5.200 £ 3,400 Wendt, et al. (1980)
188 water 1060+ 340 Wendt, et al. (1980)
w2217 waler 2,200 + 1,300 Falkinham, et al. (1980%
Mycobacterium scrofulaceum
14§ acrosol 1,600 * 1,300 Wendt, et al. (1980)
16S water 130+ 99 Wendt, et al. (1980}
w220 walter 180+ 150 Falkinham, ef al. (1980)
w256 water 130+ 78 Falkinham, et al. (1984))

* Mcan values 1 standard deviation.

Effect of Cell Aggregation on Aerosolization.

Earlier data had suggested that cell aggregation contributed to
variation in enrichment factors (Parker, et al., 1983). To determine
whether aggregation of cells could influence measurement of
droplet enrichment, two approaches were chosen. Table 2 shows
the results of the effect of spreading ejected droplets following
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bubble impact on the medium. The values for enrichment factors
of M. avium strain W227 and M. scrofulaceum strain 145 were
significantly higher (P < 0.05, Student’s T-test) when the droplets
were spread over the surface of the medium (Table 2). Though not
statistically significant, EF values for both M. scrofulaceum strains
168 and W220 were higher when droplets were spread (Table 2).
The second approach examined the effect of 3-minute-vortex-
ing a culture of M. avium strain 13S before suspending cells in
James River water for aerosolization. The EF value for an un-
treated suspension of M. avium strain 138 was 10,500 + 2,900. The
EF value for the same culture vortexed 3 minutes before suspen-
sion in James River water was 510 £ 130. Vortexing, to produce a

Table 2. Effect of aggregation on mycobacterial aerosolization.
Species Enrichment Factor

and Strain Unspread Spread
Mycobacterium avium

w227 550 420 2,800 * 1,400
Mycobacterium scrofulaceum

148 170+ 54 1,600 + 1,300
168 84 + 41 130 99
w220 210 £ 130 380+ 220

less aggregated suspension, led to a significant drop in the enrich-
ment factor (P < 0.05, Student’s T-test).

Effect of Salinity on Aerosolization.

Because MAIS organisms are recovered (Falkinham, et al.,
1980) and can grow (George, ef al., 1980) in natural waters of
moderate salinity (i.e. 1 and 2% sea salts), the possibility that salt
concentration influenced acrosolization of mycobacteria was
investigated. The data in Table 3 illustrate that mean enrichment
factor values changed as the concentration of artificial sea salts
added to James River water increased. At low sea salts concentra-
tions (i.e. 1-3%), the EF values for M. avium strain 18S rose
significantly (P < .05, Student’s T-test), while at the highest
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concentration (i.e. 4%) they were unchanged. In addition, sea salts
decreased the volume of ejected droplets within the 60 second
period of aerosol collection (Table 3).

Table 3, Effect of artificial sea salts on enrichment of Mycobacterium
avium strain 185 in ejected droplets.
Seca Salts Enrichment Factor Droplet Volume*
Concentration -
0 10+ 10 580
1% 2,900 £ 2,100 10
2% 1,300+ 280 9
1% 1300t 600 13
4% 170+ 40 100
‘Expressed as 10P®. T

Effect of Cell Surface Charge on Aerosolization.

Because of the effect of sea salts on aerosolization of myco-
bacteria, the possibility that differences in cell surface charge were
associated with differences in EF values was investigated. Cell
surface charge of mycobacteria grown and suspended in the James
River water for acrosolization was measured by migration in an
electric field as described in George, et al. (1986) and the results
shown in Tabie 4. Though there were wide differences in EF
values of both M. avium and M. scrofulaceum strains, these did

not correlate with differences in either the magnitude or polarity
of cell surface charge (Table 4).

Discussion

The results demonstrate that both biologic and methodologic
factors influence values for mycobacterial enrichment in ejected
droplets. It is likely that differences in aerosolization of both M.
avium and M. scrofulaceum strains when grown in either filter-

sterilized natural water or complex mycobacterial medium reflect
the ability of the organisms to alter their cell surface composition.
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Table 4. Cell surface charge and enrichment factors for mycobacteria.

Species Enrichment Factor Surface Charge
and Strain
Mycobacterium avium

13S 5,200 + 3,400 .80
188 1,060+ 340 -0.36
Mycobacterium scrofulaceum

148 1,600 1 1,300 051
16S 130 9 -0.80
w220 180+ 150 -0.58
w256 130+ 78 -0.60

Cell aggregation also affected enrichment in droplets (Table 2).
Increased EF values for droplets which were spread probably
reflect the fact that droplets contained aggregated mycobactenal
cells and spreading disrupted the aggregates. Likewise, the fall in
EF values following vortexing was probably due to the disruption
of aggregates, so fewer aggregates were present in ejected droplets
yielding high cell numbers when spread. Because the extent of ag-
gregation of mycobacterial cells changes with their growth stage
(i.e. late log and early stationary phase cultures are heavily aggre-
gated; Falkinham, unpublished), the growth stage of M. avium and
M. scrofulaceum cells is likely to influence enrichment in ejected
droplets as well.

Although low concentrations of arnﬁmal sea salts increased the
EF values for mycobactenial strains, this was accompanied by
changes in the volume of ejected droplets (Table 3). Because the
increases in EF values were offset by decreases in droplet volume
ejected, measured within the same time period for James River
water with and without 1% artificial sea salts, approximately the
same number of mycobacterial cells were transferred except at the
highest concentration tested (i.e. 4%, Table 3).

The data demonstrate that the differences in droplet enrichment
values of M. avium and M. scrofulaceum strains are not associated
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with differences in cell surface charge measured in filter-sterilized
James River water (Table 4). Values for cell surface charge were
negative and of similar magnitude for strains which differed .
widely in enrichment factors even though all strains were grown it
and EF values measured in the James River water. Thus, surfz{,cc
charge was not a determinant of aerosolization of mycobactena.
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Abstract

Red tide toxin association with marine aerosol is indicated by
respiratory irritation experienced along the shore during episodes
of the Florida red tide, caused by the dinoflagellate, Prychodiscus
brevis. Toxin analyses were performed on samples of seawater and
marine aerosol collected during red tide blooms, showing the com-
position of aerosolized toxins to be similar to those extracted from
the seawater, with an apparent enhancement of one toxin (PbTx-3)
over the others in aerosol. For a more consistent comparison
between the composition of toxins in aerosol and the source water,
laboratory cultures of P. brevis were used. Toxin analyses showed
that the toxins recovered from laboratory-maintained cultures were
similar in composition to those extracted from red tide-containing
seawater. Of the eight toxins produced by P. brevis, four were
observed in sufficient quantity to monitor bubble-mediated trans-
port. The results showed that air bubbles passing through P. brevis
culture concentrated toxins from the bulk solution, producing
toxin-enriched surface foam, jet drops and aerosol. Toxin
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concentration in foam was enriched 3 to 5 times the original
solution whereas jet drops and aerosol were enriched 20 to 5.0 )
times. The apparent enhancement of PbTx-3 over other toxins in
aerosol was due to conversion of PbTx-2 to PbTx-3, rather than
selective adsorption of PbTx-3 to the air bubble surfaces.

Introduction

This study was undertaken to investigate the incorporation of
red tide toxins into marine aerosol. The hypothesis is that bubblfas
entrained in seawater from breaking waves scavenge marine to:iu_ns
from the water, effecting transport to the sea-air interface. Toxin-
enriched jet- and film-drops ejected from bubbles bursting at the
sea surface result in toxin-enriched marine acrosol. |

Marine toxins are present in many coastal regions throughout
the world. About thirty species of dinoflagellates have been
documented to produce toxins which, during “‘red tide” blooms
may cause fish kills and contaminate seafood through bioaccums-
lation (Shimizu, 1978; Baden, 1983; Steidinger, 1983). Marine
bacteria also have been implicated in toxin production (Narita ef
al., 1986; Simidu er al,, 1987), and some of these species (Vibrio
alginoliticus, V. parahaemolyticus) have been isolated from red
tide blooms of the Fiorida Gulf coast (Buck and Pierce, 1989).

Red tides, caused by the toxic dinoflagellate, Ptychodiscus
brevis (formerly Gymnodinium breve ) occur periodically in the
Gulf of Mexico, most prevalently along the Southwest Florida
coasts. During periods of on-shore winds, severe respiratory
irritation is experienced near the shore, indicating the presence of
toxins in association with the marine aerosol. Human health haz-
ards are apparent through the effects of P_brevis red tide toxin
acrosol on humans which include buming and watering of the
€yes, severe irmitation of the nose and throat with a dry, choking
cough and breathing difficulty. Although acute symptoms gener-
ally subside when exposure is ¢liminated, many individuals com-—

plain of lingering respiratory problems including asthmatic artacks
and allergic reactions.



While investigating a red tide episode at Venice, Florida, in
1947, Woodcock (1948) surmised the relationship between
respiratory irritation and aerosolized dinoflagellate products. At
that time he suggested that the irritant-containing aerosols were
probably formed by bursting bubbles from breaking waves within
the dinoflagellate bloom area.

Since this early insight, very little new information about bio-
synthesized marine toxin aerosols has been provided (Steidinger
and Joyce, 1973; Baden et al., 1982; Pierce, 1986). Recent ad-
vances in knowledge about red tide toxins and improved analytical
methods have allowed a more in-depth investigation of this phe-
nomenon. The chemical structures of two of the primary neurotox-
ins biosynthesized by P. brevis were elucidated by Lin ez al.
(1981) and Shimizu (1982). These compounds consist of a hetero-
cyclic oxygenated fused ring system, with a terminal aldehyde or
alcohol, designated brevetoxin-B (BTX-B) and GB-3, respectively.
To date, as many as eight chemical toxins have been reported
under various nomenclatures (Padilla et al., 1975; Baden and
Mende, 1982; Chou et al., 1985; Nakanishi, 19835; Pierce et al.,
1985; Shimizu et al., 1986). Poli et al., 1986, proposed a revised
pomenclature to help eliminate confusion from the various systems
in use. The chemical structure of six of these toxins identified in
our samples is given in Figurel.

PbTx~-1: Ry = CHO PbTx-2: R; = H, Ry = CHO

PbTx-7: R; = CHyOH PbTx-3: R; = H, R; = CHZ0H
PbTx-5: R; = AcC, Ry = CHO
PbTx-6: Ry = H, R, = CHO,

C, 27-28 Epoxide

Figure 1. Chemical siructures for P. brevis loxins.
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The process by which these toxins become airborne is prob-
ably through the production of marine aerosols by bursting bubbles
at the sea-air interface, which in turn jettisons minute droplets of
water with contained salts and other substances into the air as
shown in Figure 2 (Blanchard, 1975, 1983; Duce, 1983; Gershey,
1983; Woolf et al., 1987).

EBUET DROPS
FILM DROPS \Q
\\ -

L,
BURSTING
7~ BUBBLE

ke
L el

= MICROTOME

(33

1. TOXIN NMOLECULES DISSOLVED IN BULK WATER.

2. RIBING BUBBLE SCAVENGES TOXINS FROM SOLUTION (SELECTIVE
ADSORPTION CAM DCCUR) .

3. BURSTING DUBSLE YROVDOCES JET DROPS AND FILM DROFPS
ENRICHED IN TOXIMS.

Figure 2. Toxin aerosol production scenario for dissolved toxins.

This bubble-jet explanation for aerosol formation was verified
by high speed photography (Woodcock et al., 1953; Kientzler er
al., 1954, Blanchard and Woodcock, 1957), showing a wide range
of sea-salt nuclei produced from bubbles bursting at the sea-air
interface, many of which are in the <10 pum size range, which
could be deposited within the human respiratory system (MacIn-
tyre, 1974; Blanchard, 1983; Blanchard and Syzdek, 1988).

This investigation encompassed the analysis of red tide toxins
in water and marine aerosol during natural blooms, followed by
observations of toxin composition in water, foam, jet drops and
acrosol under carefully controlled laboratory conditions. The latter
experiments were conducted with laboratory cultures of P. brevis
using air bubbles to mediate toxin transport.
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Experimental Methods

Field Collection
Toxin composition was investigated in ficld samples of water

and aerosol during natural red tide blooms along the Florida Gulf
Coast in May, 1987 (Pierce et al., 1987), and along the North Car-
olina coast in November, 1987 (Pierce, 1987; Tester et al., 1989).
Although all six toxins depicted in Figure 1 were observed among
the samples, only three of the toxins (PbTx-2, -3 and -5) were re-
covered from field samples in sufficient quantities and with consis-
tent frequency to provide quantitative as well as qualitative results.

Water samples were collected in 20-1 glass carboys and ex-
tracted into dichloromethane (CH,CL ) according to the procedure
of Pierce et al. (1985) outlined below under Toxin Analysis. Aero-
sol samples were collected by drawing air through 0.45 p glass
fiber filters, 20 cm x 25 cm, using a Model GMWI-2000 High
Volume Air Sampler with Model FH-2100 Filter Holder (General
Metal Works, Inc., Cleves, OH). Air samplers were secured in
wooden stands and placed on the beach at the dune line about
100m from the surf, The samples pulled 40 to 50 c¢fm for a dura-
tion of 3 to 6 hours. Filters were folded collection-side in, placed in
1 pt glass jars with 100-ml CH,Cl, added for immediate extraction.
Samples were stored in the dark for transport to the lab for
immediate processing.

Toxin Degradation in Seawater

The rate of toxin decomposition and/or conversion was ob-
served by monitoring the toxin content of scawater samples col-
lected from an intensive red tide bloom off Sarasota, FL.. Dupli-
cate, 10-1 samples were sonicated with a Model CV-500 ultrasonic
cell disrupter (Sonics & Materials, Danbury, CT) to release all
toxins simultaneously. The sonicated samples were then placed in
20-1 carboys with slight acration to maintain aerobic conditions.
Temperature, salinity and dissolved oxygen also were monitored.

Toxins were analyzed in the origina! culture and in 2-1 aliquots
collected from each carboy at designated time intervals of 0, 1,3, 9
and 21 days.
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Toxin Enrichment in Bubbled-Mediated Foam and Jet Drops .

The enrichment of toxins in surface foam and jet drops relative
to bulk solution was investigated by passing air bubbles through 10
cm of ultra-sonicated P. brevis culture (2 ! of culture in a 4-1 glass
beaker, 25 x 10¢ cells/l), collecting separately the foam and jet
drops produced during a 30-minute sampling period. Foam was
collected in a side-arm flask by aspiration through a tygon tube. Jet
drops were collected by impact on a glass-fiber filter placed 5-cm
above the surface of the culture, with replacement of the filter when
saturation was approached. Room and culture temperature was
24°C and relative humidity was 50%. A complete mass balance of
toxin composition was obtained in duplicate studies by analyzing
toxins in the original culture, post-bubbled culture, foam and filters.

Toxin Enrichment in Bubble-Mediated Aerosol

The production of toxin aerosol by bursting bubbles was inves-
tigated in a speciaily designed aerosol production and collection
chamber. The chamber (Figure 3) was designed such that air travel-
ing at a pre-determined velocity impacts bubble-produced jet and
film drops carrying the droplets as acrosol particles a minimum ot:
40 cm before impacting the glass-fiber filter of the high volume air
sampler. A foam overflow and water recirculation system was built
into the bubble chamber to maintain a constant water level and
reduce foam build-up which would inhibit the formation of jet
drops as observed by Garrett (1968). Air bubbles averaging 1 mum
diameter were produced by passing air through a fritted glass
acrator.

Duplicate sets of analyses were performed on a P. brevis
culture consisting of 40 x 10¢cells/l. The cells were lysed by
ultrasound prior to acrosol production. Experimental conditions
included 3.6 1 of culture originally in the chamber, 4-hr duration
aerosol production-collection, resuiting in 3.4 | of residual culture
remaining afier acrosolization. Toxin mass balance was provided
by analyzing toxins in the original culture, bubbled culture, glass-
fiber filter (acrosol), and material deposited on the sides of the
chamber from dried foam, jet and film drops impacting the cham-
ber. Room temperature was 24°C, relative humidity 75%, air
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velocity over the bubble chamber was 10 knots and the high
volume air sampler was pulling approximately 38 cfm.

Figure 3. Toxin

1 aerosol production
{ and collection
chamber.

Toxin Analysis

Toxins were extracted from water or filters into CH,Cl,. The
CH,Cl, was evaporated and the residue dissolved in methanol
(CH,OH). Ten percent water was added to the CH,OH and the
solution was washed with petroleum ether to remove pigments.
Additional water was added and the toxins were recovered in
CH,Cl,. Further purification was obtained with silica column and
thin layer chromatography. Final quantitative and qualitative
analysis was obtained by high performance liquid chromatography
(HPLC) (Pierce et al., 1985).

Toxin analysis was performed using a Varian Modet 5020
HPLC with a Varian UV-50, uv/vis spectrophotometer at 215 nm
(Varian Instruments, Palo Alto, CA). The column was B&J OD-5
(ODS-C18, reverse phase), 25 cm X 0.46 ¢cm ID, with a mobile
phase of 15% water in methanol at a flow rate of 1.0 ml/min.

Verification of qualitative HPLC analysis of the six toxins ob-
served in Mote Marine Laboratory cultures was obtained by inter-
laboratory calibration with Dr. Daniel Baden of the University of
Miami, Rosensteil School of Atmospheric and Marine Science.

Quantitative analysis of PbTx-2 and PbTx-3 was established
with standard solutions of each toxin prepared from purified and
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recrystallized toxin extracts. Sufficient quantities of all other

1oxins were not available to prepare standard HPLC curves for
quantitative analysis. For this report, all toxins, other than PbTx-2,
were assigned uv response factors identical to PbTx-3 for quantifi-
cation. Toxins are listed in the figures in order of elution during -
HPLC analysis: PbTx-3, -6, -2, -7, -5, -1, The other two possible
toxins, PbTx-4 and PbTx-8, have not been identified in our

samples.

Results and Discussion

Field Samples

Resuits of toxin analysis for the Florida red tides (Figure 4)
show PbTx-2 to be the most abundant toxin (average of 200 pug/1),
about 4 10 8 times more abundant than PbTx-3 and PbTx-5 (aver-
aging 30 pg/l), resulting in a ratio of PbTx-2/3 near 7. The aerosol
samples revealed similar patterns except that the relative amount of
PbTx-3 increased with respect to PbTx-2 (2/3 ratio = ca. 3), sug-
gesting an enrichment of PbTx-3 in aerosol relative to PbTx-2.

Samples from the North Carolina bloom contained the same
three most abundant toxins (Figure 5); however, PbTx-2 was more
abundant relative to PbTx-3 in comparison to the Florida samples
with a PbTx-2/-3 ratio of 8 to 12. The aeroso! sampie also exhib-
ited an increase of PbTx-3 over PbTx-2 as compared to the water
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samples (2/3 ratio = ca. 3). Preliminary results of this study first
reported by Pierce (1987) are presented here based on revised toxin
standards. The Florida red tide blooms were much more intense at
20 to 26 x 10° cells/l than the North Carolina blooms’ 5 to 6 x 10°
cells/l. However, toxin content per cell abundance was greater for
the North Carolina bloom (ca. 22 pg/10* cells) than for the Florida
bloom {(ca. 14 pg/10¢cells).
Toxin Degradation in Seawater

Information about the persistence and rate of change in toxin
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composition during a bloom is essential for interpreting field toxin
data. Results of the toxin degradation study (Figure 6) show a
conversion (reduction) of PbTx-2 to PbTx-3 over a 9-day period
with subsequent loss of PbTx-2 by day 21, indicating that toxins
may persist in excess of 3 weeks following cell lysis. Thus, differ-
ences in toxin composition from one sampling place to another or
from one time to another may result from not only different growth
stages and concentrations of the P_ brevis organisms, but also
from different degradation sequences of toxins released into the
water from lysed cells. Conversion of PbTx-2 to PbTx-3 indicates
that the apparent enrichment of PbTx-3 in marine aerosol may be a
result of chemical conversion rather than preferential adsorption to
bubble surfaces. In view of the marked increase in PbTx-3 over
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time in water and as observed above in aerosol samples, it is
interesting to note that PbTx-3 has been implicated as the most

potent respiratory irritant among the P. brevis toxins (Baden et al..
1982).

Toxin Enrichment in Bubble-Mediated Foam and Jet Drops

This experiment was performed to establish the role of bubbles
in collecting toxins from bulk solution with subsequent transport 1O
the sea-air interface. Specifically addressed was the differentiation
between aerosols resulting from direct removal of surface water as
chop and spume drops blown aloft by the wind and from bubble
concentration and enrichment of toxins in jet and film drops
(Woolf er al., 1987). Results (Figure 7 and Table 1) show that the
toxins were enriched in the surface foam by a factor of about 3
times that in the original culture, and in jet drops reaching a height
of 5 cm above the water surface by an enrichment factor of about
40. These results indicate that the jet drop material impacting the
filters was not airbome foam, but resulted from a more highly
enriched source such as jet drops produced from bursting bubbles
(Blanchard, 1983; 1985).

An apparent increase in PbTx-3 over PbTx-2 in the foam and

jet drops would suggest that PbTx-3 may have a greater affinity for
the bubble surfaces than does PbTx-2. When considering the
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entire mass balance, however, it becomes evident that an increase
in PbTx-3 was also observed in the remaining culture after removal
of toxins by bubbling, which is contrary to selective removal of
PbTx-3 by bubbles. Also, the final mass balance showed a de-
crease in PbTx-2 in proportion to the increase in PbTx-3, providing
strong evidence for the conversion of PbTx-2 to PbTx-3, as was
indicated in the toxin degradation study above.

The other two toxins found in sufficient quantity to evaluate

Table 1. Toxin enrichment in bubble-mediated surface foam and jet drops.
SAMPLE YOLUME  PBIX:2 PBIX3 PBIXS PBIX-€

ORIGINAL CULTURE g1 2,000 ml 375+ 27 300+27 1243 65410

BUBBLED CULTURE EF' 1,770 ml 0.28 0.35 NR? 0.33
FOAM EF 120 ml 24 36 5.0 a3
JET DROPS EF 20 mi® 35 45 30 46

' EF: enrichment factor, ug/ sample + g/ original culture
2 NR: none recoversd
3 Volume estimated by difference
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foam and jet drops (Table 1). The P. brevis culture used for'this
study contained 25 x 10° cells/l, exhibiting a toxin to cell ratio of
29 ug toxin/10¢ cells.

Toxin Enrichment in Bubble-Mediated Aerosol )

Having established toxin enrichment in jet drops, the continued
cnrichment during the transition from jet drops to acrosol had to be
verified. Results of studies using the aerosol production apd
collection chamber (Figure 8), show a very similar scenario 10 that
observed above for the jet drops. The uncertainty regarding the
actual volume of culture represented precludes calculation of
precise enrichment factors. Rough estimates of aerosol volume of
20 to 50 ml results in enrichment factor of 20 to 50 times tha! in
the original solution. Although these calculations show consider-
able toxin enrichment in aerosol, the magnitude is much less than
the 17,000 enrichment estimated for organics from scawatcr_by
Blanchard (1975) and by Hoffman and Duce (1974). This dlw
ancy could be caused by our use of larger, less efficiently enriching
bubbles (avg. 1 mm) than are produced by breaking waves (avg.
200-500 um) (Blanchard, 1985; Monahan, 1986). Also, our study
collected more than just the top jet drop which is the most highly
enriched top jet drop reported by Blanchard (1985) and Blanchard
and Syzdek (1988).

These data show that all of the P. brevis toxins recovered ex~
hibited considerable enrichment in the bubble-produced acrosol
with no apparent selection for one toxin over another. Culture for
this study contained 40 x 10% cells/l, resulting in 29 pug toxin/10°
cells. Additional studies with larger quantities of toxin and more

precise acrosol volume determinations are nceded to obtain data on
all of the toxins produced by P. brevis,

Conclusions
1. Major toxins biosynthesized by P. brevis during red tide
blooms along the Florida Gulf Coast were similar to those from: a

bloom along the North Carolina coast, and were similar to those
produced in laboratory-maintained cultures at MML.
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2. Toxins were enriched in surface foam at the sea-air inter-
face by bubble-mediated transport. For PbTx-2 and PbTx-3, foam
enrichment factors ranged from 2.4 to 3.6 times the concentrations
in the original sample.

3. Toxins were highly enriched in bubble-produced jet drops
and acrosol. For PbTx-2 and PbTx-3, enrichment factors ranged
from 35 to 45 for jet drops and from 20 to 50 for aerosol.

4. Selective enrichment of one toxin over another was not
verified; however, the apparent enrichment of PbTx-3 over PbTx-
2 was found to result from the conversion of PbTx-2 to PbTx-3
during the aerosolization process.

5. Larger quantities of red tide-containing scawater and/or lab
cultures are needed to investigate bubble-mediated enrichment of
other P. brevis toxins as well as bacteria and bacteria toxins asso-
ciated with red tides.
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From the Laboratory Tank
to the Global Ocean

Edward C. Monahan

Marine Sciences Institute
University of Connecticut
Avery Point, Groton, CT 06340

Abstract

A series of models have been developed to predict the aerosol
flux up from the sea surface, the bubble flux up to the sea surface,
and the rate of gas transfer through the sea surface. In each case,
the process is described explicitly in terms of oceanic whitecap
coverage. The laboratory measurements of the contribution of an
individual whitecap are combined with assessments of global or
regional oceanic whitecap coverage to make the desired estimates
of the fluxes of droplets from, bubbles to, and gases through, the
ocean surface. While the utility of these models has already been
demonstrated, the value of these models, and of this modeling
approach, will be enhanced if answers can be obtained for the 24
questions set out in the text.

1. Introduction

When we began our study of sea spray several decades ago,
with an initial investigation of the role of spray droplets in the
downward transport of forward momentum (Monahan, 1968), we
quickly learned that, under the high wind conditions which were of
the most geophysical interest, it was extremely difficult to measure
the concentration of spray droplets in the lowest meter over the
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tossing waves, and came to the conclusion that there was no
feasible technique available that could be used to directly measure
the downward, or upward, flux of droplets at the very surface Of.
the sca. While in the intervening years, progress has been made 10
devising instruments for the measurement of the spray droplet
population just above the wildly oscillating water surface (¢.g-
DeLecuw, 1987), we still have no practical way to count and
“clock” the spray particles just as they leave the air-sea interface
without altering the natural environment, although recent develop-
ments in the application of radar doppler systems hold out some
hope that we may soon attain the capability to remotely measure
the sea surface droplet flux.

Recognizing that oceanic whitecapping must be closely related
to the rate of droplet production at the sea surface, since the role of
individual bursting bubbles in producing spray droplets had been
graphically demonstrated by Kientzler et ai ., (1954) and described
in some detail by Blanchard (1963), we then set out to describe )
oceanic whitecap coverage in terms of the controlling meteorologd-
cal and oceanographic parameters (Monahan, 1971). The ship-
mounted photographic system adopted for this task (Monahan,
1969) was used successfully to record whitecaps at considerably
higher wind speeds and sea states than those at which the spray
camera raft employed in the earlier study could be used.

But in order to be able to estimate the actual rate of aerosol
gencration at the sea surface from such photographic measure-
ments of oceanic whitecap coverage, we had first to arrive at a
physical picture that illuminated the specific relationship between
whitecap coverage and surface aerosol flux. Our initial model
(Monahan, er al., 1979; 1982) incorporated the idea that the rate of
spray production was proportional to the area of the sea surface
from which whitecaps disappeared per unit time, which in turn was
simply proportional to the fraction of the sea surface instantane-
ously covered by whitecaps. To obtain a quantitative estimate of
the rate of spray droplet generation associated with a given white-

cap coverage from such a model, it was also necessary to deter-
minc how many spray droplets are produced during the decay of g
unit area of surface whitecap, and since it is not feasible 10
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measure in the field the “crop” of spray droplets injected into the
air as a consequence of the decay of a specific whitecap, we re-
sorted to producing *““captive” transient whitecaps in hooded white-
cap simulation tanks and counting the aerosol particles that
appeared in the air within the hoods as a result of the decay of indi-
vidual whitecaps (Monahan, et al., 1982; 1986). A further refine-
ment involved the recasting of this spray generation model in terms
of the rate of reduction of the volume of the aerated plume associ-
ated with each whitecap, which resulted in a conceptually more
satisfying model than the one relating aerosol flux to the rate of
decay of the surface area of a whitecap (Monahan, 1986; 1988).

It is insightful to review these models, and the models being
formulated to define the influence of whitecaps on the rates of sea-
air gas exchange (e.g., Monahan and Spillane, 1984), and to make
explicit the assumptions incorporated in, or “hidden within,” the
resulting mathematical expressions. In this fashion, we hope to
make clear some of the critical questions still 1o be answered about
these several air-sea exchange processes.

But before we begin our review of the models themselves, we
need to consider what is meant by the term, “fraction of the sea
surface covered by whitecaps,” and how this quantity may be
related to increases in sea surface microwave emissivity, a property
of the ocean that can be routinely, and remotely, monitored by
existing and proposed satellite systems.

2, Measuring Oceanic Whitecap Coverage

By projecting oblique 35mm photographic images of the sea
surface and analyzing them by the standard “manual” technique
(Monahan, 1969), it has been possible to assess the fraction of the
sea surface covered by mature whitecaps (Stage B of Figure 1), as
well as by active whitecaps (Stage A) and aerated spilling waves.
As a consequence of their greater horizontal extent, and relatively
longer duration, the fraction of the sea surface that is at any instant
covered by Stage B whitecaps far exceeds the fraction of the sea
surface covered by the higher albedo Stage A whitecaps.

This is demonstrated by the curves plotted on Figure 2, where
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Line B1 corresponds to the whitecap - 1U m elevation wind speed;
i.e., W, (U), expression of Monahan and O’Muircheartaigh (1980),
which they obtained by applying the technique of robust Bi-weight
fitting to the photographic whitecap data sets found in Monahan
(1971) and Toba and Chaen (1973), while Line Al is a representa-
tion of the W, (U, AT) expression that arose from the analysis,
with a Hamamatsu Area Analyzer, of oblique U-matic video
recordings of the sea surface taken during the MIZEX 1983
(Monahan, er al., 1985), MIZEX 84 (Monahan and Woolf, 1986),
HEXPILOT (Monahan, et al., 1985), and HEXMAX (Monahan, et
al., 1988b) experiments. The video-based expression, given here
for near neutral atmospheric stability, i.e., for AT equals zero, only
takes into consideration the high albedo Stage A whitecaps and
spilling breakers (Monahan, Wilson, and Woolf, in Monahan, e¢
al., 1988a), effectively excluding the relatively low albedo Stage B
whitecaps which of necessity fall below the discrimination bright-
ness level routinely adopted for use with the Hamamatsu Area
Analyzer. Line B2, also included on Figure 2, is the W, (U, AT)
expression obtained by Monahan and O’Muircheartaigh (1986)
from the analysis of the composite whitecap data base comprised
of the photographic results from BOMEX plus other warm seas
(Monahan, 1971), the East China Sea and adjacent waters (Toba
and Chaen, 1973), JASIN (Monahan, ez al., 1981), STREX (Doyle,
1984), and MIZEX 83 (Monahan, et al., 1984). In this instance,
AT, the surface water temperature minus the deck height air tem-
perature, has again been set equal to zero; 1.e., Line B2 represents
the W, (U) expression for near neutral stability.

Only in the Soviet literature can be found the results obtained
from the analysis of specific sets of photographic images for both
the areas of the sea surface associated with crests and active Stage
A whitecaps, and for direct comparison the areas occupied on the
same images by foam and passive Stage B whitecaps.

The fraction of the sea surface covered by breaking wave crests
found by Bondur and Sharkov (1982) is illustrated by Curve A2,
while the fraction of the sea surface they deduced from the same
photographs to be covered by striplike foam is presented by curve
B3. Bortkovskii’s (1987) results for active whitecaps, based on
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observations obtained when the sea surface temperature was bic-
tween 3°and 15°C, are shown as curve A3, while his description
of combined whitecap and foam cover for seas in this temperatre
range is illustrated by curve B4,

Each observer must be explicit as to the effective spatial and
contrast resolution of his imaging system, so that a judgment can
be made as to whether his results pertain only to Stage A, or to
both Stage A and Stage B whitecaps. )

The passive microwave radiometers mounted aboard satellites
do not resolve individual whitecaps; rather, the elevated apparent
brightness temperatures detected by these systems are a )
consequence of the integrated effect of all the foam batches in thc_lf
“footprint” on the microwave emissivity of the sea surface.

Individual bubbles, and small bubble clusters, as well as Smgc
B and A whitecaps (and other features) all contribute to enhancing
the emissivity of the ocean.

Q1 -Is the area of the sea surface covered at any instant by
optically unresolvable foam patches in a fixed ratio to W,, or W,
or neither?

Q2 - Are the W /W, ratios inferred from Figure 2 consistent
with the mode! of the evolution of sub-surface bubble clouds, and
of their concentration spectra, depicted in Figure 1? :

Q3 - While the various curves illustrated in Figure 2 do appear
to fall into two distinct clusters, is it in fact meaningful, or for that
matter, possible, to truly distinguish between Stage A and Stage B
whitecaps?

Q4 - While it is clear from the results presented by Bondur and
Sharkov (1982), and by Monahan and Monahan (1986) , that the
size distribution of oceanic whitecaps varies with wind speed, with
the median size increasing with a freshening of the wind, how does
this increase in median whitecap size combine with the increase of
whitecap numbers to yield the strong increase in fractional white-
cap coverage that is observed 10 occur with a strengthening of the
wind?

Q5 - Given that power-law descriptions of W, (U) and W, (U}

clearly do not apply at wind speeds below the Beaufort velocity,
i.c., at wind speeds lower than the threshold for whitecapping
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(Monahan and O’Muircheartaigh, 1986), what is the wind speed
above which these power-law expressions likewise do not apply?

Q6 - For a constant 10 m elevation wind speed and uniform
atmospheric stability, what is the quantitative effect of changes in
the kinematic viscosity, i.e., of changes in sea surface temperature,
on whitecap coverage?

Q7 - Can we quantify, via water wave theory, the influence of
finite fetch and limited wind duration on W,and W,?

Q8 - While the two-dimensional surface divergence associated
with the idealized, buoyant, whitecap bubble plume should miti-
gate the effect of any surface monolayers on the persistence of
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whitecaps, can the actual role of organic material in the oceanic
mixed layer, and of surfactant films on the sea surface, in stabiliz-

ing whitecap bubbles, and hence in extending the lifetimes of
individual whitecaps, be explicated?

3. Whitecap-Dependent Sea Surface Aerosol
Generation Models

Our initial expression
study of smalt whitecaps

from recording whitecap
1986) is

» incorporating quantities derived from the
in laboratory tanks and quantities obtained
S at sea (Monahan, et al., 1983; Monahan,
reproduced, with slight change in notation, as Equation 1.
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oF,
or

L 0E
= WB‘C 3-1-.- (1)
Here OF Jor is the number of spray droplets produced per second,
per square meter of sea surface, per micrometer increment in
droplet radius, as a consequence of the bursting of whitecap
bubbles. In this expression, as elsewhere in our treatment of
marine aerosol droplets, all droplet descriptions are in terms of the
radii the droplets would have attained if they had been allowed to
adjust 1o their equilibrium size in air with a relative humnidity of
80%. The last term on the right-hand side of Equation 1, JdE/9r, is
the laboratory-derived description of the number of aerosol par-
ticles, per micrometer increment in particle radius, introduced into
the air within the hood of the tank, normalized by the initial area,
A_, of the whitecap whose decay resulted in the generation of these
particles. As before, W is the fraction of the sea surface, for a
given set of meteorological and oceanographic conditions, covered
by both Stage A and Stage B whitecaps. The remaining quantity, T,
represents the time constant describing the rate of exponential
decay of individual whitecaps. While the initial value used for 1,
3.53s, came from the analysis of cine-film records of the decay of
small laboratory whitecaps, Nolan (in Monahan, et al., 1988a) has
obtained a value of 4.27s for T by analyzing, with the Hamamatsu
Area Analyzer, the decay of a number of individual whitecaps
whose lifetimes were documented on the HEXMAX whitecap
video tapes. It should be noted that the quotient W, T represents
the fraction of the sea surface from which whitecaps disappear
each second. If the older, laboratory, value for T is used, then
Equation 1 can be restated (Monahan, et al., 1983; Monahan,
1986) as shown in Equation 2.

,}.z
‘3—5 =13.57x10°r3(1 + 0.057r %) x 1011%¢ * x Wy
T

y = (0.380 - LOG 1)/0.650 (2)
This model, which has been used with some success by Burk
(1984) and Stramska (1987) as a sea surface source function in
their modeling of the aerosol population of the marine atmosphenc
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woundary layer, has recently been restated, with a revised expres-
sion for OE/or, by Woolf, et al (1988).

Q9 - Given that the spilling period for a typical whitecap, as
recently documented by Nolan, is by no means insignificant when

compared to T, the exponential decay constant, is Wt the best
measure of the rate of disappearance of bubbles from the sea
surface?

Q10 - Given the indications to the contrary recently docu-
mented by Woolf (1988), should JE/dr still be taken to be inde-
pendent of the initial size, A, of the source whitecap?

Q11 - Noting that the function JE/dr has been shown to be )
dependent on sea water temperature, T, particularly in the poraon
of the droplet spectrum below 2 micrometers (Bowyer, 1986 ;
Woolf, e al., 1987), should not an explicitly T,-dependent expres-
sion be introduced into future statements of oF / or?

Q12 - Does the absence of a wind in the whitecap simulation
tanks influence in any way the number or size of the droplets pro-
duced by an individual bursting bubble?

A physically more appealing expression for dF for, which
relates the rate of generation of aerosol particles at the sea surface
to the rate at which acrated plume volume is disappearing from,
and in a dynamic equilibrium, is being formed in, the oceanic
mixed layer, is reproduced in Equation 3.

= Wy s 3

Here v_ is the terminal rise velocity of bubbles of radius R _,
the smallest bubbles contributing to the optically resolvable mature
whitecap. The product W,v_ is then the number of cubic meters of

aerated plume disappearing per second per square meter of the
ocean surface. The term 9G/dr in Equation 3 represents the

number of aerosol particles, per micrometer radius increment,
injected into the hood of the whitecap simulation tank during the
decay of a laboratory whitecap, normalized by the initial volume of
the acrated plume associated with this whitecap. This initial

volume is simply DA , where D is the scale depth, or e-folding
depth, of the aerated plume. Note that it is assumed that the cross-
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sectional area of such plumes, or whitecap bubble clouds, attenu-
ates exponentially with depth (Monahan, 1986).

Q13 - Does the effective cross-sectional area of the acrated
plume beneath a whitecap die off exponentially with depth, given
that Thorpe (1982) found that bubble clouds ranged from billowy
to columnar in shape?

Q14 - Noting that D is equal to the product v,_, is it reasonable
to assume that the e-folding depth of oceanic bubble clouds is the
same as the scale depth associated with the acrated plume gener-
ated in the laboratory tank by a breaking wave event?

Q15 - How sensitive is 0E/or, or 8G/ar, to the specific mecha-
nism, and energetics, of air entrainment?

4. Model for Estimating Sea Surface Bubble Flux

As a consequence of the degree of success attained with the sea
surface aerosol generation models in predicting the spectral shape
and concentration of the marine aerosol populations for various
wind conditions (e.g., Monahan, 1986), we felt warranted in at-
tempting to “work backward” from our basic aerosol flux model to
attain a bubble flux model, and indeed, an estimate likewise, in
terms of W, of the near surface bubble population.

This treatment, which can be found in full in Monahan (1988),
leads to Equation 4, where dK/0R represents the number of
bubbles arriving and bursting per second, per square meter of sca
surface, per micrometer increment in bubbie radius.

0K _dF, or
9R  9r R

oyl
P(r)- J )

Here OF /Or is as defined before, and dr/dR is simply the rate
of increase of droplet radius, 1, per unit increment of bubble radius,
R. Equation 5, which describes the relationship between the size
of the daughter jet drops and the size of the parent bubble, was
evaluated using the information obtained by Blanchard (1963)
from his study of the bursting of isolated bubbles.
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5
r=aR+b=877x10%R +0.98 )

The term P(r) in Equation 4 is the fraction of the bubble
generated droplets that is comprised of jet droplets, as opposed to
film droplets. Equation 6 is an expression for the jet droplet/film

droplet partition function based on the findings presented in Woolf,
etal., (1987).

P=1-e93r=1-0715¢ %R (6)

The quantity J, which appears in the denominator of Equator
4, is simply a measure of the number of jet droplets produced as a
result of the bursting of a single whitecap bubble. Cipriano and
Blanchard (1981) assumed in one instance that each bubble pro--
duces five jet droplets.

Since available observations are of near-surface bubble )
populations, 3C/oR, we must, if we are to compare our model with
such results, deduce the bubble population that would give rise to 2
specific bubble flux. This can be done by simply dividing the
bubble flux expression of Equation 4, 9K/dR, by v_(R), the radius-
dependent terminal rise velocities for air bubbles in sca waler, &s
shown in Equation 7.

oC JF, or 1 -1
=—2.— . P(r)- T v, (R [))
dR oJr 4R P()- 17 v (R) ¢

Here oC/ dR is a measure of the number of bubbles per cubic
meter of sea water per micrometer radius increment, and v_<R),
expressed in meters per second is the appropriate terminal rise
velocity, i.¢., the terminal rise velocity for hydrodynamically
“clean” or “dirty™ bubbles (Thorpe, 1982).

Noting that there are scveral published observations of the neax-
surface bubble population associated with wind speeds of abouat 13
meters per second, we have evaluated dC/9R, or more specifically,
dF for (Equation 2), using the W, value appropriate for this wind
speed as determined from Equation 8 (Monahan and O’ Muirchear-
taigh, 1980), where U is the 10 meter clevation wind speed
expressed in meters per second.
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W, = 3.86 x107°y34 (8)

The near surface bubble population spectra predicted by
Equation 7 to be associated with winds of 13 ms* is represented by
the lower hatched band depicted on Figure 3. The upper bound of
this range of bubble populations, given by the curve W x B,,, was
determined assuming that each bubble produces only one jet
droplet; i.e., that J equals one, and that the bubbles are hydro-
dynamically dirty, and thus rise with the terminal velocity appro-
priate for a sphere with no tangential relative flow at its immediate
surface. Conversely, the lower bound of this range, illustrated by
curve W x C_, was calculated assuming that each bubble gives rise
to five jet droplets and that the bubbles are hydrodynamically
clean. By way of reference, the band of bubble population spectra
predicted by our model for 100% whitecap coverage is also in-
cluded (Region B-C,) on Figure 3.

Near-surface oceanic bubble spectra have been obtained by
Kolovayev (1976), and by Johnson and Cooke (1979), when the
wind was blowing 11-13ms’'. It is apparent from Figure 3 that for
all bubble radii, R, greater than 120 pm Kolovayev's spectrum
(curve G) falls essentially within the band of spectra predicted by
Equation 7 when the JF /0 rterm was evaluated for winds of
13 ms?*. Johnson and Cooke’s spectrum (Curve H), on the other
hand, is consistent with the model predictions for all R larger than
50 um. The discrepancy in the 50 to 120 pm radius interval
between Kolovayev’s results for 1.5 m depth, obtained using
Neuimin’s semi-automatic cylindrical bubble trap (Glotov, et al.,
1961), equipped with a camera and three lamps to illuminate the
bubbles, and the results obtained by Johnson and Cooke using ata
depth of 0.7 m a camera in a waterproof housing accompanied by
three external strobe lamps, may, as was suggested by Johnson and
Cooke (1979) be due to some dissolution, and perhaps also some
coalescence, of bubbles in this size range during their residence
within the Neuimin bubble trap. (It may be assumed that Glotov,
et al., would not agree with this interpretation, as they state in their
1962 paper that the bubbles rested against the underside of the
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upper lid of their trap “for a sufficiently long time without merging
and without altering their sizes.”)

Baldy and Bourguel (1985) obtained a further near-surface
resident bubble spectrum associated with a wind speed of 13 ms™,
which is reproduced as Curve 1 on Figure 3. These measurements
were made at a depth of 0.05 m and a fetch of 26.2 m in the large
wind-wave flume (La Grand Soufflerie) at the Institute de Me-
canique Statistique de 1a Turbulence in Luminy, France, using a
sophisticated optical bubble probe (Avellan and Resch, 1983;
Resch, 1986) which detects laser light scattered by individual
bubbles. With the exception of one point, Baldy and Bourguel’s
entire spectrum, even at the small radius (32 pm) end, falls within
the spectral band generated using Equation 7.

In considering the similarity between the band of spectra pﬂ:-
dicted by Equation 7 and the Baldy and Bourguel spectrum repne-
sented by Curve 1, and the contrast, particularly apparent for the
smaller radii, between Curve I and the other measured bubble
spectra, it is tempting to note that the marine aerosol spectrum that
was the starting point in the development of the bubble spectrumm
model represented by Equation 7, was, like the Baldy and Bour-
guel bubble spectrum, measured with a sensitive laser-based probe
that detected the Jight from individual scatterers, while the spectra
of Kolovayev, and of Johnson and Cooke, were determined from
the analysis of photographs of highlighted bubbles.

The observation that the Baldy and Bourguel spectrum reflects
a much higher concentration of the small bubbles than do the two
other spectra measured for the equivalent wind speed is particu-
larly striking when it is noted that the L M.S.T. wind-wave flumne
contained fresh water, and, as has been shown in pouring expexi-
ments (Monahan and Zictlow, 1969; Scott, 1975a), fresh-water
acrated plumes contain fewer small bubbles than do aerated
plumes produced by the same mechanical action in salt water.

This marked difference between fresh water and saltwater bubble
spectra is presumably a consequence of the retardation of bubble
coalescence in sea water (Scott, 1975a; 1975b), a conclusion
confirmed by Pounder (1986).

The demonstrated ability of the model summarized in Equation
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7 to predict the approximate shape and amplitude of the large
radius portion of the near-surface, in-situ, bubble spectrum, gives
support 10 our contention that the bubble flux modeling approach
set forth in this section, and the aerosol flux modeling scheme
described in Section 3, are fundamentally valid, and thus merit
further development.

Q16 - Is the relationship found by Blanchard (1963) to pertain
between the radius, R, of an isolated bubble breaking at a quiet
water surface, and the radius, r, of the daughter jet droplets, still
fully valid in the case of whitecap bubbles, which are not isolated
and often burst at an agitated sea-air interface?

Q17 - Is the transition between the jet droplet dominated
portion of the aerosol spectrum and the film droplet dominated
portion adequately described by the laboratory findings of Woolf,
etal (1987)?7

Q18 - Will the function, J, representing the number of jet drop-
lets produced per bursting bubble, upon further laboratory studies
prove to be dependent upon R; i.e., should we expect ultimately to
substitute a J(R) term in Equation 77

Q19 - Is it reasonable to expect that the J, or J(R), expression
determined from laboratory studies of the bursting of individual
bubbles, be appropriate for use in modelling the relationship be-
tween the sea surface acrosol flux and the whitecap bubble flux,
given that many whitecap bubbles do not burst in isolation nor on a
relatively calm sea surface?

Q20 - Need we consider the possible influence of protracted
bubble-surface-lifetime on dF Jor, o1/ dR, and J(R), in perfecting
our model?

Q21 - Can we, with any confidence, predict when bubbles, of
Radius R, in a specified part of the world ocean, will typically
prove to be hydrodynamically dirty, and thus behave accordingly?

Q22 - Given the variety of fates that Thorpe (1982) has docu-
mented await small bubbles in the open ocean, is there any reason
to hope that a model such as the one described above can ever be
used to predict the resident population of these smaller bubbles?

Q23 - Can the agreement between the wind dependence found
by Farmer and Lemon (1984) for the population of bubbles in
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coastal waters, and the wind dependence implicit in Equation 7

(and explicit in Equation 8), be taken as general confirmation of
the present modelling approach?

5. The Influence of Whitecaps on Sea-Air Gas Exchange Rates

The thought that the piston velocity, or sea-air transfer rate, fOr
gases such as Rn and CO, might be directly dependent upon the
average local whitecap coverage came to us as we viewed a poster
paper prepared in 1982 by W. M. Smethie of the Lamont Dohcrt)'
Geological Observatory which included a chart of North Atlantic
piston velocities that was strikingly similar in appearance to the
charts of North Atlantic monthly average whitecap coverage pre-
pared by M.C. Spillane of University College, Galway (see
Spillane, et al., 1986). A subsequent detailed comparison (Mon-
ahan and Spillane, 1984) confirmed our original impression. Amn
explicit physical model was set out in which each whitecap was
considered to be a low impedance vent that facilitated sea-air gas
exchange. The high levels of small-scale turbulence present in a
whitecap are perceived to be sufficient to destroy any near-lJaminar
surface layer (Kanwisher, 1963), or “stagnant layer,” which would
otherwise represent a high impedance layer through which gas
could only be transferred by the relatively ineffective process of
molecuiar diffusion. Complementing the effect of the whitecap’s
buoyant plume in destroying any viscous, laminar, surface sub-
layer in the liquid medium, the bubble, and bubble-cusp, rough-
ened sca surface in the interior of a whitecap will instigate bound-
ary-layer separation in the overlying airflow and thus assure the
absence of any laminar surface layer in the gaseous medium. The
potential energy of the whitecap’s buoyant bubble plume is suffi-
cient to continually destroy for a period of many seconds any
stagnant layer as it attempts to re-establish itself in the immediate
region of the whitecap.

The mathematical expression of this model is found in Equa-
tion 9 (Monahan and Spillane, 1984), where k, is the effective
piston velocity through the sea surface, in ms’, k, is the piston
velocity associated with gas transfer via molecular diffusion
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through the viscous surface layer assumed to exist everywhere but
in the interior of whitecaps, and k is the much higher piston
velocity identified with the turbulent transfer of gases through a
whitecap vent.

kg = k(1 - W)+ kW )

In light of the detailed discussions of gas transfer through
smooth and roughened, but not whitecap covered, sea surfaces
available in the recent literature (Liss and Metlivat, 1986; Coantic,
1986), it may be more appropriate to rewrite Equation 9, as has
been done in Equation 10, to make explicit the wind-dependent
nature of k, .

kEz(kM1U+kM2U2)(1 — Wp) +k Wy (10)

It should be noted that the last term, k. W, is still by far the
most strongly wind-dependent term in this expression.

Recent, preliminary, gas exchange experiments carried out in
Whitecap Simulation Tank IHI in the Marine Sciences Institute at
the University of Connecticut have shown that the generation of a
small whitecap once every 210 seconds, in an instance where the
water in the tank is already being continuously stirred, is enough to
more than triple the evasion velocity of radon gas when compared
to its evasion velocity when the tank is simply being continuously
stirred. The effectiveness of whitecaps in stimulating gas ex-
change can be appreciated when it is noted that the average frac-
tion of the sea water surface in the tank covered by whitecaps
during each 210-second cycle of this experiment was 0.1%;1e., W
was just 0.001. Further measurements of this sort will make it
possible for us to evaluate k, the piston velocity associated with
the turbulent transfer of gases via a whitecap vent.

Q24 - Is it reasonable to assume that k., will be independent of
the area of the individual whitecap, or is it more probable that k,
will increase with increasing whitecap size?
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6. Conclusions

While the aerosol flux, bubble flux, and gas transfer models
described in the previous sections are at markedly different su!gcs
of refinement, all show clear promise, and support the contention
that a modeling approach in which the individual whitecap, or
bubble plume, is taken as the key element enabling us to extrapo-
late the laboratory tank results to global ocean is a fundamentally
valid one. .

It is obvious that even the most detailed of our models stands in
need of refinement and revision, and it is to be hoped that the_
answers to the two dozen questions interspersed in the foregoing

text will be of particular utility in the further development of these
several models.
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Abstract

An overview of the occurrence of sea-spray droplets and their
concentrations at low elevations over the ocean is presented. The
survey is focused on field data obtained in the lower 10 meters
above the air-sea interface. Size distributions and profiles are
discussed in relation to the production of droplets at the sea-surface
and their subsequent dispersal in the surface layer.

1. Introduction

The ocean acts as both a source and a sink for atmospheric
aerosols. In turn, the aerosol droplets may transfer water vapor,
heat, pollutants and bacteria through the air-sea interface. The
airbome droplets are important since they limit the transmission of
electromagnetic radiation by scattering and absorption. Hence they
affect the performance of electro-optic equipment, and the earth’s
radiation budget, as well as visibility. Small droplets may act as
condensation nuclei and are therefore important in the formation of
fog and clouds.

* HEXOS Contribution No. 20
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In spite of their metecrological, optical and environmental
significance, litde is known about the occurrence of aerosols near
the air-sea interface. This survey addresses near-surface particle
concentrations and profiles of droplet concentrations over the open
ocean, and droplet production, dispersion and transport.

2. Particle concentrations near the air-sea interface.

Field data on the concentrations of aerosols near the air-sea
interface are sparse. Six individual data sets were published tl:luS_
far in the open literature (see Table 1). A survey of the size distrl-
butions is presented in Figure 1. As yet unpublished results fromm
the HEXMAX experiment in 1986 are presented as well. More
common data above 10 m ASL (above sea level) from ship-deck
experiments and from coastal experiments are not included. Thc_
data were obtained by various methods and under different condi-
tions. They are briefly discussed in the following paragraphs.

Monahan (1968) was the first who measured particle size dis-
tributions below the more conventional ship deck level. Using a
raft he collected data at a single height of only 0.13 m, i.e. in the
ejection zone (cf. section 4). Monahan used a photographic ech-
nique to measure particles larger than 90 um in diameter. Two size
distributions were published by Monahan. One is the average of
particle size distributions measured near Aruba Island (Netherlands
Antilies) in wind force 5-6. The other one was measured in Buz-
zards Bay (Massachusetts) in wind force 7.

Chaen (1973) collected data from ships in the Indian Ocean
and in the Pacific. Acrosols were sampled by two impaction
methods. MgO-coated glass slides were exposed at some distance
from the ship at 6 m ASL by extending a rod from the bow of the
ship. The droplet sizes were determined from the impacts in the
MgO coating. Samples at other heights were obtained with impac-
tors placed on the various decks that were accessible. The aeroscls
were collected on chlorine-sensitive gelatine film. The size of the
spot left after developing the film is a measure of the droplet size.
The data presented in Figure 1 are from run 10 (2.5 m) and run 10"
(0.3 m), both in 6.1-6.5 ms" wind speeds. It is not clear how the
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data at 0.3 m were sampled. The data at 2.5 m are typical for those
obtained with the impactor.

Preobrazhenskii (1973) measured particle size distributions
from a ship at 3 heights: 1.5-2 m, 4 m, and 7 m. Samples were
collected on oil-coated glass plates. The data were presented for
two ranges of wind speeds: 7-12ms" and 15-25 ms™. Those col-
lected at 1.5-2 m ASL, converted to number concentrations per
diameter interval, are presented in Figure 1. At higher elevations
the concentrations are lower.

Wu, et al., (1984) measured droplet concentrations from a raft
in Delaware Bay at elevations between 0.13 and 1.3 m. Wind
speeds were 6-8 ms™'. Droplets in the 30-400 pm diameter range
were detected by the extinction of a laser beam when the droplets
passed through the sensor volume. Absolute concentraions were
not obtained, the data were presented as the normalized frequen-
cies of occurrence (f) of particles in certain size bands.

The normalized droplet spectra are described by two relations.
In the jet-droplet ejection zone Wu, ez al. obtained:

f~D! 50 um < D < 150 pm

f~D2* 150 um<D <400um z<20cm t)
f~D% 400 pm<D

Above the maximum cjection height of the jet droplets the
same relations apply, but for different size ranges:

f~D' 10pum <D <50 gm
f~D2% S0um<D<200um z>20cm (2)
f~D* 200pm<D
D is the particle diameter, and z is the elevation above the in-
stantancous water surface. The size distributions were found to be

independent of both elevation and wind speed.
The relations between f and D for the smallest sizes in egns. 1
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and 2 were obtained from comparisons with the data of Monahan
(1968) at a height of 13 cm and Preobrazhenskii (1973) at heights
of 1.510 2 m and 4 m. The D?# relationship appears to fit reasona-
bly well to Preobrazhenskii’s data for diameters larger than 50 pm

At smaller sizes a D! relation applies. Monahan’s data were put
together with Preobrazhenskii’s data to show that the above
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Figure 1. Survey of droplet concentrations in the atmospheric surface layer

over the open ocean. The sources are indicated in the legend. Sampling
methods, conditions and bcations are presented in the text.
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relations apply also below 20 cm with a division at 150 pm. We
note here that the fit to the sparse data points presented by
Monahan is arbitrary. Least square fits would yield different
relations, with large standard deviations that might include the
relations in eqns. 1 and 2 proposed by W, er al. (1984). More-
over, comparisons with Monahan’s (1968) original data show that
Wu, et al. used data from two different wind speeds measured at
different sites. The differences are obvious from Figure 1.

Particles larger than 400 pm were not observed by Wu, er ai.
(1984) above the ejection zone. The size distributions in Figure 1
were plotted at arbitrary concentrations since only the shape couid
be obtained from Wu, et al.

De Lecuw (1986) used rotating impaction samplers mounted
on a wave follower to measure particle size distributions in the 10-
100 pm diameter range alongside a ship. His stainless steel rods
were coated with sprayed Silicone. Size distributions were meas-
ured in the North Atantc at 0.2-2 m ASL (wave following at
about 6 m from the ship’s hull) and on decks 4, 6 and 11 m ASL.
Wind speeds varied from 2.5 to 13ms”. Results from all heights
and wind speeds are collected in the shaded area in Figure 1.

During the HEXOS experiments in 1984 and in 1986 these
measurements were repeated from a tower in the North Sea. In
1984 (HEXPILOT) samples were taken at a distance of 9 m from
the legs of the platform (de Leeuw, 1987). During the HEXMAX
experiment in 1986 a boom was used to bring the sampler at 13 m
from the platform structure (de Leeuw, 1989a). The size distribu-
tions measured during these experiments fall within the boundaries
indicated in Figure 1. The experiments by de Leeuw were origi-

nally intended to measure profiles. These are discussed in the
following sections.

3. Surface layer profiles of droplet concentrations
over the ocean.

Undil recently the particle concentrations were assumed to
increase exponentially toward the sea surface (Blanchard and
Woodcock, 1980). This was based on a limited data set recorded at
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different places and under different atmospheric and oceanic
conditions.

Chaen (1973) concluded from his experiments that on the
average the vertical distributions of the particle concentrations
approach a power law dependence. Preobrazhenskii (1973) con-
cluded that the particle volume decreases exponentially with
height.

The profile published by Blanchard and Woodcock (1980) for

over the ocean.
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8 ms wind speed has been reproduced in Figure 2, together with
examples of other profiles discussed below.

Wu, et al., (1984) measured relative profiles of particle concen-
trations. The 30-50 um particles were observed to be rather homo-
geneously distributed within the lowest meter above the instantane-
ous water surface, with only a small negative gradient, cf. Figure 2.
The gradient becomes stronger as particle size increases. Above
1m the concentrations drop dramatically, for all sizes.

From our experiments in the North Atlantic in 1983 (de Leeuw,
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1986) it was shown that a logarithmic profile does not generally
apply in the lower few meters of the surface layer. In low winds
logarithmic profiles were observed for all particle sizes. At wind
specds above approximately 7 ms*, however, a maximum was
observed at heights between 1 and 2 m above the instantaneous
water surface, cf. Figure 2.

The maximum was seen to develop with increasing wind
speed. The effect is size dependent. For the largest particles (85
pm in diameter) it was not observed, even in the highest wind oc-
curring during this study in the North Atlantic (13 ms™'). On the
other hand the number of particles collected for this size range was
statistically insufficient,

The observations concerning the shape of the particle concen-
tration profile and the occurrence of a maximum were supported
by measurements during the HEXPILOT experiment in 1984 (de
Lecuw, 1987). The latter were made with much better vertical
resolution than in the North Atlantic. Data were collected from the
wave follower at 0.12, 0.20 and 0.35 m and between 0.5 and 3 m
(resolution 0.25 m). Data were collected at fixed heights between 1
and 13 m with 1 m resolution. This revealed more detail in the
profiles. At the highest wind speed of 12.4 ms™, the vertical data
sequence shows strong evidence for the occurrence of a maximum
ncar 1 m, as well as a less obvious secondary maximum just above
2 m (Figure 2). In the North Atlantic measurements the occurrence
of a double maximum might have been overlooked due to insuffi-
cient vertical resolution. The analysis of our new experiments in
the North Adantic in 1987 (unpublished) might reveal whether the
double maximum also occurs in the open ocean with its longer and
higher waves, or that it is a feature specific to shallower waters
with limited fetches iike the North Sea.

A comprehensive set of data was collected during the
HEXMAX experiment in the fall of 1986 (de Leeuw, 1989a, b).
Two independent methods were used, based on different physical
principles. In addition to the Rotorod impaction sampler, an optical
device (called an optical scatterometer) was mounted on the wave
follower to measure particle concentrations from the intensity of
light scattered in the near forward direction (de Leeuw, et al.,
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1989). Unfortunately direct comparisons were not possible since
both instruments could not be mounted on the wave follower si-
multaneously. Nevertheless the profiles measured with the
scatterometer and with the Rotorod were often similar and the
scatterometer data confirm the previously observed occurrence of a
maximum in the particle profiles (de Leeuw, 1989a).

On the other hand, the data collected with both the Rotorod and
the optical scatterometer are often scattered in the vertical, which
might hide the occurrence of a maximum in the profile.

4. Production of sea-salt aerosols and dispersal in
the surface layer.

The production and subsequent dispersion of aerosols in the
surface layer are discussed in the following sections. Comprehen-
sive documentation exists on the production, cf. the reviews by
Blanchard (1983) and Monahan (1986). Some salient features of
production are reviewed below.

4.1 Production.

Salt water droplets can be produced at the sea surface by
various mechanisms. The bubble mechanism has been studied
extensively in the laboratory, cf. Blanchard (1983) for a review.
When an air bubble in salt water reaches the surface it stays there
for a second or more. Surface tension forces the bubble to reach an
cquilibrium position before it bursts. Upon bursting the thin film at
the surface breaks up into typically 10-1000 particles (the so-called
film drops). This applies to bubbles larger than about 2 mm in
diameter. Smaller bubbles produce less film drops. The fiim drop
spectrum peaks at 5 um, and may extend from smaller than 1 pm
to larger than 30 um (Blanchard, 1983).

When the bubble bursts, the surface free energy is converted
into kinetic energy of a jet of water which rises from the bottomn of
the bubble cavity. The water column overshoots the surface and
breaks up into typically 1-10 droplets, depending on bubble size.
The maximum ejection heights of these so-called jet drops have
been observed to be nearly 20 cm for the top drop and only a
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fraction of that for the following drops. This applies to 2-mm
bubbles, the ejection heights of jet drops originating from smaller
or larger bubbles are lower. The size of the top drop is about 10%
of the size of the bubble diameter (Blanchard, 1983).

4.2 Consideration of laboratory production estimates

and oceanic conditions.

In the ocean, air bubbles are usually formed after the entrain-
ment of air in the water by breaking waves (cf. Monahan and
O”Muircheartaigh, 1986, for a review). Precipitation and living
organisms may be other sources that will cause more isolated
bubbles. In a bubble patch the bubbles may influence each other,
giving rise to particle production characteristics different from
those in isolated bubbles (Blanchard, 1983; Mestayer and Lefan-
connier, 1988). In addition to the bubble mechanism, also direct
production of spume drops by wave disruption occars in the ocean
in winds exceeding 9 ms? (Monahan, et al., 1983).

Obviously the scale heights over the ocean are different from
those in a wave tank. Ocean waves are measured in meters,
whereas in a wave tank the highest waves may be 10-20 cm.
Droplets that are produced at the crest of a wave and are carried
along with the wind may soon reach a height of several meters
above the instantaneous sea surface. Similarly, the ejection height
of jet droplets may not be a useful parameter over the ocean be-
cause the surface displacements cause height variations which are
more than one order of magnitude larger. On the other hand, the
suspension times of the jet drops might be so short (cf. Wu, 1979
for suspension times in still air) that the surface displacements are
insignificant on this time scale. Not much wind is required, how-
ever, to create enough turbulence to enhance the suspension time
appreciably. Numerical calculations by Edson (Edson, ez al., 1988
Mestayer, et al., 1989) on the effect of turbulence on particle
trajectories in a wave tank show that particles may travel distances
on the order of 10 m before they are returned into the water.

The influence of wave-induced surface displacements on atmo-
spheric droplet concentrations has recently been observed over the
North Sea (de Lecuw, 1989b). The effects were visible from close
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to the surface up to 13 m, the highest elevations where samples
were taken. The analysis of these data led to the conclusion that the
time scale for transport of the largest particles is on the order of 5
seconds or longer.

The occurrence of wave-induced fluctuations of droplet con-
centrations was confirmed by wave tank experiments (de Leeuw,
1988). Analysis of the wave tank data might reveal interesting
information on the phase relation between aerosol concentrations
and waves.

In spite of their limitations, laboratory experiments are very
useful to study the physics of droplet production and the subse-
quent dispersion due to the interactions with the turbulent fields of
air flow, humidity and temperature (Mestayer, et al., 1988). In the
open ocean such measurements are hard to accomplish.

4.3 Surface production estimates from the open ocean.

The few oceanic surface production estimates were indirectly
obtained. One approach is based on a physical model that describes
the vertical structure in the mixed-layer. From a fit to particle size
distributions measured at elevaied heights of 10 m, the surface flux
was obtained (Fairall, et al., 1983). The other estimate is from lab-
oratory experiments on the acrosol whitecap productivity, com-
bined with a comprehensive set of field observations of whitecap
coverage (Monahan, 1986). Both estimates are in good agreement.

Verification of the predicted surface production rates requires
particle concentration profiles (Fairall and Larsen, 1984; W,
1979). The model by Fairall, et al., (1983) has been modified (de
Leeuw, 1989¢) and applied to our surface layer profiles (de Leeuw
and Davidson, 1989). In low winds the predictions by the model
are correct for small particles, but not for particles larger than
15-20 um. In high wind the model also overestimates the surface
production rates for smaller particles.

§. Particle transport in the surface layer.

Since particles are observed in noticeable concentrations both
in the surface layer and in the mixed-layer, some mechanism will
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carry them aloft after production at the air-sea interface.

In still air the ejection height is limited to a maximum of 20 cm
(Blanchard, 1983) by gravitational forces. However, in nature still
air is unlikely 1o occur. Turbulence is generally considered the
driving force that lifts particles off the ejection zone. The oceanic
measurements by Wu, et al., (1984), however, indicate a change in
the particle spectrum at 20 cm. The particle size distributions
measured below 20 cm are considered the production spectrum
{Wu, et al., 1984). Particles larger than a certain size (50 jum at the
6-8 ms" wind speeds of these observations) are not lifted out of the
production zone.

To achieve this, turbulence should at least balance the gravita-
tional fall velocity. Hence particles tend to stay in suspension when
the following condition is met (Wu, et al., 1984):

Wixu, > 1 (3)

W is the gravitational fall velocity, x is the Von Karman constant
and u, is the friction velocity.

The above condition applies to the data presented in Wu, er al.,
(1984). Other data which might be used to check on the wind
speed dependence of particle concentrations in the surface layer
were published in de Leeuw (1986). The critical size derived from
these data has been plotted vs. wind speed in Figure 3. The data

150 r . l Figure 3. Diametar
E of largest suspendad
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® 100 |- - |of tand 11 m. The
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° where the turbuience
Qo intensity xu., bal-
@ 50 - — | ances the gravita-
= ® 2:=1im tional fall velocity W
E + 2= Im (eqn. 3, cf. Wu et

0 [ 1t { al, 1984.)
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show that the critical droplet size is somewhat larger than predicted
by equation 1. The profiles presented in de Leeuw (1986, 1987)
indicate further that close to the sea surface the discrepancy be-
comes larger, i.e. larger particles escape from the production zone
than predicted by equation. 1. To illustrate this, the critical sizes at
1 m have been plotted in Figure 3 as well.

Apparently some other mechanism keeps the particles in sus-
pension, in addition to the turbulence. Based on the changing shape
of the profiles as wind speed increases above about 7 ms”,
de Leeuw (1986) proposed the wave rotor modetl that is schemati-
cally presented in Figure 4. In this model particles are temporarily
trapped in eddies between wave crests that are caused by flow
separation at the stagnation points (cf. Banner and Melville, 1976).
This occurs under breaking wave conditions. The onset of white-
capping is generally at wind speeds of about 7 ms™, although

WIND —»

Figure 4. Schematic
reprasantation of the
wave rotor model (not
fo scale).

MIXED-LAYER

TURBULENT
BUFFER ZONE

depending on atmospheric conditions it may occur in wind speeds
as low as 4 ms! (Monahan and O’ Muircheartaigh, 1986).

In a wave-following coordinate system the air flow is reversed
from the wind direction at elevations below the critical layer, i.e.
the height where the wind speed equals the wave speexd (cf. Kraus,
1972). Droplets ejected from the sea surface are dragged along in
this reversed flow. Near the crest the flow has an upward compo-
nent which gives the droplets some extra lift. If the up-draught is
strong enough to lift the droplets above the top of the crest before
they impact in the wave surface, the wind drag changes their
horizontal direction and they are carried along to the next crest in
the direction of the wind. There they may be dragged downward
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due to the somewhat enhanced pressure that forces the flow back
into the trough. Here the whole process may be repeated.

During this process gravitation and turbulence are also active.
If W>xu, the particles are dragged downward and are likely de-
posited into the sea. In the other case, W<xu,, they might escape
the eddy into the mixed-layer. Since these processes are statistical
in nature, this distinction is not sharp. Only a fraction of the par-
ticles is expected to reach the mixed layer, which depends on size,
density and wind speed.

Once in the mixed layer the particles are subject to gravitation
and turbulent transport, while entrainment, subsidence and
stability also affect the concentrations (cf. Fairall, et al., 1984).

The exchange of particles between the surface layer and the
mixed layer is not limited to freshly produced droplets. ‘Aged’
particles that are trapped in the eddies are subject to the same
processes described above. Hence they might be resuspended or
deposited. Another interesting possibility is the interaction through
coagulation between aged particles and fresh droplets, which might
enhance the deposition rate.

In view of the above, the concept of a viscous sub-layer, which
is successfully used in the description of air-sea exchange of, e.g.,
humidity, might be less suitable to aerosol modelling. It is not
only the escape of the droplets through the sub-layer that has to be
considered, but also the transport of the droplets in the zone of
influence of wave-induced eddies. Previously we called this the
turbulent buffer zone, since the droplets may be temporarily
trapped in the eddies. In effect, this buffer zone may be considered
as an cievated and distributed source.

6. Discussion.

Particle size distributions and particle concentration profiles
have been measured near the air-sea interface with methods based
on different physical principles. Optical techniques employed were
photographic (Monahan, 1968), laser extinction measurements
(Wu, et al., 1984) and measurements of near-forward laser
scattering (de Leeuw, 1989a, b). Passive impaction methods were
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used by Chaen (1973) and Preobrazhenskii (1973); active impac-
tion methods were used by Chaen (1973) and de Leeuw (1986,
1987, 1989a). Various coatings were applied to retain the particles.
This requires different processing and calibration techniques.

The size distributions were measured under a wide range of mete-
orological and oceanographic conditions, at different locations.

This is reflected in the results displayed in Figure 1. Due to
changing meteorological conditions, the concentrations observed
during our measurements in the North Atlantic (de Leeuw, 1986)
vary over one decade. These data are representative for the average
of the other measurements in the same size range. Large
differences were observed, however, spanning almost four decades
at 10 yum to two decades around 100 um.

The shapes of the surface layer profiles are strongly dependent
on wind speed. The occurrence of non-logarithmic profiles under
breaking wave conditions was demonstrated by our experiments in
the North Atlantic (de Leecuw, 1986). The maximum in the profiles
was confirmed by the HEXOS experiments in 1984 (de Lecuw,
1987) and in 1986 (de Leeuw, 1989a, b). The analysis of these
profiles led to new insights into the surface production rate (de
Leeuw and Davidson, 1989). The application of a viscous sublayer
concept might need reconsideration. The use of an effective source
strength in mixed-layer models yields correct predictions of the
trends in mixed-layer aerosol profiles (de Leeuw, 1989c). Near the
surface, however, the predicted concentrations increase faster than
indicated by our data (de L.eeuw and Davidson, 1989). Hence the
surface production rates are overestimated. Better results might be
obtained by considering a distributed source function that extends
over the region where wave-induced eddies are active. The extent
of this region will depend on the meteorological and oceano-
graphic conditions. Empirical relations to esttmate the elevated
source strengths were presented in de Leeuw (1986). This simple
maoxdel is based on a single data set consisting of 17 profiles. Inclu-
sion of the HEXOS data is expected to lead to refinements yielding
a more reliable model. The results are important to quantify the
effects of droplets on, e.g., the processes mentioned in the
introduction. When they are trapped in the turbulent buffer zone
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more time is available for interaction with the surrounding air
pa:cels.

A wave-rotor model has been proposed to explain the observed
non-logarithmic profiles (de Leeuw, 1986). This concept is
supported by the observed wind speed dependence of the particle
concentrations at various elevations. Theoretically this wave rotor
model has not been verified yet. The extension of the numerical
calculations by Edson (Edson er al., 1988; Mestayer et al., 1989) to
include the wave-induced flow has been outlined in de Leeuw
(1989b). This approach can also be used 1o study the relative

importance of the wave rotor mechanism and particle transport by
turbulent air flow.
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Relationships Between Marine Aerosols,
Oceanic Whitecaps, and Low-Elevation
Winds Observed During the HEXMAX

Experiment in the North Sea.

Roman Marks and Edward C. Monahan
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Groton, CT 06340

Abstract

During the HEXMAX experiment in October - November
1986, the sea-salt acrosol mass concentration, its size distribution
and vertical profile, and the other meteorological parameters de-
scribing the Marine Atmospheric Boundary Layer, along with the
whitecap coverage and other relevant oceanographic parameters,
were investigated.

The sea-salt aecrosol mass concentration (S-SAMC) and its
vertical profile were measured using isokinetic air filtration units at
elevations of 4.5 m, 12 m and 18.3 m. Five size classes of the §-
SAMC were sampled using a multistage impactor (Sierra 230).
The whitecap coverage data were recorded with a video camera
system:,

The interrelationships between S-SAMC, wind speed and
whitecap coverage were determined. The results demonstrated a
marked enhancement of the S-SAMC at 4.5 m clevation when the
wind speed exceeded 10 ms™ and at 12 m and 18.3 m elevations
* KEXOS Contribution No. 21
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when the wind increased to above 15 ms™. Correlation coefficients
between S-SAMC and wind speed were found to increase with
wind speed and with increasing sizes of the sea-spray aggregates
dispersed in air.

1. Introduction

Sca-spray generation processes have been investigated and
closely correlated with wind speed (e.g. Woodcock, 1953, Blan-
chard, 1963, Garbalewski, 1980, and others). In the initial stage
the turbulent components of the air flow over the sea surface
generate fine ripples and capillary waves, which create rough
surface elements. Through such rough elements in a high fre-
quency range, the energy of air turbulence is transferred to the
developing wind waves. In a random wave field those waves that
have developed to the critical steepness will dissipate energy by
breaking and forming whitecaps. This is the main source of
bubbles at the sea surface. It is these bubbles which generate jet
and film drops upon bursting and affect the turbulent diffusion of
heat and moisture. When the wind-wave-whitecap system reaches
a high state of development the tearing of drops and water parcels
from the wave crests contributes further to the sea-spray flux to the
atmosphere.

During heavy storms or hurricanes water parcels from wave
crests as well as rough elements of the surface are mechanically
dislodged, creating an air/sea mixing zone. Furthermore, the sea-
spray production processes may be modified by other peripheral
conditions. These include wave breaking in shallow water, or at
obstacles (i.e. icebergs), air bubble advection in the ocean surface
layer, supersaturation of the sea water, wave-wave interaction, at-
mospheric precipitation, stability at the air/sea interface, and other
meteorological and oceanographic conditions. An attempt te
correlate sca-salt concentration with wind speed and other mete-
orological factors has been made by Lovett (1978). It was found
that total sea-salt concentration could be represented as a function
of the wind speed by the equation InQ=0.16u+1.45 (Q = sea-salt
concentration in Jgm* and u = wind speed in ms™). Exton ez al.,
(1983) conducted field experiments at a coastal site on the island
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of South Uist in the Outer Hebrides. They suggest that the s1z€
distribution of the sea-salt could be sub-divided into two ranges
separated at r~0.3 pm, the lower corresponding to long range
aerosol and the higher to locally-produced acrosol.

The complex interrelations between 10 m elevation winds,
whitecaps and marine aerosols were investigated by Monahan &f
al., (1983). They report the positive dependence of acrosol concen-
tration upon whitecap cover, increasing with droplet radius. The
total mass of the sea-salt aerosols as a function of wind speed 11(19)
and whitecap coverage were determinated by Marks (1987). In this
study, the static stability at the air/sea interface was found to
inhibit the sea-salt aerosol production. Vertical profiles of the sea-
salt aerosols have been investigated by Chaen (1973), Pre-
abrazhenskii (1973), Blanchard and Woodcock (1980), Blanchard
et al. (1984), de Leeuw (1986) and Stramska (1987). Furthermore,
some laboratory studies on the size distribution of particles in
profiles have been done by Wu (1979), Koga and Toba (1981) and
Koga (1984). Both the particle concentration and its variation with
height are strongly dependent on wind speed, and the average
concentration gradients decrease with decreasing particle diameter
at a given wind speed (de Leeuw, 1986).

The present investigation was carried out to combine the S-
SAMC and whitecap coverage data obtained during the HEXMAX
experiment. This effort is part of the intercomparison of the vari-
ous data sets collected to study the evaporation and spray-droplet
fluxes from the sea at the moderate- to high-wind speeds.

2. Measurements

Data were collected from the Dutch research platform Noord-
wijk, located 9 km offshore in the North Sea.

The S-SAMC observations consisted of measurements at three
heights; 4.5 m, 12 m and 18.3 m, and the measurement of sea-salt
size distribution at 12 m elevation. For profile measurements a
semi-isokinetic air filtration unit with adjustable air speed at the
inlet was used. A High Volume Cascade Impactor (5 stages),
Sierra 230, was used for the size distribution measurements.
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Whatman 41 filters were used for the actual collection of the
aerosol sampled by both instruments. The air-filtration-unit inlets
were oriented in the direction of the oncoming wind.

To collect a sufficient amount of aerosol, both sampling units
were operated in ambient air for 0.5-3 hours. After each run, cight
exposed filters were unloaded and pressed to get pills of about 1
cm diameter.

Neutron activation analysis was carried out on a total of 750
pills. Iradiation was performed for 10 minutes at 2 thermal neu-
tron flux of about 10% sec” cm® using the reactor at the GKSS
Research Centre (Fed. Rep. of Germany). The concentration of Na
was determined from the intensity of the 1368 kev Gamma-Ray
emission of Na-24 as measured with a Ge(L1) detector.

The whitecap coverage was recorded using a video camera, a
SONY Trinicon Model DXC 1800 P, and a color portable video
recorder (SONY Model V0-4800PS). The line-of-sight of the
camera was set 20° below the horizontal. The camera shelter itself
was fixed on the exterior of the platform at an elevation of about
12 m above the surface of the North Sea. The fraction of the sea
surface covered by young (stage A) whitecaps has been determined
for 159 periods during the experiment by analyzing the video
images with a Hamamatsu Area Analyzer (Model C1143-00).

Background meteorological and oceanographic data were
automatically recorded at 10-minute intervals by the platform data
acquisition system. The wind speeds measured 28 m above the
mean sca level were adjusted to the 10 m elevation wind speed
equivalent using the logarithmic wind profile law.

3. Sea-salt aerosol-total mass concentration data

The aerosol data obtained using the air filtration unit at 12 m
elevation were subdivided into five classes according to the differ-
ent air advection patterns present during the experiment. These
Classes were partitioned using 1000 mb air mass trajectories and
included air flow from a SW-NNW sector, from NNW-N sector,
fl‘_Om the English Channel, from the coastal zone, and from land. In
Fig. 1 the five classes of S-SAMC are presented as a function of
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Fig. 1. Sea-salt
aerosol mass
concentration of the
filtration-unfl versus
10 m wind speed for
different advection air
flows. Measurements
were taken at 12 m
elevation during dry
{points and curves)
and rainy {points
denoted by letters)
weather conditions.
Curves 3,4,7,10 are
described in Table 1.

the wind speed u(10) for dry and rainy weather conditions. The S-
SAMC data in dry weather, associated with air advection from
SW-NNW sector (curves 3 and 4), from a NNW-N sector (curve
10) as well as from the English Channel (in spite of rainy weather
condition), (points denoted by E), indicated a considerably higher
mass concentration than did the S-SAMC data associated with air
mass advection from the coastal zone (curve 7) or land (curve 9).
In the latter case the air had to travel over the sea a distance of 10-

20 km.

Samples collected during rainy weather are indicated in Fig. 1
by letters which correspond to advection air flow over: the English
Channel (E class for frequent rain, and EF class for fog and rain),
the North Sea, SW-NNW (N class) and the coastal zone (C class).
Generally, the S-SAMC data collected during rainy weather at 12
m elevation showed lower concentrations and larger variatons,
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identified with samples collected during foggy weather conditions
(see points denoted by EF on Fig. 1).

To study the influence of wind speed u(10) on S-SAMC the
samples collected when the air was advecting from the SW-NNW
sector (representing for the most part winds from over the North
Sea) were partitioned into two categories. The first included the S-
SAMC values measured when the wind speed were between 1 and
15 ms" (see curve 3 on Fig. 1), and the second category included
the S-SAMC values obtained when the wind was between 15 and
24 ms? (see curve 4 on Fig. 1). The differences in the slope of
these two curves show that the S-SAMC undergoes a marked en-
hancement when the wind speed exceeds 15ms! (see Table 1).;’.

Curve| DataSet | No.ofl Wind range Curve fit Corr.

No. points | (u in ms-1) coeff.

3 |NomhSea |24 1-15 M=5.6145 EXP{0.0823 u) 0.60
SW-NNW

4 |NotthSea | 6 15-24 M=0.0229 EXP(0.4562 u) 0.95
SW-NNW

7 |Coastal 25 417 M=1.4176 EXP(0.1417 u) 0.72

bar )
9 |Land 11 1-8 M=1.7704 EXP(0.0735 u) 0.46
10 |North Sea 7 7-14 M=6 9267 EXP(0.0786 u) 0.21
Table 1. Least squares exponential curve estimates fitted to the data
of sea-salt aeroso! mass concentration M{(ugm?) versus 10 m wind
speed u(ms), (measurements taken at 12 m elevation).

This initial analysis shows some remarkable differences in S-
SAMC associated with different air advection patterns over the
North Sea. These differences support the hypothesis that sea-salt
aerosol over the North Sea is of a mixed type, originating from
both Atlantic and locally emitting sources. Nevertheless, the
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S-SAMC can be related to the air/sea interaction conditions over
the North Sea itself, especially when wind speeds exceed 10 ms™.

In order to compare five earlier studies with our own, the data
have been expressed in the form In(M)=au+In(b) and are pre-
sented in Table 2. The associated value of the quantity a deter-
mined from our studies is seen to agree well with those obtained
by Woodcock and Lovett, under similar sampling conditions.

Authors Latitude | Site and Approximate | Max u a b
sampling height {msY) | (sm™) ! (ugm™)
Woodcock | 20°N Cloud base over 3B | 0.16 257
1953 Pacific Ocean (500m)
Tsunogai | 40°N-60°S | Ship on Pacific Ocean 18 | 0.62 0.33
ot &l 1972
Lovett S50°N-60°N | Weather ship 20 (0.16 4.26
1978 Atlantic Ocean
515 m
Kularni 19*N W. Indian coast 8 |0.27 5.35
of al 1982 1.8 km infand, 1.2m
Exton 57°N Hebridean beach 20 1 0.17 |1430
of al 1983 facing Atlantic 15 m
Present 52°N North Sea
Noordwijk platform
45m 24 (035 1.17
12m 24 | 017 239
18.3m 24 |0.16 2.65

Table 2. Published relationships between airborne salt concentration
M in ugmS, and wind speed u in ms™, assuming a refationship of the
form In{M)=au+In{b} where a and b are constants.

4. Five size classes of the sea-salt aerosol

Recognizing that the pumping system of the multi-stage im-
pactor was too weak to sample at the correct rate during heavy
wind conditions, the S-SAMC data obtained from the multi-stage

on
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impactor were corrected using the simultaneously measureqd data
from the isokinetic air filtration unit. This was done by multiplying
the original results obtained from each of five impactor stages
M(i,x=1,2,3,4,5) by the ration R=M(F)/(M(I) where M(F) and M(l)
are the total the S-SAMC obtained from the filtration unit and from
the multi-stage impactor respectively. Data processed in this
manner for the five size classes of S-SAMC were plotied in Fig. 2
as a function of wind speed u(10) for those samples collected when
the air advection was from the SW-NNW sector over the North
Sea. The results, delineated by the ten estimates fitted to the S-
SAMC data as In(M), show that giant particles (see stage 1), in the
size range 7.2-30 um in diameter, increase in concentration with
wind speed more rapidly than does the concentration of smaller
particles represented by the stages 2, 3, 4, and 5 which correspond
1o size ranges 3.0-7.2 um, 1.5-3.0 pm, 0.95-1.5 ym and 0.49-0.95
ym respectively. This is more obvious for wind speeds 1-15 ms™
(range A in Fig. 2). The few data collected for wind speeds 15-24
ms” (see range B in Fig. 2) are too scarce to give statistically

Fig. 2. Five size classas

Five stage impactor data of sea-salt aerosof mass
Norlh Sea, SW-NNW advection air concentration plotted as a
In (M) versus u(10) wind

speed. Measurements
taken at 12 m elevation.
Curves are described in
Table 3.

IS A B I

lliilll-’]j_lltllllll]]tll_!

0 4 8 12 16 20 24

u (10) in ms™




BUBBLE-MEDIATED SEA-AIR EXCHANGE
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significant results. The S-SAMC data of stage five (0.49-0.95 um)
were found to have the largest variation and the lowest correlation
with wind speed.

To present the spectra of the S-SAMC in Fig. 3 the S-SAMC
estimated for each of the impactor stages (see Table 3) were
plotted versus the mass median diameter of that stage for measure-
ments taken at 12 m elevation. Fig. 3 shows a gradual widening of
the mass spectrum towards the bigger sized particles as wind speed
increases. Furthermore, the correlaton coefficients between S-
SAMC and wind speed were found to increase with wind speed
towards increasing sizes of the sca-spray aggregates (see curve fits
in Table 3 and Table 5).

5. Vertical profiles of the sea-salt aerosol mass concentration,

As a first approach the profiles of the S-SAMC data were
studied as a function of wind speed. Results plotted in Fig. 4 for

01
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Curve | Data set/ Size cut-off in Curve fit Corr.
No. Wind range pm / stage no. coeff.
amn North Sea 7230 AN In{M)=-0.151140.1143 u | 0.69
312 SW-NNW 3.0-72 2 in(M)=1.1159+0.0685 u | 0.55
31/3 153.0 3 In{M)}=0.3783+0.0467 u | 0.46
31/4 Range A 0.95-1.5 /4 IN{M)=-0.10114+0.0480 u | 0.44
315 1-15 ms™ 0.48-0.95/5 In (M)=-2.0908+0,0620u | 0.16
3N North Sea 7.2-30 AH In{M)=-5.3906+0.4550 u | 0.94
312 SW-NNW 3072 2 In(M)=-4.5049+0.4543 u | 0.95
313 1.5-3.0 3 In(M)=-5.78504+0.4772 u | 0.96
31/4 Range B 0.95-1.5/4 In(M)=-6.3053+0.4774u | 0.97
N5 15-24 ms”’ 0.49-0.95/5 In (M)=-2.2902+0.1552u | 0.71
321 North Sea 7.2-30 N In{M)=1.84440.104 In{W) | 0.39
a2 SW-NNW 3.0-72 2 In{M)=2.521+0.079 In(W) | 0.37
3213 1.5-3.0 /3 In{M)=1.295+0.059 In(W) | 0.31

32/4 Range A 0.95-1.5 /4 In{M)=0.801+0.056 In{W) | 0.30
32/5 1-15 ms?! 0.45-0.95/5 In {M)=0.043+0.103 In{W) | 0.45
321 North Sea 7.2-30 N In(M)=1.844+0.104 In(W) [0.39

3272 SW-NNW 3.0-72 2 In{M)=2.521+0.079 in(W) |0.37

3273 1530 3 In{M)=1.295+0.059 In(W} |0.31

32/4 Range A 0.95-1.5 /4 In{M)=0.801+0.056 In(W) |0.30

zns 1-15 ms™! 0.45-0.95/5 In {(M)=0.04340.109 In{W} | 0.45

Table 3. Least squares curve estimates fitted to the In (M) data of five size
classes of S-SAMC M(ugm?) versus 10 m wind speed u(ms™') and In(W) white-
cap covarage W (fraction).

three elevations, 4.5 m, 12 m and 18.3 m, show a marked enhance-
ment in concentration at 4.5 m elevation of the S-SAMC when the
wind speed exceeds about 10 ms™, and at 12 m and 18.3 m
elevations when the wind speed exceeds 15 ms™. The average
vertical profiles of the S-SAMC were calculated using the curve
fits 25, 26 and 27 (described in Table 4) and are shown for differ-
ent wind speed conditions in Fig 5. The profiles illustrate that
when the wind speed exceeded 10 ms* the S-SAMC gradient
between 4.5 m and 12 m elevations increased dramatically with in-
creasing wind speed. At the same time the gradient of the S-SAMC
between 12 m and 18.3 m appears to increase slightly with increas-
ing wind speed.
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6. Variation of sea-salt aerosol mass concentration with white-
cap coverage

Values of S-SAMC (M in ggm?), at4.5m, 12 mand 183 m
height obtained almost simultaneously with whitecap coverage (W
fraction) are plotted as In(M) against In(W) in Fig. 6. The S-SAMC
data were again partitioned into low-wind-speed (range A) and
high-wind-speed (range B) data. For the 4.5 m S-SAMC data the
split (range A / range B) was made at 10 ms”. For the 12 m and
18.3 m S-SAMC data the split was made at 15 ms™'. Curves fitted
to the data from both range A and range B and for all three heights
are included in Fig. 6. The results show a marked enhancement of
the S-SAMC at 4.5 m elevation when whitecap cover exceeds
about 5.73 x 10 (which corresponds to W, (u(10)=10 ms™)) and
at 12 m and 18.3 m elevations when W, exceeds about 2.03 x 10°
(which corresponds to W, (u(10)=15 ms’ 1)

To complete the prcscntation of the results, the S-SAMC data
obtained from the multi-stage impactor at 12 m elevation were

93



H. MARKS and E.C. MONAHAN

Curve | Dataset | Height [Wind range Curve fit Corr.

No. inm {uin ms') coeff.
25/A | NorthSea | 45 1-10 In(M)=1.251240.1793u | 0.76
258 SW-NNW 10-16 In{M)=-5.3887+0.7917 u | 0.76
26/A | North Sea | 12 1-15 In(M)=1.8540+0.0729 u | 0.59
268 SW-NNW 15-24 In(M)=-3.7904+0.4573 u | 0.95
27/A | North Sea | 18.3 1-15 In(M)=1.9355+0.051 u | 0.45
278 SW-NNW 15-24 in(M)=-3.6587+0.4403 u { 0.97
2B/A North Sea 4.5 1-10 in(M)=3.00+0.048 In{W) 0.21
288 | SW-NNW 10-16 In(M)=9.39+-0.852 In(W) | ©0.39
29/A | North Sea | 12 1-15 In(M)=3.24+0.078 In(W) | 0.40
2958 | SW-NNW 15-24 In(M)=3.8141.218 In(W) | 0.88
30/A | NorthSea | 18.3 1-15 In(M)=3.6804+0.139 In(W)| 0.66
308 | SW-NNW 15-24 IN(M)=9.27+1.2314 In(W)} 0.95
Table 4. Least squares curve estimates fitted to the In (M) data of five size
classes of S-SAMC M(pgm™) versus 10 m wind speed u{ms™) and In(W) white-
cap coverage W (fraction),

obtained from the multi-stage impactor at 12 m elevation were
plotted as In(M) versus In(W) in Fig. 7. The results, described by
the ten least squares linear curve fits show that S-SAMC within the
measured size ranges of 0.49-30 um (stages 1, 2, 3, 4 and 5) under-
goes a marked enhancement when W, exceeds a value of

2.03 x 10 (which corresponds as abovc to W, (u(10)=15 ms™)).

7. Conclusion

The sea-salt aerosol mass concentrations over the North Sea
show remarkable differences that depend on whether the air is
advected from the English Channel, from the SW-NNW sector,
from the NNW-N sector, from coastal zone, or from land. This
indicates that S-SA over the North Sea is of a mixed type, originat-
ing from both Atlantic and locally emitting sources. The sea-salt
acrosol associated with air advected from the NNW-N sector, as

F




BUBBLE-MEDIATED SEA-AIR EXCHANGE

20 ,.]...1 WYY ey T v TW F'g. 5- ComparlSOﬂ
of vertical profiles of
? sea-salt aerosol
_ I 1 mass concentration
bt . ] for different wind
speeds.
12
£
LS
£ 48
=n
@
= |
A
4t n oW o a7
~ ~~ ~
E & = =]
) o ul )
| ~— — A
0 1 Ji s I I ) I 1
¢ @2 4 b 8 10 12
In(M)

aerosol associated with air advected from the NNW-N sector, as
well as from the English Channel, were found to have a considera-
bly high mass concentration than that associated with air masses
advected from other sectors. In both of these high concentration
cases the wind fetch over the sea was not limited by contact with
land. This supports the proposition that fetch is one of the parame-
ters influencing the aerosol emission from the sea surface and the
aerosol loading of a given air mass. A marked enhancement of the
5-SAMC was observed at 4.5 m elevation when the wind speed
u(10) exceeded 10 ms™ and at 12 m and 18.3 m elevations when
the wind speed was greater than 15 ms™. In addition, the vertical
gradients of S-SAMC between 4.5 m, 12 m and 18.3 m were small
under conditions of light to moderate winds (i.e. u(10) less than 10
ms’'). When the wind speed exceeded 10 ms™! the vertical gradient
of the S-SAMC between 4.5 m and 12 m elevation increased
dramatically with increasing wind speed. This could be interpreted
as a reflection of the increasingly important contribution to the at-
mospheric salt budget of spume drops, (see also Monahan er al.,
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1983), At the same time the magnitude of the S-SAMC gradient
between 12 m and 18.3 m showed only a slight tendency to in-
crease with increasing wind speed. Analysis of the five size classes
of the S-SAMC showed a gradual widening of the aerosol size
spectrum towards bigger sizes of particles when the wind speed
increased. The S-SAMC of particles larger than about 1 um were
found to be sensitive to both wind speed and whitecap coverage.
Furthermore, the correlation coeffients between the S-SAMC and
both u(10) and W, increase with increasing wind speed (see Table
5). Sea-salt particles within the size range 0.49-0.95 yim seem to be
mostly advected from afar, but their mass concentration was also
found to increase with whitecap coverage and wind speed, espe-
cially under high-wind-speed conditions.

The fractional whitecap coverage was found to be direcily
cotrelated to the S-SAMC. This is more evident when whitecap
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coverage fraction exceeds a value of 5.73 x 10 for the S-SAMC data
measured at 4.5 m elevation and when W, exceeds about
2.03 x 102 for the S-SAMC data measured at 12 m and 18.3 m eleva-
tions. Within the high-wind-speed range, correlation coefficients be-
tween S-SAMC and W, were found to be even better than between S-
SAMC and u(10), (see M(W, ) and M(u(10)) fits in Table 5). In es-
sence, this result is consistent with the recently published work by
Monahan, (1988), which suggested that whitecap coverage should be
more directly related to bubble injection rate and sea surface aerosol
flux than to either u(10) or wind friction velocity.

The results outlined herein are part of the HEXMAX Experiment
and will be subject to further analysis.
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[ Sizecutoff Wind speed Correlation coefficients
points in u{10) range Exp.fit  Exp. fit Lin. fit Lin. fit
pm / Height _in ms™ Mu0) ~ MW) M(u(10) MW

7.2-30 1-15 0.69 c.07 0.78 0.02
12m 15-24 0.94 0.88 0.96 099
30-7.2 1-1§ 0.56 0.12 0.67 0.C5
t2m 15-24 0.95 0.84 0.96 0.99
1.5-3.0 1-15 0.46 0.17 0.60 0.12
12 m 15-24 0.96 0.92 0.96 0.99
0.95-1.5 1-15 0.43 .21 0.39 0.15
12m 15-24 0.97 0.92 0.96 0.99
0.49-0.95 1-15 0.16 0.20 0.32 0.14
12m 15-24 0.71 0.78 0.95 0.99
Total mass 1-10 0.69 0.04 0.54 0.01
45m 10-16 0.66 0.42 0.59 0.35
Total mass 1-10 0.65 0.13 0.72 0.07
12m 15-24 0.95 0.89 0.96 099
Total mass 115 059 | 0.48 0.74 0.47
183 m 15-24 0.96 0.91 0.96 0.99
Table 5. List of the comrelation coefficiants of exponential and linear least
squares estimates fitted to the sea-salt aerosol mass concentration (M) data of
five size classes and vertical profiles, versus u(10) wind speed and whitecap
coverage (W) data,
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Abstract

Deep-ocean wave breaking and the transformations that it
provokes in ocean upper layers, surface micro-layer and atmos-
pheric surface layer represent such a complex ensemble of interre-
lated phenomena that the laboratory experimental approach to their
study is neither simple nor even universally recognized. Neverthe-
less, the large Air-Sea Interaction Simulation Tunnel at IMST
appears to be the key facility for a series of fundamental studies of
the processes involved in breaking waves, air-bubble entrainment
and spray-droplet generation and the subsequent enhancements of
sea-to-air fluxes of gases, moisture and aerosols. The experimental
approach delineated by these studics is illustrated by the presenta-
tion of the program focused on the generation, transport and
evaporation of bubble-mediated spray-droplets in turbulent fields.

1. Introduction

Deep-ocean-breaking waves induce such a large number of
associated phenomena that their presence can be considered as
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defining a fully different domain of study of the air-sea interac-
tons: most of the relationships that describe the surface transfers
in calmer sea states are no longer, or not fully, valid. The dynam-
ics of the wave breaking have a direct influence on the generation
of currents and turbulence in the water body, hence on all phenom-
ena depending on the mixing of oceanic upper layers. The surface
geometry and its disruption probably have some influence on the
dynamics of the atmospheric surface layer and on surface wind
stress. Moreover, breaking waves disrupt the chemical and organic
surface films; they produce and they entrain air bubbles in the
water body. Due to their entrainment under the surface, their
physico-chemical exchanges with water at various depths, and
their bursting at the surface, these bubbles are responsible for sea-
to-air exchanges of gases, moisture and dry nuclei that cannot be
described by the same relationships as the surface transfers.

The interconnections of phenomena of very different natures,
c.g. the strong influence of the water and surface-film chemistry on
gas and moisture exchanges, increase the complexity of sea-to-air
exchanges by about one order of magnitude. The scarcity of
reliable observations in the open sea, in addition to the large
number of variables known to be strongly interconnected makes it
dangerous to deduce relationships from mere statistics.

On the other hand, it has often been claimed that this large
number of interconnected variables makes it useless to study any
part of the phenomena in isolation in the laboratory. This point of
view is based on the idea that the results from incomplete simula-
tions are statistically nearly never representative of the “real
world" or that their representativeness is, at best, poorly known.
Nevertheless, it is true that in the laboratory the purely statistical
approach is quite handy but of little use when the laws of similarity
with “real world” phenomena are cither unknown or inconsistent.

-000-

The most usual approach in tunnel simulations can be called
the “scale model.” The processes under scrutiny can be described
by relationships that can be written in a dimensionless form by
means of a limited number of independent scaling parameters, that
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then depend on a small number of dimensionless variables, the
similarity parameters. The laboratory simulation then consists of
(i) determining the ranges of values of the similarity parameters
that can be explored in the facility, (ii) determining the values of
the dimensionless functions in those ranges by means of a statisti-
cally representative number of measurements, using either or both
of the two basic properties of laboratory facilities: stationary and/
or ergodicity. In this context, the quality and quantity of results are
determined only by sensor capabilities and hourly costs.

Most laboratory facilities are designed to scan a range of values
of only one similarity parameter, occasionally two in combination,
but very rarely more than two. The large air-sea interaction simu-
lation facility at IMST Luminy Laboratory has the capability of
scanning quite independently a handful of similarity parameters;
among which are Reynolds numbers of the macroscopic flow, e.g.
fetch Reynolds numbers Re =U X/v and roughness Reynolds
number Re, = u,z /v, and of the turbulence micro-structure, ¢.g.
wrbulence Reynolds number R, = u' A/v based on velocity fluctua-
tion rms u' and Taylor microscale A ; Richardson number or
stability parameter z/L. based on Monin-Obukhov length L;
Nusselt and Sherwood number (dimensionless surface fluxes of
heat and vapor); wave age c/U, Froude number (g H, , /U?)" and
dimensionless fetch gX/U?. Coantic, et al., (1981) have demon-
strated that the extended capability of this unique facility was the
key to the extension and quasi-continuity of the simulations that
had been realized by that time. The results that they reported
ranged from atmospheric surface layer and wavefield dynamic
structures to the surface transfers of mechanical energy, momen-
tum, sensible heat, vapor and gases.

When studying the breaking wave dynamics and moreover the
phenomena associated with, or generated by, breaking waves, the
“scale model” approach does not work anymore due to the incom-
patibility of the various similarity parameters. Then what? Should
we completely dispense with laboratory study? As we do not
know enough to design numerical models of these phenomena that
are altogether complete, realistic and tractable, without including
too many useless calculations, must we rely only on the merely
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statistical approach, with the danger of artificially correlating
uncorrelated observations?

There are still two approaches to laboratory studies, that can be
called “partial simulations™ and “process studies”. Very close in
experimental practice, they differ mainly from an epistemological
point of view and this makes them produce very different results.
They both realize laboratory experiments that do not respect all
similarities. With the concept of “‘partial simulation” in mind, the
experimenter is aware that his laboratory experiment is not really a
simulation, but he considers his results to be nevertheless pertinent
for the real phenomena. Of course, this concept is both fruitful and
dangerous: fruitful because it can bring new insights by rapidly
producing new results; dangerous because it can produce results
that are actually fully foreign to the problem. This is why this ap-
proach always brings endless discussions about the validity and the
utility of the results. In fact, many people claim that all laboratory
simulations are in essence only partial simulations: this generali-
zation leads the pessimistic ones to consider therefore that all labo-
ratory sirnulations are useless, and the optimistic ones that any
partial simulation can be useful. Of course, we shall follow neither
of those; but let us only note that the concept of partial simulation
cannot be driven too far without hazards, especially that of passing
over a critical value of one of the similarity parameters.

The last approach to laboratory experiments proceeds from a
different point of view. In a “process study” the experimental
work is usually not the central one, although it can be essential.
The major effort of the study consists in defining the means to
isolate a given process in order to build a theoretical or, more often
nowadays, numerical model able to simulate it properly. The
construction of the model of course implies the design of simplify-
ing hypotheses. Most of those can be drawn from previous works
but some can be tested by building up specific experiments. In this
approach it is not by chance that the experiments look artificial; it
i5 just that they are antificial. Actually they can have very little in
common with the appearance of the process in the real world: they
only pertain 1o the world of the model and the results of the meas-
urements to the qualitative or quantitative hypotheses of the model.
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But, of course, very often the phenomena in the laboratory
experiments do look somewhat like some phenomena of the rea]
world. In that case, as we must give up the concept of “simula-
tion,” we should probably develop the concept of “emulation.”
Indeed the laboratory experiment is much more than a simple
imitation: quite often it can be “better” than the original because it
is purer, it is isolated from its untractable envelope of associated
phenomena.

This approach is not new. Most often the emulations realized
in the context of a process study take place in ad hoc facilities built
on purpose with modest sizes and life expectation. In the domain
that is under examination here we should note two interesting
process studies associated with emulations: Melviile’s (1982)
study of the instabilities leading deep-water waves to breaking, and
Beard and Pruppacher’s (1971) study of the evaporation of small
water drops falling in air.

The “process study” concept can be extended to the cases when
the model is not pre-existent to the emulation but the emulation is
built for the purpose of providing model foundations, and not for
an abortive partial simulation.

-000-

The IMST large wind-wave flume has been built to simulate
the ocean-air surface processes, and Coantic et al. (1981) showed
that it has largely fulfilled its mission. It is certainly not able to
produce a complete simulation of deep-water wave breaking
because this phenomenon implies not only surface processes but
also underwater and above-surface interacting processes. Never-
theless it presents such capabilities that it appeared these last years
as the key to a rather complete series of process studies ranging
from high steepness wave instabilities 1o spray-droplet evapora-
tion, The noteworthy advantage is that all associated emulations
were realized in the same facility. Let’s hope that connections can
be realized between these various process studies.

First, we would like to briefly describe this series of indepen-
dent studies. Then we shall describe the spray-droplet emulation
program and see how it can contribute to determining the enhance-
ment of sea-to-air moisture flux.
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2. Wave breaking emulations and process studies at IMST

Most of the research programs related to breaking waves are
not finished yet. Therefore, it is not yet time to draw conclusions
from these efforts, nor the time to synthesize them. Nevertheless,
it is interesting to see how the capabilities of the facility helped
start these process studies.

1. The non-linear wave dynamics have long since been studied
at IMST by developing in parallel the theoretical and experimental
approaches (¢.g. Ramamonjiarisoa et al., 1978; Ramamonjiarisoa
and Molio-Christensen, 1979). The more recent efforts are charac-
terized by the development of performative numerical algorithms
to compute wave characteristics. In particular this numerical
development allows the computation of the three and two dimen-
sional superharmonic instabilities of deep water gravity waves
leading to the wave breakings (Kharif and Roux, 1984; Kharif,
1987; Kharif and Ramamonijiarisoa, 1988). Interestingly, as very
steep wave instabilities cannot yet be properly obtained and meas-
ured in the wave flume, the validity of the numerical technique has
been assessed by the experimental emulation of a different process,
the apparition of some superharmonic three dimensional instabili-
ties on moderately steep waves (Viguier, 1985).

2. Inside the same theoretical frame, a program to investigate
the geometrical and kinetic characteristics of emulated two-dimen-
sional gravity waves is being developed. This program is based on
2 semi-lagrangian visualization system: a lighting device able to
illuminate a 10 mm-thick longitudinal slice of a wave profile about
onc wavelength long, and a 16 mm movie camera taking 500
frames-per-second are fixed on a carriage moving along the tunnel
at about the wave celerity. The digital analysis of the profiles
allovfs following the transformations of the wave geometrical char-
acteristics just before and during the breaking, e.g. their local
steepness (Bonmarin and Ramamonjiarisoa, 1985). This study is
currently being extended in two directions: (1) calculations of the
energy exchange during the breaking; (ii) determination of the air
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mass entrained during wave breaking and its kinematic further
behavior (Bonmarin, 1986).

3. Air entrainment is considered to be the process associated
with wave breaking that has consequences more difficult to pre-
dict. This is especially important for the studies of heat, vapor and
gas exchanges between sea and atmosphere. In at least two simy-
lation programs, the limits of the simulations have been Clearly hit
from the outset of breaking waves. The vapor transfer study of
Resch and Selva (1977, 1979) is a most typical and successful
simulation study. One of their most interesting results is their
determination of the relationships between the Sherwood number,
representing the vapor surface flux, the fetch Reynolds number
Re_ =U_X/v and a bulk Richardson number Ri_ characterizing the
density stratification. Their large set of fine statistics yields Sh =
00073 Re " (1-17 Rig ). But, as soon as they observed breaking
waves, their data abruptly deviated from this relationship and
indicated an acceleration of the vapor flux at least as strong as
Sh o< Re? (Resch and Selva, 1977). This is a brutal change of de-
pendency, obviously more brutal than the changes observed over
the sea (Friche and Schmitt, 1976; Francey and Garrat, 1978), an
obvious sign of similarity termination.

Let us nevertheless note here that Coupiac (1979) managed to
extend the similarity. To take into account some of the effects of
the wave-wind coupling, he considered the dependency of vapor
flux on the wave age cU_ and steepness H/A His study yields:

Sh=0.004 Re, ?(1-Ri }c/ U)™¥ M
with no definite influence of wave steepness. But of course, the
validity range of this similarity law does not encompass the break-
ing wave outset.

4. In a gas exchange simulation study, Merlivat and Memery
(1983) also abruptly met a similarity limit. They were measuring
the dependency of nitrous oxide and argon transfer velocities on
wind speed or friction velocity, and wave age. The transfer
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velocity k, is a normalized surface flux defined by:
k, =F§7'(c,~c,)™" @

where F is the gas flux through the area S and ¢ and c_ are the gas
concentrations in air just above surface and in the water just under
surface, respectively. For U < 9 ms’, they observe clear linear
variation of k, with wind speed for both gases. But for higher
wind speeds (U > 9 ms™) they put in evidence a sudden jump of
the values of k, up to a factor of 3, due to the outset of breaking
waves and the entrainment of air bubbles through which extra gas
transfer takes place.

Memery and Merlivat’s (1983) work represents a typical
example of the “process study” approach. Facing this similarity
limit, they gave up the similarity concept sustaining relation (2), to
design a model of the bubble contribution to the flux itself. Pro-
vided relatively crude assumptions on the bubble dynamics in the
sub-wave turbulent field, the bubble generation process and the
bubble spectral distribution, this model focuses on the water-
bubble gas transfer and the bubble transport to the surface. It
emphasizes the important role of gas solubility and the difference
of the role of concentration gradient in wave-wind tunnel and at
the ocean-atmosphere surface. Finally it introduces the effect of
surfactants. The tunnel data, that were obviously dangerous to
directly “export” to the ocean conditions, provide a good test bed
for the model that is shown to be in good agreement with the rare
observations made at sea.

5. Various attempts to describe the near-surface bubble popu-
lation by general similarity laws have been recently summarized
by Wu (1988): the bubble concentration would vary proportionally
to the exponential of depth z and to wind speed at power 3.5, its
spectral distribution being universally proportional to r* for radii r
larger than 50 pm. Unfortunately these relationships do not appear
to be clearly supported by physical bases but result essentially
from statistical combinations of experimental data. Moreover the
experimental observations are not numerous, their results are quite
scattered and they differ in nature, ¢.g. measurements of global
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concentrations, of bubble spectra, of acoustic scattering cross
section, so that they take a common statistical significance only
inside the author’s reducing and a-priori “model”. The handiness
of such relationships should not mask the fact that although they
look like similarity laws, they are not.

To explore the mechanisms of generation and dispersion of the
bubbles and their significance for predicting bubble populations
close under and at the surface, Baldy (1987, 1988) and Baldy and
Bourguel (1985, 1987) adopted a “process study” approach in
adequacy with IMST tunnel emulation capabilities. In a first stage
Baldy and Bourguel (1985) developed a technique to estimate
several local statistical characteristics of bubbles produced by
breaking waves in the tank, such as concentration probability func-
tions, crossing frequencies, arrival time intervals and speed distri-
butions. This technique is based on the adaptation of a laser-based
single-particle probe previously studied by Avellan and Resch
(1982) to the flume experimental conditions of sampling time,
bubble density and probe position. But an important part of the
technique stands in the original software that they specially de-
signed for IMST Luminy Laboratory numerical system to acquire
and process on-line the probe peculiar signal, in order to record the
only data necessary to estimate the upper-mentioned statistical
characteristics. In particular this real-time software accounts for
the laser beam light nonuniformity, oblique crossing and multiple
reflexion problems.

In a second stage Baldy and Bourguel (1985 and 1987) fully
documented a small number of breaking wave conditions, at all
depths from the deepest bubble observation to the surface, with
even measurements between wave troughs and crests. The high
statistical significance of the data thus obtained allowed Baldy
(1988) to ascertain the relative importance of the two main mecha-
nisms, production and dispersion, in two different depth zones.

Because the statistical characteristics obtained by the measure-
ments are in principle exactly representative only of the docu-
mented flume breaking-waves, the last stage consists of incor-
porating understanding of the mechanism so deduced into a gen-
eral model of the generation-dispersion process, and to test it
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with tunnel and ocean data (Baldy, 1987).

6. It has already been shown clsewhere that the direct tunnel
simulation of spray-droplet production by breaking waves 1s at best
misleading becausc it involves several similarities that cannot be
verified simultaneously in a laboratory facility (Monahan et al.,
1982). This is even more true if we do not consider the droplet
generation at the surface itself but above the waves, in connection
with their potential production of water vapor on the one hand and
aerosols on the other hand (Mestayer and Lefauconnier, 1988).
Yet, it appears possible to short-circuit most of the phenomena in
order to study only the mechanisms of interaction between the
spray-droplets and their turbulent environment, that are finally re-
sponsible for the production of vapor and aerosols. Companion to
the larger cooperative program HEXOS that primarily relied on the
statistical approach of in-situ measurements, HEXIST is a process
study program based on simultancous cfforts in model develop-
ment and emulation documenting, in IMST large flume and other
facilities like the whitecap simulation tank of the Marine Sciences
Institute, at the University of Connecticut.

3. The HEXIST Program

HEXOS (Humidity Exchange Over the Sea) is a large coopera-
tive program of research on sea-atmosphere exchanges of momen-
tum, heat, vapor and aerosols during gale and storm winds (Katsa-
ros et al., 1987). As a companion program, HEXIST (HEXOS
Experiments In Simulation Tunnel) focuses on small-scale proc-
esses that are both inherent to these conditions of the marine
atmospheric surface layer and difficult to study in isolation in-situ.
The central point of interest is the evaporation of spray-droplets
during their transport by turbulence in the turbulent fields of
temperature and water vapor concentration of the atmospheric
surface layer.

. The program has been built to take advantage of both emuia-
non'capabilitics of IMST large flume and of ongoing studies by
participants. This is why we basically set aside in this program
such processes as large droplet “chopping™ by higher winds
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(Monahan et al., 1983), the behavior of isolated bubbles and
bubbles in plumes (see previous section and Monahan’s review in
this issue), the dynamics of air in the zone between wave troughs
and crests (Baldy, 1977; Davidson and Frank, 1973) and their rela-
tionships with aerosol concentrations very close to the surface (de
Lecuw, 1986 & 1987), the entrainment of dry aerosols above the
muarine surface layer (Fairall er al., 1983 and 1984; Fairall and
Larsen, 1983).
In its present state, the HEXIST program deals mainly with the
following processes:
1. the production of bubble mediated spray-droplets,
2. the transport of spray-droplets by turbulence,
3. the evaporation of droplets in a turbulent ficld of water
vapor concentration,
4. the flux of water vapor in the presence of spray-droplets,
5. the structure of the turbulent fields in the presence of evapo-
rating droplets.

HEXIST originated in 1982 when the members of the HEXQS
Dissipation Group decided to try to separate the effects of droplets,
sca state and wind speed on the flux estimates, in the controlled
environment of IMST tunnel. We stumbled at first over the obvi-
ous impossibility of realizing an exact simulation, and it was not
until 1984 that the concept of the parallel development of numeri-
cal models and artificial tunnel emulations really took shape.

In November 1984, we realized a first series of measurements
of the vertical profiles of U, T, q in the presence of breaking waves
produced by the combined actions of the hydraulic wave generator
and high winds. These measurements demonstrated that the effects
of droplet evaporation were measurable and could even be large
(Lefauconnier, 1985).

In December 1984, the first HEXIST Planning Meeting, held

at the Naval Postgraduate Schoo! (Monterey, California), estab-
lished the connection with the cooperative work made in the tank
in Galway (Monahan er al., 1982), the study of the generation of
droplets by a simulated whitecap and the decay of the droplet
spectrum for zero-wind conditions. We then decided to
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concentrate our efforts on the droplet evaporation process and to
set aside the important problem of the influence of the wavy mo-
bile surface. In the tunnel we should produce sprays by artificial
bubbling devices and dispense with generating breaking waves.

In 1985, three campaigns of measurements took place in March
(HEXIST Q), June (HEXIST 1) and July (HEXIST 2).

In these experiments, the droplets were produced by a simu-
lated whitecap. This whitecap was generated by a “spray bubbler”
consisting of an array of porous ceramic elements similar to those
found in aquariums. The spray bubbler produced a continuous and
reproducible whitecap of approximately one square meter corre-
sponding to an upwind whitecap fraction of roughly 2% (the
equivalent of a 13 ms™ oceanic wind speed). Droplets were then
measured at several different fetches downwind of the whitecap
under various conditions in order to study the effects of wind speed
and humidity on the above processes.

The feasibility campaign of measurements HEXIST O allowed
determination of the experimental procedures. It furnished basic
data about the background dust spectra, the spray-droplet produc-
tion by the spray bubbler, compared to that of the breaking waves,
and the bulk effects of the turbulent transport and evaporation of
these droplets (Mestayer and Lefauconnier, 1988).

The informal HEXIST meeting number 2 was held at IMST at
the end of HEXIST O (March 1985). We then drew technical
conclusions from the feasibility experiments, refined HEXIST 1
and 2 planning, and cast the bases of our numerical models.

The exiensive cooperative experimental documentation of the
impact of the local source of droplets was realized in two succes-
sive campaigns in June-July 1985. During HEXIST 1, about 300
size-concentration droplet spectra were obtained with the CSAS
(1.5 pm to 12 pm radii) and OAP (6 to 150 pm) spectrometers,
with winds ranging from 0 to 13 ms™, relative humidities from 98
to 55 %, distances from the droplet source to the probes from 0 to
9 m. During HEXIST 2, 9 conditions were repeated for measure-
ments of the vertical profiles of U, T, q means and turbulence
statistics (Fairall er al., 1986; Mestayer ez al., 1988.a).

In 1985-86 the PSU group started the development of a random
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walk Lagrangian model to describe the turbulent advection of
evaporating droplets from a local source in connection with HEX-
IST 1 data (Edson, 1987). The IMST group reduced the turbulence
data from HEXIST 2 and worked out the bases of a droplet “spec-
tral” model in homogeneous turbulent flow (Mestayer and Lefau-
connier, 1988).

A workshop on measurements and modeting the sea spray and
its effects on scalar fields and fluxes was held at Pennsylvania
State University on April 28-29, 1986, to review the experimental
*“certainties” and the existing relevant numerical models.

Forescen in 1988, the second part of the HEXIST program was
decided and planned during this workshop. This decision resulted
from the following conclusions:
= On the one hand, HEXIST O demonstrated that a field of break-
ing waves, spread over several tens meters, noticeably transforms

the vertical profiles of p_ and T (Mestayer and Lefauconnier,
1988).

« But HEXIST 2 demonstrated that our turbulence probes were not
able to quantify the transformation of the turbulent fields due to the
evaporation of droplets generated by a 1-m? spray bubbler local
source.

 On the other hand, HEXIST 1 and the Lagrangian model demon-
strated that the whitecap simulation by means of the spray-bub-
blers was a convenient technique to evaluate the droplet behavior
(Edson, 1987).

« But the construction of an Eulerian model describing the humid-
ity field-evaporating droplets interactions, necessary to evaluate
the transformations of the turbulent scalar fields and the final vapor
flux, is too complex in HEXIST the 1-2 geometry: a.8-m wide
plume inside a .75-m high, 2-m wide boundary layer.

We therefore decided to i) increase the number of droplets and
the air-droplet interaction domain, ii) realize a flow geometry for
which the air dynamics can easily be described in a first order
numerical model, iii) keep the independency of the transfer proc-
esses of heat, vapor and spray droplets. We choose the geometry
of a fully-developed boundary-layer of spray droplets matching the
boundary-layer of temperature and vapor concentration over the
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water surface (Mestayer ef al., 1988.b). In the tunnel, the homoge-
neous transfer of droplets at the surface is realized by immersing a
30-m long spray bubbler net.

This configuration is currently studied by means of the CLUSE
Eulerian “spectral” model in development at IMST (Rouault er al.,
1988) and the PSU Lagrangian model, extended to describe the
behavior of the droplets generated by an homogeneous surface
SOurce,

A full experimental documentation of this configuration has
been realized during a 6-week cooperative experimentthat gathered
together all participants in the program. This documentation
includes droplet concentrations with several types of spectrome-
ters, mean profiles of U, T, q, and u', w', 6", p’, spectra, structure
functions and fluxes. In addition, we measured some bubble
spectra, water chemicals and surfactants effects on the bubble
production, and variations of droplet production with water tem-
perature. We also realized one test of the wave-rotor model (de
Lecuw, 1988) over periodic waves produced by the hydraulic wave
gencrator,

Furthermore, short independent experiments, PETIT CLUSE 1
to 4, are devoted to improve the determination of the statistical
relationships between the spectrum of the generated droplets and
the spectrum of the parent bubbles. These experiments 100k place
in 1988 and 1989 in IMST-Luminy 2-m® glass aquarium and in the
whitecap simulation tank of the Marine Sciences Institute of the
University of Connecticut.

4. First results on water vapor flux enhancement

In a program coupling tunnel emulations and numerical
models, the final results are produced only by the end of the pro-
gram. Nevertheless we can mention a few global calculations
obtained during the HEXIST studies.

Mestayer and Lefauconnier (1988) estimated the total amount
of water vapor released by dropiet evaporation, by integrating the
measured droplet volume concentration spectra over all radii.
Thesc integrations give estimations of the total concentration of
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liquid water M_ present in the air. Their data indicate for instance
that, at U = 3 ms’', at a distance D of 5m from the droplet source,
these total liquid water concentrations were M, = 3.5 - 10° kgm™ at
a relative humidity of 95% and respectively 2.1 10 kgm at 85%
and 1.05 - 10° kgm? at 50%. From these numbers, global evapora-
tion rates M, can be estimated by means of relation:

M, =0M,/dt=—9M,_/dt=—AM,/ At (3)
or M (RH%)=[M_(95%)-M(RH®)}/[D/U,] &

By taking U, =0.75 U, they obtained M_ (85%) =0.74 - 10°
kgm3s!and M, (50%)=1.3-10% kgm3s!,

On the other hand, surface fluxes of water vapor can be ob-
tained by the method previously used by Coantic et al. (1981),
Resch and Selva (1979), Coupiac (1979) and others, i.e. by measur-
ing the mean water vapor concentrations and applying the relation-
ships described in Section H:

J X
A D (q(0)—q.)

By this method, Mestayer and Lefauconnier (1988) estimated
for U= 7.5 ms™ and RH= 55% a surface flux J of 2.5 10 kgms™
without the droplets and an increase of this flux by 0.3 K0*kgm’s’!
in the presence of the droplets, i.c. a 14% increase. But they also
showed that, in this case of droplets generated by a local simulated
whitecap the increase in water vapor concentration is limited to the
lowest 20 cm of the air boundary-layer, in accordance with the
estimations of M. In the case of high-wind breaking-waves spread
over the first 20 meters of the tank they measured an increase of the
mean water vapor concentration of the order of 0.25 gkg' upto the
top of the boundary-layer. This appears to correspond to a flux
increase of the order of 70- 10 kgm?s’! due to the droplets evapo-
rating all along these 20 meters, while the surface flux was of the
order of 3.3 10 kgm?s™: a 2000% increase {due to an antificially

= Sh(Re,,Ri,,c/U,) 5)
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low surface flux)! Nevertheless, it is important to realize that this
water vapor flux due to the development of spray droplet evapora-
tion (70" 10® kg ms™) is of the same order of magnitude as
typical oceanic surface fluxes, while droplet concentration spectra
were also comparable to those measured over the ocean surface
(Mestayer and Lefauconnier, 1988). Without making presumtions
as to our final results this illustrates well the importance of the

process, already confirmed by the calculations of Fairall er al.
(1988).
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Modeling the Droplet Contribution
to the Sea-to-Air Moisture Flux

C.W. Fairall and J.B. Edson
505 Walker Building
Department of Meteorology
Pennsylvania State University
University Park, PA 16802

Abstract

Assessing the importance of sea spray for air-sea moisture
wransfer is a formidable observational and modeling problem. From
a modeling perspective, the primary roadblock is the wide range of
size scales (from droplet microphysical to atmospheric boundary
layer) that must be considered. Both ensemble average budget
equation and Monte Carlo simulation approaches are being pur-
sued. It is now clear that the total droplet evaporation is dominated
by rather large droplets (on the order of 50 pm radius) which are so
massive that their turbulent transport is affected by inerta. This
further complicates the modeling task. Application of ensemble
average and Monte Carlo models to this problem is still in its
infancy. To date, only somewhat idealized cases (fresh water, ad
hoc concentration profiles, laboratory situations, ctc.) have been
examined. The oceanic droplet source strength as a function of
wind speed also represents an important uncertainty. The current
state of knowledge suggests that droplets significantly enhance the
moisture transfer efficiency at wind speeds in excess of 15 ms™.

1. Introduction

1.1 Opening comments ,
The importance of droplets in air-sea transfer at high wind
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speeds has long been recognized. For example, Wu (1974) esti-
mated that at a 10 m wind speed of 15 ms™', as much water is lost
from the oceans by evaporation of droplets as is lost by direct
cvaporation of the interface. The evaporating droplets distort the
normal sensible/latent heat flux balance. In the absence of droplets,
all of the surface moisture flux appears as a latent heat loss by the
ocean and increases the salinity at the surface. Both effects desta-
bilize the ocean mixed-layer. Sensible heat entrained at the top of
the marine boundary layer is available to directly heat the ocean. In
the presence of whitecaps, the droplet component of the moisture
flux neither directly cools the ocean nor does it change the salinity.
Instead, it consumes a fraction of the entrained sensible heat. Thus,
the dynamics of the oceanic and atmospheric boundary layers are
changed.

Water can be transferred from the ocean to the atmosphere by
direct evaporation or the evaporation of seca spray with subsequent
transport to the troposphere by turbulence and large scale convec-
tion. Above the droplet evaporation zone, this transfer appears as a
water vapor flux. Within the evaporation zone, the flux is parti-
tioned between vapor flux and liquid (i.e., droplet) flux. Within the
evaporation zone the evaporation influences the profiles of tem-
perature and moisture. Evidence that this process is important is
relatively sparse, primarily because of the difficulty of the meas-
urements. If we assume that the total (liquid plus vapor) flux is
roughly constant with altitude, then the appearance of the liquid
flux in the evaporation zone would probably have the effect of
reducing the vapor flux. Evidence for this has been observed in
aircraft vapor flux profiles over the ocean which often indicate a
maximum in the vapor flux in the lower boundary layer (Nicholls
and Readings, 1979).

Another obvious manifestation of sea spray effects on the heat
fluxes is expected to appear in the heat transfer coefficients (Cy;
and C). ltis generally believed that droplet evaporation should
lead to some increase in the neutral moisture transfer coefficient at
high wind speeds. The anticipated effect on the heat transfer

coefficient is not obvious and could be quite sensitive to the refer-
ence height used.
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12 Bulk transfer perspective

By correlating simultancous measurements of vertical velocity
and specific humidity fluctuations, the latent heat flux (for ex-
ample) can be determined near the surface

H, =pLw’q’ (1)

where p is the density and L‘= the latent heat of vaporization of
water. Through similarity theory (Fairall et al., 1987) the surface
flux, H, , can be expressed in terms of bulk atmospheric proper-
ties and the transfer coefficient , Cy

Hy,=pL Crillq, - 3(2)] 2

where @7 is the mean wind speed and § the specific humidity at
height z, and q, the surface specific humidity. C; can be thought
of as the cfficiency of moisture transfer from the sea surface in
response to the forcing by windspeed and air-sea humidity differ-
ence.
The bulk moisture transfer cocfficient has a value on the order
of 1x107 for measurements made at 10 m, and is expected to de-
crease slowly with increasing windspeed over ice (Joffre,1982) or
over water (Liu et al., 1979) because of increased sheliering of the
surface by the roughness elements. The effects of sea spray on
evaporation of the ocean can be expected to show up as an en-
hancement of the ‘drop free’ C,, with increasing windspeed. In the
summaries of transfer coefficient measurements given by Ander-
son and Smith (1981) there are very few measurements for winds
above 10 ms™ and most of those are not from the open ocean but
from beach sites where there are probably surf effects. Francey
and Garratt (1979) found both transfer coefficients to increase with
increasing wind speed; surprisingly, the sensible heat coefficient
increased faster than the moisture coefficient. In a recent survey of
bulk parameterizations by Blanc (1985), only one of ten schemes
projected scalar transfer coefficients that decreased with increasing

wind speed.
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1.3 Scope

This paper will focus on the influence of sea spray on the scailar
heat fluxes near the sea surface and the relevant physics that must
be considered to model that influence. It is believed that for realis-
tic wind speeds, the droplets have little effect on the stress. We
will not discuss effects (such as the wind speed dependence of the
heat transfer roughness length) that fall within the conventional
similarity treatment. Section 1.2 gives the conventional scaling
approach to the scalar heat fluxes in the absence of droplets and
provides a framework for breaking down the droplet problem in
terms of interfacial processes (droplet production), molecular
diffusion, turbulent and mean slip transport processes, and droplet
cvaporation. As we shall see, there are two different approaches to
dealing with the random processes: (1) ensemble average budget
equations or (2) ‘Monte Carlo’ (i.e., randomly forced but determin-
istic) simulations.

Our discussion of these issues will begin at the surface and
proceed upwards. In section 2 we will briefly discuss the droplet
source strength of the ocean. In section 3 we will discuss droplet
microphysics, including evaporation/condensation and the size
spectral representation of droplet concentration. In section 4 we
will present the ensemble average conservation equation for
droplets, including evaporation and transport effects, and briefly
discuss past applications of this approach. In section 5 we will
examine the Monte Carlo simulation approach.

2. Background On Droplet Production

2.1 Whitecaps, bubbles and droplets

Sca spray droplets are primarily produced by the bursting of air
bubbles produced by breaking waves (whitecaps). When a white-
cap bubble bursts at the surface, it produces two types of droplets:
film drops from the ejection of the thin bubble film and jet drops
yvh ich are formed from the destabilization of the vertically rising
et of water from the collapsing bubble cavity (Blanchard, 1975).
Cipriano and Blanchard (1981) find that most of the droplets
imaller than 10 pm originate as film droplets. Jet drops are
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typically 1/10th the size of the parent bubble (those which produce
jet drops range between 0.1 to 2.0 mm diameter range). Oneto
five jet drops are produced per bubble while the much smaller film
drops are produced in the hundreds. The rate of production of jet
drops on a microphysical scale is much better known than that for
film drops, which is still the subject of debate (e.g., Cipriano et ai.,
1987). Itis now known that the larger size droplets (greater than
10 pm radius) dominate the liquid water production by sca spray
(Stramska, 1987; Miller, 1987; Edson, 1987), so our poor under-
standing of film droplets will not handicap the analysis of the
effects on the heat fluxes (the same is not true if one’s interest is in
Aitken nuclei, optically relevant acrosols, or cloud condensation
nuclei).

There is also considerable evidence that bubbles are not the
only source of droplets. At wind speeds in excess of 13 ms" there
is a rapid increase in the observed sea salt acrosol concentrations at
large sizes (Monahan er al., 1983; Fairall et al., 1983). It has been
postulated that this increase is due to the additional production of
droplets by the so-called ‘spume’ mechanism where the strong
turbulence simply blows the foam paich right off the top of a
breaker. This phenomenon can be casily observed at high winds
and its appearance threshhold constitutes a criteria for sea state 7.

2.2 Oceanic droplet source strength

The droplet surface source strength is crudely defined as the
number of drops of a given size interval produced by each square
centimeter of the ocean per second. Clearly, this strength is a
function of sea state as characterized by whitecap fraction and/or
wind speed. Additional information is required to define the
source function because at each size the particles are ejected with
a distribution of initial vertical velocities (Blanchard and Wood-
cock, 1957). The usual approach is to assume that the droplets
magically appear at the top of their most probable trajectory
(Edson, 1987). In other words, the droplets are treated as being
created by a distribution of elevated sources. The typical ejection
height is on the order of 5 cm. This approach is justifiable because
the time scale for this process is quite small compared to the
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rbulent transport time scales. More than one study of large

oplet concentrations near the ocean surface (Preobrazhenskii,
172, de Leeuw, 1986) has shown the droplets to be rather uni-
rmly distributed in the vertical below the typical wave height.

> Leeuw attributes this to suong mixing by the ‘rotor’ flow

duced by the motion of the wave (in a wave following coordinate
stem the rotor appears as an eddy in the wave trough). Strictly
caking, this is a transport issue and is not related to the source
nction but it may be of relevance in inferring the source function
>m indirect measurements.

Three approaches have been taken to establish the source
rength: convolution of the bubble spectra with ejection height,
boratory simulations of whitecaps, and budget computations
om marine measurements of particles. In the interest of brevity,
e will only discuss the bubble spectra approach (see Fairall et
., 1987, for more detail). Edson (1987) used this approach as the
wrce function for input to a Lagrangian model of a droplet plume
om a laboratory whitecap produced in the wind tunnel at IMST,
larseille, France. In this approach, the number/cc/sec of bubbles
“a given size interval reaching the surface is simply the product
. the bubble concentration spectrum, n, and the bubble rise speed,
e 1hus, the number source strength spectrum, s i, is

5xr) = ny(@)wy(a)N (a) 3

here N_ is the average number of droplets ejected well out of the
ffusion sublayer by a bubble of radius a and r is the average
dius of the droplet ejected by a bubble of radius a (r ~a/10)
he subscript n implies that this is a number density spectrum and
¢ subscnipt i designates that this is a source that is realized as a
stribution within a few centimeters of the interface. Assuming a
ywer Jaw for the bubble size spectrum (Monahan and Zietlow,
’69), the observed droplet concentrations (Fig. 1a) were obtained
r adjusting the bubble spectrum (Fig. 1b). Of course, this only
elded the source function for a foam patch produced in a tank in
wind tunnel, but the basic approach holds promise for the future
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as measurements of oceanic bubble spectra become more reliable
and reproducible. A comparison of recent results (Monahan, 1988
Milier and Fairall, 1988) from all three methods suggests that, as
the methods are refined, the agreement is improving and a reason-
able consensus is anticipated in the near future,

3. Droplet Microphysics

3.1 Evaporation
Consider a single droplet of mass, mp, given by

4 3
My =2 TP," (4)
We assume that the particle is a saltwater solution so that

pp=pw+(po"pw)r3/r3 (5)

where p_ is the density of water, p_ the density of the particle with
all water removed to produce a dry radius, r,.

If the water vapor pressure exerted by the droplet, ¢ o is greater
than its surroundings, e, then the droplet will evaporate at arate
given by (Pruppacher and Klett, 1978)

dm,/dt=—4nf pD,r[ep(r,ro,Tp) -el/(RT) (6)

where {_is a ventilation factor. The droplet vapor pressure can be
converted 1o an effective saturation vapor density or specific
humidity, q, at the surface of the droplet to yield

c?mp/3r=-4xpr,rp(qP—-q) 7
From Fitzgerald (1975) we estimate qp by
Gp= (T 1 - v/ - 1)) @®)

127



C.W. FAIRALL and J.B. EDSON

18— - =
F
E
£
o
L
L
L
+ +
19°
F -
C .
- B -
Lt =
H .
E -
(&) - il
L
o
1 o
g IBI:' an
« F
] N
> -
=
o -
HEXTST (905
Tuster - I16.8L C
]a':— Tawir = 12,81 C
= Tdaw = L7.3% €
:U-5.49 L]
L = cone
L ¢ 1 OA" Rungs |
o 1 ORF Range 2
18t I WY ol !
] [
T 18 12
Radius (um)
Et
18 &+
il
L
-
-
T
~
i
£
)
£
3
>
m
4 1 1 H | L | i1 1
18
18 1aa

Droplet Radius (um)

128

Flgure 1. Sample spray
droplet concentration
parameters from the
HEXIST axperiment
{upper panel). The
concentration variables
are expressed as the
volume {um?) per radius
increment (um),

(a) Droplet volume
concentration {volum®/
cm) versus radius

{Upper panei),

(b} Droplet source
strangth, s, as a
function of droplet radius
for the spray bubblers
used in the HEXIST
expetimant. The source
Is expressed in units of
droplet volume {um?)
per square contimetar of
ocean per second per
pm radius increment.
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where q_, is the saturation value for pure water with no surface
curvature at the droplet temperature, T, and v a parameter that
depends on the chemistry of the dry component (y = 1 for sca salt).

A spray droplet released from the ocean will lose water mass
by evaporation until it approaches a state of equilibrium. A pure
water droplet will completely evaporate but a salt water droplet
will usually retain a considerable amount of water in equilibrium.
The equilibrium condition is defined by setting dm, [ot=0. From
(6) and (8) this defines an equilibrium particle size, 1.,

/=G 8)=[1+y/(1-8)]" ©)
where we have assurned that 'I‘Pz T in equilibrium and § is the
ambient water vapor saturation ratio.

The rate of change of size of an evaporating droplet is obtained
by taking the derivative of (4) and combining it with (6) and (7);
this can be written

== A gty r = a)1-7/[(r/ ) - 1])-91 1o

where
A=fD.pp/p, (11)

The factor @ is necessary because the evaporating droplet is as-
sumed to be at the ‘wet bulb’ temperature  (Pruppacher and
Kiett, 1978), T ,
a=L,/(RT)T-T,) (12)

Edson (1987) has shown that the time for even 100 pm dropiets 10
reach the wet bulb temperature is small compared to the urbulence
integral time scale at the particie ejection height.

32 The particle size spectral density

In Section 4 we will discuss the transport of particles or drop-
lets in terms of a particle concentration variable. A variety of
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rticle concentration variables are used in the literature, the sim-
=st is the total number concentration, N(r), which is the total
imber of particles per unit volume of air with radius smaller than
The size spectral density, n(r), is the number per unit volume
ith radius greater than r-dr/2 but less than r+dr/2 and is directly

lated to N(r)
N(r)= _Lrn(r')dr’ (13)

These distributions describe the salt water solution droplets as
ey appear under ambient conditions. We can define a quasi-
snservative variable in terms of the mass of salt in the particles
r, equivalently, the dry radius of the particles. For example, we
an define the size spectral density that would result if the particles
rere dried out completely as n (r ). The total number of droplets
er unit volume with dry radms lcss than T isN (r ) so that

No(r) = [°n,(r3) dr; (14)
. Ensemble Average Models

.1 Budget equations

Following Fairall et al. (1987), we can write the simple
one-dimensional, ensemble average budget equations for the
tandard meteorological variables as

D?/Dr=—8(w’0’)laz—(Le/cp)]‘? (133)
Dq,/ Dt =-d(w'q )/32 +E (15b)
Dg,/Dt=-3(Wqi-<w,>q)/dz-E (150

vhere the primes denote turbulent fluctuations, © is the potential

emperature, q the specific humidity (vapor), q; the specific
wmidity (hqmd) <w. > the volume averaged fall vclocny, and E
he 1otal evaporation rate
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E=-(4rp,/p) I 2[r,,n(r) 4, u'(r)] dr (16)

Note that the molecular diffusion terms have been dropped because
they are only relevant in the diffusion sublayer (within a mm of the
interface). The liquid water content is the integral over the droplet
distribution

5,-(np, 13| P -rHm(ndr=(axp,13) [ R (r)yarar)

The droplets interact with the basic thermodynamic variables (15a
and 15b) through the droplet evaporation term (E).

In the same simplified 1-dimensional form, the particle budget
equations become

Dn,/Dt=- 3[w’u5+w;n;—w,u0]/32+§m (18a)

Dn/Dr-—-—a(rpn+r n)/&r - wWn +wWin' —w,n']/ d1+5n
(18b)

where w_denotes the particle slip velocity (relative to the fluid).

Standard formulae are available for the mean value of w_as a
function of particle size (Pruppacher and Klett, 1978). The con-
centration-slip covariance term is responsible for the inertial
impaction deposition mechanism (Slinn et al., 1978) and also leads
1o reduced turbulent transport for large particles.

Again, note that the terms believed to be negligible above the
molecular sublayer have been dropped from these expressions.
Also note that the basic liquid water conservation equation (15¢)
can be obtained from (18b) by converting number density to mass
density and integrating over all radii.

While n, is a quasi-conscrvative variable, n(r) is not because
the droplets change their size while evaporating. Thus, (18a)is a
simple conservation equation, but the analogous equation for the
non-conservative variable, n(r), requires the additional radius time
derivative terms on the right hand side. Hence, two budget equa-
tions are required; one to keep track of the salt (18a) and on¢ to
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keep track of the salt plus water (18b). Notice that in order to use

(10), we must be able to specify the value of T that is appropriate
for each value of r. This is done by finding the value of r such that

N(r)=N,(r,) (19)

42 Modeling the covariance terms

Ensemble average models are often classified by the method
used to model the covariance terms that appear in (15) and (18).
We could form budget equations for the covariances, but these
would contain third-order covariances. If we terminate this infinite
hierarchy of equations by approximating the third-order terms as
combinations of second and first-order variables, then this is re-
ferred to as a second-order closure model. A simpler approach is to
use the conventional eddy-diffusion coefficient (or, first-order
closure) model, often referred to as K-theory.

Following the analogy of the molecular diffusion flux expres-
ston, the turbulent flux is written

wq,=-K,3q,/9z (20)

where K is the scalar gradient diffusion coefficient. Within the

realm of Monin-Obukhov similarity theory (Fairall et al., 1987),
We can wrilc

Ky=xzu,/®,(z/L) @1

where u, is the friction velocity, k the von Karman constant (0.4),
L. the Monin-Obukhov stability length scale, and @, the dimen-
sionless scalar gradient function. Since the droplet eﬂ'ects on the
heat fluxes will only be important under rather stron g wind

conditions, we can be confident in using the neutral approximation
to (21)

Ky= x2u, 22)
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The K-theory approach is considered to be particularly appropriate
for the droplet transport problem because K-theory is at its best in
the surface layer. For very large droplets, K is partiaily cornpen-
sated by the concentration - slip velocity covariance ( Mestayer,
this proceeding), which is a manifestation of their sluggish re-
sponse to turbulent fluctuations.

4.3 Applications to droplet problems

Mecieorology has a rich history of numerical model simulations
of atmospheric boundary layer structure and dynamics. Many
different types of models have been used: mixed-layer (zero-order
closure), eddy diffusion (first-order closure), second-order closure,
and large eddy simulations (LES).

Most boundary layer models have a total vertical domain of
several km and no attempt is made to resolve surface layer struc-
ture. Instead, the lower boundary conditions and the lowest leve) of
the model atmosphere are related 1o the surface fluxes by Monin-
Obukhov similarity as previously described. Such models could be
used for our purposes by nesting a high resolution surface layer
and solving the equations presented in Section 4.1, but, as yet,this
has not been done.

Burk (1984) made a major step in this direction when he
simulated sea salt aerosol structure within a second-order closure
ABL model, but he did not add a high resolution surface layer. He
simplificd the computational process by transporting the aerosols
with an eddy diffusion coefficient (rather than solving the second-
order particle covariance equation). Evaporation was not treated
explicitly but the particies were assumed to be in a state of evapo-
rative cquilibrium using a function similar 1o (10). Thus, only the
dry concentration budget equation (18a) was used. Since Burk was
primarily interested in evaluating aerosol profiles throughout the
ABL, near surface evaporation was not looked at and evaporation
did not feedback onto the scalar profiles. In his simulations, the
mass mode radius was relatively independent of wind speed (from
Beaufort Force 3 to BF5) with a typical value of 3 pm (dry).

Pioneering work on the effects of droplets on the profiles of the
means and fluxes for temperature and humidity has been done
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using a surface layer first-order closure model developed specifi-
cally for this application (Ling and Kao, 1976; Ling et al.,1978;
Ling et al.,1980). The budget equations were non-dimensionalized
using wave height, wind speed, and air-sea temperature and hu-
midity differences and solved for equilibrium conditions (zero time
derivatives). The carlier work uscd only a single, fixed droplet
size, but later papers allowed 5 droplet sizes (5, 20, 40, 70, and 150
mm radius). The droplets were assumed to be pure water so (18a)
was not used and the 74’ covariance term was neglected. The
surface source function, based on laboratory measurements, was
assumed to have a quadratic windspeed dependence but a wind
speed independent shape. Since the surface source function ap-
pears (0 be much larger than those discussed in section 2, it is not
surprising that substantial cffects of droplets on the surface
evaporation were found.

Stramska (1987) has developed a K-theory model 10 study sea
salt aerosol profiles that falls somewhere between the Burk and
L.ing models in philosophy. As did Burk, Stramska used the sur-
face source model for particles smaller than 15 pm radius from
Monahan er al.(1982) and assumed that these particles are in an
evaporative equilibrium state. However, the evaporation necessary
to mainiain this equilibrium is allowed to feedback onto the mois-
ture and temperature profiles. As it turns out, these particles pro-
ducc a negligible effect on the mean scalar profiles (this is consis-
tent with conclusions of Ling et al., 1980). The effects of larger
droplets at high wind speeds (20 ms™') were examined by introduc-
ing an ad hoc droplet profile based on near surface data and an
assumed decrease in the vertical. An evaporation equation similar
to (10) was used assuming the droplets were pure water. This led
to an increase in temperature of about 2° K and an increase in
humidity of about 5%. Stramska did not assume dynamic equilib-
rium but started with an initial profile and integrated the budget
equations in time. This permitted a study of the equilibrium re-
sponse time of the acrosols as a function of size. The results were
very similar to that of Fairall et al. (1983) with 10 pm radius par-
ticles requiring a few hours to reach dynamic equilibrium. The
larger the particle, the shorter the response time because the

134



BUBBLE-MEDIATED SEA-AIR EXCHANGE

rermoval process (gravitational fallout) increases with size,
8. Monte Carlo Models

5.1 Lagrangian Markov chain
The most common form of Monte Carlo simulation applied 10
transport of droplets is the Lagrangian (i.c., a reference frame
moving with the particle) Markov chain. Markov chain simulations
were uscd by Reid (1979), Legg and Raupach (1982), and Ley and
Thomson (1983) to successfully model dispersion of neutrally
buoyant particles within the surface layer. The Markov chainis a
finite difference form of the Langevin equation; the Langevin
equation being given by
dw w
“E;'="?+C(") (23)
where w is the particle’s vertical velocity, T 1s a time scale for the
motion, and ¢(1) is a random forcing function due to turbulence.
The above authors assume that the motion of the particles is
passive, 1.¢., they assume that the particles are of such size that
they follow the turbulent motion of the atmosphere exactly. With
this assumption, the timescale in (23) is the Lagrangian integral
timie scale of the turbulence, and the random forcing function is
derived observing the constraints that

wH=q,, (24b)

where o_ is the standard deviation of the atmospheric vertical
velocitics.

The ‘passive contaminant’ assumption is not valid for the jet
drops (~ 10 — 1004 m radius) that we are interested in for the sca

spray problem. Gravitational and inertial effects must be included
in order to realistically simulate their trajectories. This is
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accomplished by assuming that the particle’s vertical velocity is
composed of a mean fall velocity plus a velocity fluctuation

— (25)
wp(t) = —ws+ wip(?)
The particle velocity statistics are modeled such that
wi(r) =0 (26a)
and
wyhy?=0,=no, (26b)

where o, is the standard deviation of the vertical velocity of the
particle. The parameter 1\ is the ratio of the particle and atmos-
pheric variances, and is derived by integrating the ratio of their
respective velocity spectra. Its value is always less than one due to
inertial effects.

The particle’s vertical velocity is then defined using the appro-
priate finite difference form of the Langevin equation

wit+at)=(1- At/ T lw)+ut+A) 1)

where t_ is now the particle integral time scale, and p(t+At) is the
random forcing function, which by definition is uncorrelated with
w_ (1. As with the Lagrangian integral time scale, we define the
particle time scale as

Tp= L:Rp(r)dt (28)

where R, is the particle autocorrelation function (Meck and Jones,
1973).

Their function shows that increasing fall velocity tends to
decrease correlation, while inertial effects tend to offset this cffect
by “damping” vertical motion, thereby causing the particle to
remnain in a more comrelated region of space. The relative
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importance of cither effect is dependent on the particle’s size.
The initial formulation of the model does not include fluctua-
tions in the streamwise velocity for simplicity ‘w;, up = O) With
this in mind, the necessary form of the random forcing function is
found by taking the mean and then vanance of both sides of (27)

and solving for p. If we consider only those terms of first order ¢,
this results in

2At VZ A:
n= l“ap(—) w, (29)
Tp Tp
where [ is a random number with unit vanance, zero mean and
Gaussian distribution, and we have assumed that all other moments

of j(1+At) are zero. The equation for the particle’s vertical veloc-
ity can then be written

wo(t + A1) =(1- At/ 7,) w(t)+ l‘op(%é‘-)m CURNED!

3
p Tp

5 2 HEXIST simulations

A Lagrangian model has been developed for application to a
serics of measurements of artificially generated spray droplets in
the air-sea simulation tunnel at the IMST in Marseille (Edson,
1987; Edson er al., 1988). The purpose of this experiment (given
the name HEXIST) was to simulate the turbulent transport of
evaporating jet drops within the oceanic surface layer. An artifi-
cial whitecap was created in the water in the tank by a matrix of
tropical fishtank aerators. Since we are dealing with a plume of
droplets generated from a small area source, the one-dimensional
ensemble average approach is not applicable.

In the HEXIST Lagrangian model, droplets are created above
the simulated whitecap region in numbers determined by the
surface source function. As each droplet is carried down the tunnel
by the mean wind, its path is followed as it reacts to turbulent
fluctuations in the vertical wind. Under non-saturated conditions,
the particle is allowed to change size by evaporation. At fixed
locations downwind of the source (Chosen to coincide with
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locations of the measurements), particie concentration profiles can
be computed by counting the number of particles of a given size
that pass through a given height interval.

The droplets are released at an ejection height described above,
and then advected along (see Fig. 2) using (30) and

w (0) =70, - W, (31a)
2t + Ar)=z(r) + w (s + Ar) At (3ib)
x(¢+ Af) = x(¢)+u(z(1 + Ar))Az (31c)

where j(,)is the horizontal wind specd at height z taken from a
logarithmic profile generated from tunnel observations. The height
of the viscous sublayer is used as a lower limit, below which the
particles are “absorbed™ by the water surface. The sublayer thick-
ness is defined as v/xu_, where v is the kinematic viscosity of air.

The effects of evaporation are modeled using diagnostic equa-
tions for the particle's radius (see (10)) and surface temperature, int
conjunction with standard diabatic profiles of temperature and
specific humidity. The droplet surface temperature is derived using
an equation from Pruppacher and Klett (1978), which includes the
effects of evaporative cooling and conductive heat flux from air 10
drop. As stated above, this temperature is found to quickly reach
the equilibrium value resulting from the two effects, so that the
droplet is essentially at the wet-bulb temperature for most of its
transit time.

By keeping track of the particle’s position and radius, the
dynamics of a shrinking particle are simulated. As expected, the
equation of the droplet”s motion as its radius shrinks to zero re-
duces to the Langevin equation in discrete form used implicitly by
Reid (1979), Legg and Raupach (1982), and Ley and Thomson
(1983). Vertical profiles of particle volume spectra, v(r), are then
generated (Figs. 3 and 4) at the desired heights and distances
downwind of the source (sec Edson ez al., 1988). The source
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function is found by comparing the non-cvaporating spectra with
their equivalent measured spectra, and adjusting the source func-
tion until a reasonable fit is obtained. Once obtained,the source
function is fixed so that true comparisons between the modeled and
measured data may be made. Notice in Figs. 3 and 4 that the
greater fetch causes the droplet concentrations to become more
weli-mixed by the turbulence because of the greater time the
mixing process has had to operate. The effects of evaporation are
difficult to judge from these figures because they are expressed in
terms of spectra. Depending on the slope of the spectrum, evapo-
ration can cause an increase or decrease in concentration at a
specific radius. This can be seen by examining (18b).

6. Discussion

The contribution of sea spray 1o the evaporation cfficiency of
the ocean as a function of windspeed is very difficult to determine
experimentally. In the short term, we can leamn quite a bit by
modeling the relevant processes in a manner which realistically
represents the conditions over the ocean. So far, only a few first
steps have been taken in this direction and the results are inconclu-
sive. Realistic droplet microphysics (including salt) and upper
boundary layer processes (entrainment and advection) are poten-
tially very important and have not really been considered. It is also
not clear if the Monte Carlo or ensemble average approach is
preferable.

We can state that droplet evaporation in the IMST simulation
experiment was fairly modest. In a state of near dynamic equilib-
rium, we can write the total vertical water transport at the height z
as the sum of vapor and evaporation terms

Total Flux (z) =wq,+ J: E(2)dz (32)

Well above the droplet zone the water flux is borne entirely by
turbulent ransport of vapor (evaporation is zero). Examples from
HEXIST measurements (Fig. 5) of the droplet evaporation
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contribution to a total latent flux of 225 W/m? has been computed
to be on the order of 1 W/m?2, For the HEXIST situation the
droplet liquid water mass was 10 of the vapor concentration,
which is quite modest. In a subsequent experiment (named
CLUSE), the entire surface of the water in the tunnel was turned
into a whitecap. This yielded droplet concentrations and latent heat
flux contributions more than two orders of magnitude greater.

The potential droplet contribution can be also crudely esi-
matexi by integrating the source function (Fig. 1b) over radius 1o
obtain the total liquid water sea spray flux. This implies that the
sca spray would contribute 785 W/m? to the total latent heat flux if
the ocean were 100% whitecap covered and all droplets evaporated
before impacting the sea surface. For the open ocean, this number
must be considered to be uncertain by at least one half an order of
magnitude. The HEXIST experiment (which had 1.5% ‘whitecap’
coverage and, hence, an 11 W/m? potential) suggests that about
10% of the spray liquid water was converted to vapor by

Figure 5.
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evaporation.

While the HEXIST and CLUSE measurements and model
studies represent idealizations (fresh water evaporating in a wind
tunnel), the implication is that droplets will make a significant
contribution to the total evaporation when the wind speed ex-
ceeds approximately 15 ms™.
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Time Constants for the Evolution
of Sea Spray Droplets

Edgar L. Andreas

U.S. Army Cold Regions Research and Engineering Laboratory
72 Lyme Road

Hanover, NH 03755-1290

At the instant sea spray droplets form, they begin exchanging
heat and moisture with their environment. Because this exchange
continues until the droplets reach thermal and moisture equilibrium
or fall back into the sea, sea spray has the potential for enhancing
the usual interfacial fluxes of sensibic and latent heat (Figure 1). At
high latitudes, especially, the heat and moisture available from sca
spray may be an important energy source for the small, intense
cyclones called polar lows (Kellogg and Twitchell, 1986) that form
in the ice-edge region.

To understand the potential sea spray has for enhancing the air-
sea fluxes, we must know how quickly a spray droplct can transfer
its available heat and moisture. I have therefore adapted the micro-
physical equations developed by Pruppacher and Klett (1978) for
use in studying the thermal and moisture (size) evolution of sca
spray droplets. I parameterize this evolution in terms of the ime
constants T, and T Given that a sea spray droplet stans ai the sea
surface temperature T_, T, is the time required for its temperature T
10 come to within ¢ of its equilibrium temperature T_ in air of
temperature T . That s, T, is defined by [T(%;)-T ]ﬂTw-Tq] =¢!,
Similarly, T is defined by ll‘(t,)-rq]/[ro—rnq]x“. where 1 is the in-
stantaneous droplet radius, 1. is the equilibrium radius for relative
humidity RH and air temperature T, and 1, is the droplet radius at
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formation. Figure 2 shows model calculations of T, and t_for
typical high latitude, polar low conditions. From this and similar
figures not shown, we see that T is always at least three orders of
magnitude smaller than t . Thus, for spray droplets, the sensible
and latent heat transfers are essentially decoupled. In effect, the
ambient relative humidity has negligible effect on the thermal
evolution of spray droplets; and the air-sea temperature difference
has negligible effect on their moisture (size) cvolution.

In Figure 2 [ have also plotted the time constant T, the time
required for & droplet of radius r, to fall 1 meter in still air. If ¢, is
smaller than 1, or T, a spray droplet will likely fall back into the
sea before transferring its available heat or moisture into the air.

Senslbis Heal % Latent Heat

—
gt
=

Spray Droplet

Cold Wind L,\,_> Spray

Sensibie Latent
Heat Heat

Relatively Warm Ocean

Figure 1. Conceptual model of heat and moisture transfer associated with
seoa spray at high latkude.

From the figure, we sec that because of the rapidity of the thermal
exchange, virtually all sca spray droplets reach thermal equilibrium
with the air. Only droplets smaller than about 10-20 pm, however,

effectively reach moisture equilibrium before falling back into the
sea.
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Figure 2. Time constants
for the thermal exchange
{x,} -and for the moisture
e - exchange (t,) sl two

. ‘ relative humidites (RH=80,
$5%) and the time requirad
for a droplet 1o fall 1 meter
in stil ait (x,) .The air
remperature T iz -10°C,
the ses waler lemperature
T is 0°C, the sea surface
salinlty is 34 o/o0, and the

atmospheric pressure is
1000 hPa
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Laboratory Whitecap Simulation Experiments:
Temporal Variability and Irreproducibility
of Aerosol Production

David K. Woolf*
University of Connecticut
Marine Sciences Institute

Aerosol measurements in laboratory whitecap simulation tanks
at Untversity College, Galway in Ireland and at the University of
Connecticut suggest that large variations in aerosol production
occur when laboratory simulations are run for a sufficiently long
time despite a constant mechanical input. A fairly consistent result
is found for the operation of a continuously flowing breaking wave
simulation (primitive weirs). In these experitments, the large (>5um
diameter at 80% relative humidity) drop production characteristi-
cally falls during a run, while the small drop production (0.5-5um
diameter) is relatiavely steady. On the other hand, the results for
repeated episodic events are very puzzling. In these experiments,
variations in both large drop production and small drop production
have been observed, in which no systematic behaviour is apparent.
Redistribution of surface-active material is associated with the
large amounts of bubbling during these experiments. This process
may be principally responsible for the temporal variations in
aerosol production. In particular, a build-up of material on the
water surface as a result of bubble scavenging may progressively
weaken jet-drop production during the operation of a weir. The
potential influence of surfactants on aerosol production can be
demonstrated by adding surfactants to the water surface during a
series of breaking wave simulations.

In the figures, the calculated acrosol production (>5 pm di-

*present address: Dept. of Oceanography, The University, Southampton, UK.



meter and 0.5-5 um diameter) per event is shown for a series of
rirty-five events during which deposits of oleic acid were added to
1e surface after events 7 and 27. There was a large fall in aerosol
roduction as a result of each deposit, followed by a gradual

scovery.
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Figure 1. Production of aerosol particles whose diameters were
greater than §um, per breaking wave event, for a senies of 35 such
breaking wave events. Note that oleic acid was added o the water

surface in the tank after events 7 and 27.
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Figure 2. Production of aerosol particles whose diameters were
between 0.5 and 5 um, per breaking wave event, for a senes of
35 such breaking wave events. Nole that oleic acid was added 10
the water surface in the tank after events 7 and 27.
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The Role Of Breaking Waves in the Control of
the Gas Exchange
Properties of the Sea Surface

T. Torgersen
R.Mason

D. Woolf

J. Benoil

MP. Dowling
M. Wilson
E.C. Monahan

Introduction

The gas exchange properties of the surface ocean arc a primary
control on the response time of the atmosphere and the surface
layer to natural and anthropogenic perturbation. If we are to
successfully integrate ocean-atmosphere coupling into global- and
local-scale models, a predictive parameterization of the gas ex-
change process must be established.

There have been numerous field and laboratory studies of the
controlling parameters of gas exchange. The role of wind velocity
has been clearly defined but the measured rates of gas exchange
have little correlation with the instantaneous wind and the local
wind velocity field. This is the result of the variability of the
surface wind and the physical memory of the process of surface
ocean mixing/gas exchange. The principal means of determining
oceanic gas exchange rates, Rn-222 measurements, has an inherent
radiochemical memory that integrates the process over several
days. Finally, thereis a nonlinear relation between the wind shear
across the ocean surface and the boundary layer controlling gas
exchange.

An initial series of experiments 1o determine the relationship
between breaking waves and the gas exchange process was
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recently completed. Breaking waves greatly increase the surface
area available for gas exchange (in a highly nonlinear manner) and
the relative area of breaking waves is related to both the surface
roughness and the local wind field. Such an approach may provide
a parameterization and/or a real time satellite predictive data base
for the accurate determination of oceanic gas exchange rates which
could be incorporated into a coupled ocean-atmosphere model.

The gases used to study this process were Rn-222 and Hg®.
These gases (with C-14) represent the methodology and data base
for most oceanic gas exchange work. Furthermore, the developing
technology in this Department allows for the collection of atmos-
pheric Hg® and thus the possibility of quantifying the role of the
breaking event itself as distinct from the wave and turbulence
processes which accompany breaking waves.

Experimental Set-Up

Sources for Rn-222 (Ra-226) and Hg° (Hg metal) were estab-
lished using gas permeable membranes which isolate the gas and
liquid phase. These sources were placed in a quiescent tank for
several days to initialize the concentrations at some reasonably
high value. The spike sources were then removed and the experi-
ment was begun under several different conditions; in both sea-
water and freshwater.

(1) BUCKET TIPPING AT A FIXED RATE: a tipping
bucket was employed to simulate the formation of oceanic
whitecaps and the accompanying bubble formation (Fig. 1).

(2) STIRRING ONLY: a submersible pump was used to
horizontally homogenize the tank for the breaking wave experi-
ments and it was necessary to conduct a control experiment,

(3) NULL EXPERIMENT: a null experiment was conducted

(no bucket tipping, no stirring) to determine any experimental
artifacts.
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Figure 1. Tipping bucket tank
used to simulate breaking
waves for this experiment.
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The system was adjusted so that eight litres of water were
spilled from the bucket each 210 seconds. A video system was
used to monitor the bucket tipping events and a Homomatsu Area
Analyser used to record and analyse the tipping cvents. A typical
whitecap decay profile is shown in Figure 2. The effective time
averaged whitecap coverage was calculated to be 0.014%.

Water samples were periodically collected and analyzed for
radon and elemental mercury. Both techniques relied on degassing
of the sample and trapping of the analyte on a suitable absorbent
(gold-coated beads for Hg®, charcoal for Rn) prior to quantifica-
tion. Analysis for mercury relied on cold vapor atomic fluores-
cence spectroscopy; radon was quantified by radiochemical
techniques.
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Figure 2. Whitecap coverage and decay from lipping bucket gas
exchange experiments.

Under the experimental conditions, the descriptive equation
governing the loss of gases is:

dRn/ot = -A,,, Rn - atmospheric loss
oHg"/ot = atmospheric loss
which can be solved to yield:

In (Rn/Rn ) = -( A+ k/b)t
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In (Hg°/Hg") = - (k/h)t

where k is the gas exchange coefficient (covmin) and h is the mean
tank depth.

For Hg®, the radiodecay constant is zero and for all practical
purposes, the radiodecay of Rn-222 was a secondary correction in
all experiments. Gas exchange coefficients, k, were determined by
a least squares linear regression shown in Fig. 3. In all cases, sig-
nificant correlations were found for both Hg® and Ra. The calcu-
1ated values for k are listed 1n Table 1.
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Figure 3. Fractional decay of An-222 activity as a h{nctbn of ti:_m for gas
exchange experiments. Different experiment conditions noted in the diagram.
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Table 1. Gas iransfer coefficients for Hg° and 22Rn for various experiments. Hg was removed by
gas exchange but the results indicate the influence of an additional unparameterized process.

Experiment | Slope, Z2Rn | Slope, Hg Kpp (cmimin) Ky tomvmin) | Ko, /Ky

1. Sea Water -0.0066 £ 0.00016 -0.0042 + 0.00026 0.1749 £ 0.0043 -0.1092 £ 0.0068 1.602 + 0.609
Bucket Tipping

2. Sea Water .0.0018  0.000069 | -0.001810.00018 0.0473 £ 0.0019 0.0468 + 0.0047 1.017 £ 0.937
Stirring Only

4. Tap Water .0.0015 + 0.000036 | -0.0010 £ 0.00025 -0.0421 1 0.001 -0.0260 + 0.0043 1.620 1+ 1.25
Stirring Only

SB. Tap Water | .0,0058 + 0,00021 -0.0033 + 0.0002 -0.1547 £ 0,0085 -0.0858 £ 0.003 1.803 + 0.867
Bucket Tipping

1L£A
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Results and Discussion

The results of gas exchange coefficient determinations for
various experimental conditions are shown in Figure 3. Gas ex-
change rates were greatest for the bucket tipping experiment and
slowest for the null experiment. The simulation of breaking waves
by the tipping bucket increased the rate of gas exchange of Rn by
almost four times in both the scawater and freshwater experiments.
The increase in rate of loss of Hg® was somewhat less. A compari-
son of scawater and freshwater experiments indicates that the gas
exchange rate of Rn was 12% faster in seawater.

The rate of gas exchange of Hg® was always slower than for
Rn-222 which is counter to the relationship that would be predicted
from gas exchange theory. In addition, the difference was more
marked in freshwater than in scawater. These results indicate thata
process other than gas exchange was affecting the Hg® exchange.
Current experiments are designed to examine the experimental
effects of kinetic reactions for competing Hg species and/or pos-
sible experimental artifacts such as adsorption/desorption
phenomena.

Comparison of the data with the litcrature shows that the
wransfer velocity found during the stirring experiments is of the
order of those found in the ficld under wind speeds of approxi-
mately 4 ms™,

'Conclusions

The quantification of our breaking wave simulation indicates
that an effective whitecap cover of 0.014% cffectively increased
the rate of gas exchange by a factor of 3.7. Although the overall
rate of gas exchange in these experiments more closely approxi-
mate small lakes (z=200y) than the ocean (z=30 jt), the results
indicate that the processes inherent in the breaking of waves exert
strong control on the gas exchange process. The relationships

between wave height, wind speed and whitecap cover as well as
the physical memory retained in these processes combined with the
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ability to measure whitecap cover and surface roughness by satel-

lite, potentially make this approach a more usefully predictive than
the wind velocity parameterization.

- .
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The IMST Frit Bubble Spectra:
Characteristics and Comparisons with
Laboratory and Oceanic Breaking Wave Spectra

Ramon J. Cipriano and David K. Woolf
Marine Sciences Institute

University of Connecticut

Avery Point

Groton, Connecticut 06340

Abstract

For similar operating mechanisms, different IMST frits have
fairly reproducible bubble spectra. The spectrum in the frit-
produced bubble plume reaching the water surface is a sensitive
function of position in it. For a given airflow rate, as distance from
the plume axis increases, the spectrum narmows markedly, the
maximum concentration decreases significantly, and the peak in
the frequency distribution shifts to smaller bubbles. For a given
position in the plume, increasing the airflow rate broadens the
spectral shape, and simultancously lowers the amplitude of the
frequency peak while shifting it to larger bubble radii. The spec-
tral width also broadens markedly as the orientation of the frit
changes from horizontal to vertical. Both examples of spectral
broadening arc almost certainly due to enhanced bubble coales-
cence. For similar frit parameters, the scawatcr spectrum will have
a much greater population of smaller bubbles, whereas both scawa-
ter and freshwater spectra tend to converge at larger bubble radii.
As compared to bubble spectra obtained in several laboratory
whitecap simulations, wherein the bubbles are formed the breakup
of air entrained by wave breaking, the frit spectra arc much
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narrower, and have much steeper negative slopes at the large end.
These experiments do suggest that realistic whitecap bubble
spectra can be synthesized using an array of different frits, or a set
of similar frits of suitable geometry.
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..10 ..

Identification of Critical Research Topics

Panel Discussion Summary

Moderator: S.E. Larsen
Risg National Laboratory
DK-4000 Roskilde
Denmark

The symposium from which this report originates ended with a
panel discussion. The purpose was to identify questons of impor-
tance for improvement of our insight into the oceanic bubble-
droplet processes with respect to both the mechanisms driving
these processes and their importance for air-sea exchange.

The outcome of this discussion may be of interest to a more
general public than those present during the meeting. Therefore,
the summary presented here has been included in the symposium
proceedings.

Of the many unresolved questions, the discussion tended to
revolve around a number of themes that will also be used to stratify
the summary.

First, the discussion centered on the microdescription of
individual bubbles and their droplet production. Here the general
concern was that although much information is available from
laboratory work, many uncertainties remain due to the multipar-
ameter character of the problems. Notably the following items
were raised:

« When bubbles burst at the water surface, both jet drops and
film drops are ejected. Ejection characteristics including size
relations between bubbles and drops need to be more thoroughly
described, to facilitate the work on relating conditions just below
the sca surface to those just above.

« The lack of systematic knowledge about ejection
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characteristics becomes especially marked when we consider
bursting bubbles in a foam pad or bubbles bursting through a
surface film. In both cases our knowledge is essentially limited
because the ejection characteristics are highly variable.

» It was emphasized that more experiments on enrichment
factors are needed. The enrichment factors are defined as the ratio
between the concentration of a contaminant (mostly bacteria have
been considered) in a drop and the corresponding bulk concentra-
tion in the water from which the drop originates. The enrichment
arises from a combination of bubble scavenging when it rises
through the water, and the fact that most of the bubble film is
included in the drop ejection when the bubble bursts. Quite thor-
ough laboratory work has been done on the enrichment factors, but
only for rather limited bubble and contaminant sizes and contami-
nant types.

* In recent years the experimental techniques have been com-
plemented by detailed numerical models. This technique may be
particularly useful in connection with many of the above-consid-
cred problems, e.g., the characteristics of bubble bursting, because
these are associated with multitudes of governing parameters and
their variation. Such problems might more easily be systematically
studied by numerical models.

Next, the problems about assigning source functions to the
marine acrosols were discussed. These questions were considered
because in order to accurately predict the evolution of the acrosol
spectrum, on¢ needs to have a reliable parameterization of the
acrosol source at the surface as function of the relevant parameters,
such as wind speed, ocean surface characteristics and diameter.
The following points were raised:

* There is a need to establish concensus for the source func-
tions. This would involve description not only of the amount of
droplets ejected from characteristic surfaces in different size bins,
but also of the ejection characteristics such as speed, direction and
height.

+ Also, the turbulence transport close 10 the waves needs 10 be
considered more closely. This turbulent diffusion is the only
process that can take the ejected droplets further up than their

166



BUBBLE-MEDIATED SEA-AIR EXCHANGE

ejection height. Since many source functions are estimated
backwards from measurernents of spectra at greater height, a
generally accepted method for describing the turbulence fluxes
close to the surface becomes important, both when comparing
different source function estimates and when using these estimates
to determine aerosol spectra.

» Finally, it was emphasized that although serosols from wave-
generated bubbles were probably dominating, one should not
completely neglect the other mechanisms. Here the chop and
spume droplets especially are well-known for high wind speed.
However, maybe it was worth considering other bubble sources
such as rain and snow. Rain and snow would not only scavenge the
already existing particles, but also could create new populations
with different compositions, reflecting the composition of the
precipitation.

In spite of the above considerations, the dominating importance
of breaking waves for the occanic bubble/droplet populations is
well recognized. Thercfore, the relations between whitecaps, foam
structure and bubble production were considered essential. Several
points were raised:

« The possibility for linking the whitecap coverage and thereby
the bubble production to the wave spectrum secmed a promising
approach. It would provide a rational way of describing the white-
cap coverage and bubble and acrosol spectra for inhomogencous
(limited fetch) and non-stationary situations, by use of wave
spectral models. It was realized that these models were far from
perfect and also that a number of issucs woulid have to be resolved
conceming the detailed bubble and foam structure around a wave.

» The structure, size and distributions of different parts of the
whitecap are situated relative to a breaking wave. There was
general agrecment about the necessity to distinguish at least be-
tween the foam situated directly on the actively spilling or plung-
ing part of the waves and the foam situated where the bubbles re-
emerge behind the wave front.

« The participants in the discussion emphasized the need for
measurement of bubble spectra under the different parts of the
waves 1o build up the systematic knowledge needed. It was pointed
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out that relying on bubble trap data might be dangerous because
the large bubbles rise so rapidly to the surface that they might
casily be under-represented in the measured spectra. Some opti-
mism was expressed with respect to the optical measurements.

* As different bubble populations might reside at different parts
of the waves, the droplet source functions must equally be ex-
pected to vary with the wave phase. It was pointed out that the
active spilling front of a wave was also the part where the jet drop
production was very intense.

» Consensus was that one, for all the talk about waves, should
not ncglect the importance of other parameters for the bubble-
droplet production, such as water temperature and surface films.

The final part of the discussion was centered around the gen-
eral significance of bubbles and spray processes for the air-sea
transfer. They are found to be of importance in two different ways:
a) They are the only way for the ocean to ¢ject non-gaseous sub-
stances into the atmosphere;. b) Even when transfer does take
place without necessarily involving the bubble processes, these
processes might still provide such effective pathways that they
dominate when present.

The following examples within the two categories were dis-
cussed:

+ It was agreed that important aspects of processes of type a
had been included in the discussion reported above, such as trans-

fer of bacteria and other types of unpleasantrics from the ocean to
the atmosphere. Another example is the production of sea salt
aerosols being one of the major sources of condensation nuclei in
the atmosphere. Examples of the transfer processes of type b are
legion. Especially the following two types were discussed:

+ The transfer of water vapor from the ocean to the atmosphere
is an exceedingly important meteorological process, since the
latent energy thus transferred provides the main driving energy for
atmospheric motions on many scales. The contribution to this flux
from the spray droplets is presently being studied fairly
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intensively, especially within the HEXOS research program. Many
of the hereby raised questions about the interaction between dero-
plet and temperature and humidity fields in the marine boundary
layer are still unanswered. It is clear, for example, that while the
droplets must add to the total water flux, they do infuence the
thermal properties of both the atmospheric and the oceanic layers
close to the interface quite differently from the pure evaporative
water transfer. Unfortunately, generally accepted quantitative de-
scriptions are still lacking. However, some analyses show the
transfer coefficients for both heat and water vapor to increase very
fast for the wind speed larger than 15 ms* with the increase being
due to spray droplets. If these results stand up to scrutiny, the spray
droplet transfer will certainly be of interest for the dynamics of
high wind phenomena such as gales and hurricanes, but might also
from a climatic point of view provide for enhanced feedback
between windiness and evaporation.

* The bubble process can also act to enhance the air-ocean
transfcr by simply destroying part of the microlayers on both sides
of the air-water interface. These microlayers, where Browninan
diffusion dominates the transfer processes, are not very well
understood. They tend to be only a few millimeters in depth and
very often are shown to constitute the controlling resistance for
many types of heat and mass exchange between water and air-if
they are indeed established. For calm water surfaces they are
certainly present; for rough sea, however, they are likely to be at
least partly disrupted by the bubble processes, the presence of
which therefore might increase transfer velocities for high winds
considerably. Two examples were discussed: For particles in the
0.01-1 um diameter range the deposition velocity might or might
not show a strong minimum (with deposition velocity about one
order less than deduced from turbulent diffusion), dependent on the
ability of the bubble process to circumvent the resistance in the
microlayers. Another example relates to the transfer of gases of
low solubility to the water. When entering the water the water the
slow diffusion across the microlayer might result in layer concen-
trations so close to saturation that their transfer 1o the water is
further reduced. As expected, data show that the onset of the
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bubble processes enhance the transfer velocity for such gases.
During the discussion there was agreement among the participants
that although there was an ample supply of model descriptions of
the phenomena, there still was too little hard experimental data to
resolve the uncertainties about the oceanic and atmosphere micro-
layers and their partial disruption by bubbles and spray.



