
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:34:00Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Whitecaps and the marine atmosphere, report no. 8

Author(s) Monahan, E. C.

Publication
Date 1985-10

Item record http://hdl.handle.net/10379/4265

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/




WHITECAPS AND THE MARINE ATMOSPHERE 

REPORT NO. 8 

by 

E.C. MONAHAN, P . A. BOWYER, D.M. DOYLE 

M. R. HIGGI NS, AND D.K. WOOLF 

Summary of work sponsored by the Office of 

Naval Research, U.S. Department of the Navy, 

Grant N00014-78-G- 0052 (NR211-229), 

Modi fication No. P00007 

Report Period: 1 Oc tober 1984 - 30 September 1985 

University College, 

Galway, Ireland 

October 1985 

' 



TABLE OF CONTENTS 

Page 

Chapter 1, Introduc tion, by E.C. Monahan 1 

Chapter 2, The ocean as a source for atmospheric 
particles, by E.C. Monahan (first draft 
of paper presented at Bombannes ASI) 10 

Chapter 3, Analy sis of the MIZEX-84 whitecap 
result s , by D . Doyle and M. Higg ins 54 

Chapter 4, Further charge measurements in the 
whitecap si umulation tank: 
Measurements of charge size spectra, 
by P.A . Bowyer 

Chapter 5, Bubble and aerosol production at the 
ocean s urface, by D.K. Woolf 

Chapter 6, White ca p o b s ervat io n s , data and results 
from the HEXOS 84 (HEXPILOT) experiment , 
and the fina l re s ul ts f rom the ana lyses 
of the MIZEX 83 video re c ords, by 

63 

90 

M.R. Higgins, D.M . Doyle, A. Duffy, and 117 
P. Mohr. 

' 



CHAPTER 1 

INTRODUCTION 

by 

Edward C. 1Monahan 

During the 12-month-long period covered by this report, i.e. 
in the 1 October 1984 - 30 September interval, all facets of 
the Whitecap Project progressed apace. 

The field work during this year included both international 
and local measurement programmes. Data were obtained in the 
North Sea during the HEXOS Meetpost Noord~jk experiment, and 
along the west coast of Ireland, ab~ard the LOUGH BELTRA and 
at the Gort na gQpall field station on Inishmore. 

The effect of changes in water temperature on the aerosol 
productivity of whitecaps was investigated using the whitecap 
simulation tank. A detailed study of the production of 
condensation nuclei by whitecaps was carried out in this tank 
in co-operation with a colleague from t he State University of 
New York at Albany. 

The data analysis effort during this period was focused on 
the film and video records of whitecaps collected during 
MIZEX 84, and on the video records obtained during MIZEX 83 
and HEXOS 84 (HEXPILOT). The investigation of the decay of 
individual open ocean wh±ecaps was begun. Fi gure 1.1 
documents the decay of an Arctic whitecap. The analysis of 
the video records for the determination of oceanic whitecap 
coverage (W), and for the study of the decay of individual 
whitecaps, was greatly facilitated by the acquisition early 
in the year of a SONY videocassette player Model VP-5030, with 
remote control and various edit and pause features. 

This has proved to be a fruitful year for the Whitecap 
Project in other respects as well. The numerous papers 
presented on whitecapping and marine aerosol production in 
this period are listed along with other project high-lights 
in the accompanying Table 1.1. The various publications to 
arise from our whitecap studies are listed in Table 1 . 2. 
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I spent much of the 1985 summer as a Visiting Investigator at 
the Wo~ ds Hole Oceanographic Institution. A report on my 
Woods Hole work, dated 23 August 1985, has been transmitted 
from Woods Hole to ONR. 

Edward C. Monahan 

Galway, October 1985 
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Fig. 1 . 1. The decay of an indi vidual Ar ctic whitecap over 
20 seco n ds during interval nu mb er 672 . Th is 
o bs ervatio n was made on the 12th July, 1983 
between 13h42m05s and 13h42m25s GMT at 79~i9 . 07'N 
and 3°50 . 92 ' E . 
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Table 1.1: Whitecap Project Log of Research Cruise Participation, 

Field Activities, Lecture Presentations, and Meeting Attendance 

of Project Personnel in l September 1984 - 30 September 1985 

Interval. 

16-21 
September 
1984 

19 September 
1984 

3 -5 October 
1984 

ECM and PAB participated in Challenger Society's 

"Physical Oceanography 84" meeting at the Marine 

Science Laboratories, Menai Bridge, Univ. College 

of North Wales. 

ECM gave talk, on behalf of ECM, PAB, and M.C. 

Spillane, entitled "Oc eanic whitecaps and the 

global salt flux", at the "Physical Oceanography 

84" meeting at UCNW. 

D.M.D., P.A.B., and M.R.H. carried out maintenance 

(painting, checking gene rat or, etc) at t he Gort na 

gCapall marine aerosol field station on Inishmore 

17-19 ECM and DMD visited the Koninklijk Nederlands 

October 1984 Meteorologisch Institut, de Bilt, to preprare UCG 

whitecap recording systems for installation on 

Meetpost Noordwi.jk in the North Sea as part of 

HEXOS. 

18 October 
1984 

6-22 
Novemberl984 

26 November 
- 1 December 
1984 

10 December 
1984 

11 December 
1984 

26 January 
2 February 
1985 

ECM gave lecture entitled "Modeling the generati on 

of aerosols at the sea surface" at KNMI, de Bilt. 

Whitecap o bs ervations made with UCG recording 

systems aboard Meetpost Noordwijk by KNMI pers onnel 

as part of HEXOS 

ECM participated in MIZEX science gro up and publication 

meetings at Naval Postgraduate School, Monterey, 

California. 

Dr. G. de Leeuw of Physics Laboratory TNO, den 

Haag, the Netherlands visited Whitecap Project staff 

in UCG to di scuss HEXOS and other co-operative 

ex per imental programmes, and gave lecture on 

"Aerosol and Lidar Measurements". 

DMD and G. de Leeuw (from Physics Laboratory TNO, 

the Hague) visited the Gort na gCapall marine 

aerosol field station. 

P.A.B. and D.M.D. carried out marine aerosol 

measurements (with Royco c~ter) and tested Faraday 

c age and potential equiliser at Gort na gCapall 

field station on Inishmore. 
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.on 

7 February 
1985 

11-13 
February 1985 

13 February 
1985 

15-19 
February 1985 

15 February 
1985 

26-28 March 
1985 

28 March 
1985 

15-17 April 
1985 

ECM visited the Office of Naval Research, 
Arlington, Virginia, and gave seminar entitled 
"The influence of whitecaps on the physical 
character of the mari~~-atmosphere". 

ECM visited the Naval Postgraduate School, Monterey, 
California, and met with Prof. I.G. O'Muircheartaigh, 
Prof. K.L. Davidson, Mr. D.E. Spiel, and others 
re on-going co-operative research. 

ECM gave seminar entitled "Aerosol generatimmodels: 
a critical assessment" to the Environmental 
Physics Group, NPS, Monterey. 

ECM visited the Atmospheric Sciences Research 
Center of the State University of New York at 
Albany and met with Prof. D.C. Blanchard, Dr. R.J. 
apriano, and Mr . L.D. Syzdek to discuss co-operative 
research including the SUNYA/UCG simulation tank 
experiment. 

ECM gave seminar entitled "An alternative model of 
sea salt aerosol generation" in the Department 
of Atmospheric Science of SUNY, Albany. 

ECM visited the Institut de Mecanique Statistique 
de la Turbulence of the Universite d'Aix Marseille II 
to participate in HEXIST meetings as part of 
HEXOS . 

ECM gave seminar entitled "Modeling the generation 
of marine spray", at IMST, Universite d'Aix 
Marseille II. 

PAB sailed aboard R/V LOUGH BELTRA, Galway to 
Roa>aveal, making over-water electrostatic space 
charge measurements. 

16 April 1985 Whitecap recording systems arrived back at UCG 
from KNMI and the Meetpost Noordwijk experiment 
of HEXOS. 

20-21 April 
1985 

6 May -
7 June 1985 

PAB and DMD sailed on R/V LOUGH: BELTRA from Fenit 
to Cork, making electrosta -tic space charge 
measurements. 

UCG/SUNYA Co-operative CN production experiment 
carried out in UCG Whitecap Simulation Tank. 
Dr. Raman J. Cipriano of the Atmospheric Sciences 
Research Center of the State University of New 
York at Albany came to Galway, along with CN 
measuring apparatus, for the duration of this 
experiment. 
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ECM was a Visiting Investigator in the Physical 20 June -
30 August 1985 Oceanography Dept. of the Woods Hole Oceanographic 

Institution, Woods Hole, Massachusetts, working on 

various aspects of whitecap research, in particular 

on result analysis and publication preparation. 

8 July 1985 

11 July 1985 

2-3 August 
1985 

4-10 
August 1985 

6 August 
1985 

7 August 1985 

8-13 
August 1985 

12 August 
1985 

Dr. D.C. Blanchard of the Atmospheric Sciences 

Research Center of SUNY, Albany, met with ECM at 

W.H.O.I. for a discussion of marine aerosol 
research. 

Prof. K.L. Davidson, Naval Postgraduate School, 

Monterey, visited W.H.O.I. and met with ECM to 

discuss MIZEX and other on-going co-operative 

research o n marine aerosols and whitecaps. 

ECM visited the Naval Postgraduate School, Monterey, 

California, and met with Prof. K.L. Davidson (re 

MIZEX 84, 87 and 88, FASINEX, HEXMAX, etc.), with 

Mr . D.E. Spiel (re results from UCG/NPS Whiteup 

Simulation Tank Experiment IV and HEXIST), and with 

I.G. O'Muircheartaigh (re IAMAP/IAPSO Joint 

Assembly paper). 

ECM attended IAMAP/IAPSO Joint Assembly, in Honolulu, 

Hawaii. 

ECM gav e le c ture (co-authored by P . A. Bowyer and 

M.C. Spillane) entitled "Sea water temperature influence 

on whitecap aerosol productivity", in Symposium 

Ml3 (Variability of Aerosol Optical Properties) at 

IAMAP / IAPSO Joint Assembly. 

ECM gave lecture (co-authored by I.G. O'Muircheartaigh) 

entitled "Influence of fact o rs other than wind o n 

oceanic whitecap coverage" i n Symposium JS 3 

(Monitoring the Ocean/Atmospheric System - New 

Techniques) at IAMAP/IAPSO Joint Assembly. 

PAB participated in cruise of R/V LOUGH BELTRA 

and carried out over water electrostatic space 

charge measurements, etc. 

ECM visited the Institute of Hydrauli c Research, 

the University of Iowa, Iowa City, Iowa, and 

discussed flume work, etc., with Dr. J.F. Kennedy, 

and graduate students. 
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22-23 August 
1985 

26-28 
August 1985 

27 August 
1985 

16-27 
September 
1985 

17 September 
1985 

18 September 
1985 

19 September 
1985 

Dr. D.C. Blanchard and Dr. R.J. Cipriano of 
A.S.R.C., S.U.N.Y., Albany, visited ECM at W.H.O.I., 
to discuss findings from recent UCG/SUNYA Whitecap 
Simulati~ Tank CN experiments, and to work on 
joint publications. 

Dr. I.G. O'Muircheartaigh of UCG and the Naval 
Postgraduate School, Monterey, visited ECM at 
W.H.O.I. for discussions re the on-going 
statistical analyses of the various whitecap, wind 
speed data sets. 

ECM gave seminar entitled "Whitecaps and Sea Spray , 
their Significance in Marine Remote Sensing" in 
the Ocean Engineering Department of the Woods 
Hole Oceanographic Institution. 

ECM, PAB, and DKW participated in NATO ASI "The 
Role of Air -Sea Exchange in Geochemical Cycling" 
at Bombannes, Carcans, France. 

ECM gave lecture, "The Ocean as a Source for 
Atmospheric Particles", at NATO Advanced Study 
Institute, Bombannes. 

PAB and DKW presented Poster Paper , "Aerosol 
Production by Whitecaps: Production Mechanisms 
and their Temperature Dep endence" , at NATO Advanced 
Study Institute, Bombannes. 

ECM chaired discussim session on Sea Salt Aerosols 
and Oceanic Bubbles, and showed MIZEX video 
programme, at NATO ASI in Bombannes. 
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Table 1.2: Supplementary List of Project Related Publications 
as of 30 September 1985 

Note: Listings of earlier publicationsare to be found as indicated: 

New Listings 

Publications 

1-16 
17-29 
30-38 
39-55 

Location 

Table 1.1, 
Table 1.1, 
Table 1 . 1. 
Table 1 . 2. 

Report No. 
Report No. 
Rep or t No. 
Report No. 

56. Monahan, E.C., M.C. Spillane, P.A. Bowyer, M.R. Higgins, and 
P.J. Stabeno, 1984. Whitecaps and the Marine Atmosphere, 
Report No. 7, to the Office of Naval Research from University 
College, Galway, pp. 1-103. 

57. Monahan, E.C., P.A. Bowyer, and M.C. Spillane, 1984. 
Oceanic Whitecaps and the Global Salt Flux, Physical 
Oceanography 84, A conference held under the auspices of the 
Challenger Society at the Marine Science Laboratories, 
Menai Bridge, Wales, September 16-21, 1984, Abstracts of 
Papers, pg. 54 . 

58. Doyle, D.M., M.R. Higgins, and E.C. Monahan, 1984. 
MIZEX Whitecap Data Analysis: 21 November Status Report , 
pp. 1-3, for MIZEX Science Group Meeting, 28 Nov . - 1 Dec. 
1984, Naval Postgraduate School, Monterey, California . 

59. Monahan, E.C., and P.A. Bowyer, 1984. Arctic Whitecapping: 
Preliminary Results, pp. 53 - 56 , in MIZEX Bulletin I V, 
Initial Results an d Analysis from MIZEX 83 , CRREL Special 
Report 84-28, U.S. Army Cold Regions Research and 
Engineering Laboratory, Hanover, New Hampshire, pp. 1-56. 

60. Monahan, E.C., 1984. Whitecap observations and associated 
measurements during MIZEX 84! pp. 97-98, in MIZEX bulletin V. 
MIZEX 84 Summer Experiment, P.I. Preliminary Reports, 
0. Johannessen and D.A. Horn, Eds., CRREL Special Report 
84-29, U.S. Army Cold Regions Research and Engineering 
Laboratory, Hanover, New Hampshire, pp. 1-175. 

61. "Whites, Greens, and Blues" (Whitehorses and Ice Floes on 
Arctic Waters, The Galway Perspective on the Marginal Ice 
Zone Experiment), Video Production: 
57 minutes, produced in 1985 by UCG Audio-Visual Unit 
Script: E.C. Monahan 
Directors: E.C. Monahan and S. Mac Iomhair 
Editor: P. Monaghan 

62. Monahan, E.C., 1985. "The Ocean as a Source for Atmospheric 
Particles", separate for NATO Advanced Study Institute 
"The Role of Air-Sea Exchange in Geochemi ca l Cycling", 
Bombannes, France, September 1985, pp. 1-34. 
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63. Monahan, E.C., and I.G. O'Muircheartaigh, 1985. Influence of 
factors other than wind on oceanic whitecap coverage, 
IAMAP/IAPSO Joint Assembly, August 5-16, 1985, Honolulu, 
Hawaii (Book of Abstracts)~ P.36. 

64. Monahan, E.C., P.A. Bowyer, and M.C. Spillane, 1985. Sea 
Water Temperature Influence on Whitecap Aerosol Productivity, 
IAMAP/IAPSO Joint Assembly, August 5-16, 1985, Honolulu, 
Hawaii (Book of Abstracts), P. 104. 

65. Bowyer, P.A., and D.K. Wool£, 1985. Aerosol Production by 
Whitecaps: Production Mechanisms and their Temperature 
Dependence, poster paper for NATO Advanced Study Institute 
on "The Role of Air-Sea Exchange in Geochemical Cycling", 
Bombannes, France, September 1985, pp.l-5, plus 11 figures. 
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Chapter 2 

The Ocean as a source for 

atmospheric particles 

by 

Edward C. Monahan 

Recognizing that descriptions of the physical mechanisms where

by sea-salt particles are introduced into the atmosphere have 

been treated in some detail by Blanchard (1983) in an earlier 

publication in this series (Liss and Slinn, 1983), it seems 

appropriate in this contribution to critique several explicit 

models for the estimation of the number of sea-salt aerosols 

per size interval, per unit area of the sea surface, per unit 

time, produced by these mechanisms under specified meteorological 

conditions, and in so doing illustrate the state of knowledge 

of the various processes that link the flux of sea-salt aerosol 

up from the sea surface to the wind speed measured at an 

elevation of 10 meters. 

Given the great difficulty encountered in any attempt to directly 

measure in situ sea surface particle production (as opposed to 

low-elevation aerosol concentration), it is perhaps not 

surprising that the two models of aerosol generation via bubble 

bursting to be discussed both attempt to combine laboratory 

measurements of the sea-salt aerosol particles produced from 

simulated whitecaps with field measurements of oceanic whitecap 

coverage· to deduce indirectly the flux of sea-salt particles up-

wards from the surface of the open ocean. 
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In the first model to be considered the authors (Monahan, et 

al, 1979; 1982) have attempted to combine estimates of the 

fraction of the sea surface from which whitecap foam disappears 

per unit time, w, with laboratory measurements of the number 

of sea-salt particles per radius increment produced throughout 

the lifetime of a simulated whitecap of initial unit area, 

aE;ar. In this set of laboratory experiments the simulated 

whitecaps are produced by causing spilling crests moving from 

opposite ends of a rectangular tank to interact to produce a 

plunging breaker. The second, alternative, model to be considered 

is that introduced by Cipriano (1979) and Cipriano and Blanchard 

(1981) • In this approach what in effect is done is to combine 

estimates of the instantaneous fraction of the sea surface 

covered by whitecaps, W, with laboratory measurements o£ 
2 

a E/atar, the rate of production of sea-salt particles per 

radius increment from a unit area of a steady-state whitecap 

sustained by water continuously overflowing a weir. 

2 
In the following descriptions of the w aE)ar and W a E/atar sea-

salt particle generation models the assumptions unique to each 

model will be discussed. Those assumptions which are common 

to both models will then be considered in a subsequent section. 

The w aEjar Model 

In all stages of the evolution of this model it is assumed that, 

(1) W = WT-l 

1 1 



where T is the appropriate time constant characterising the 

decay of the surface area of individual whitecaps (Monahan, 1971). 

The contention that the area of the sea surface covered by 

those bubbles which have their origins in a particular breaking 

wave event decreases exponentially with time once the wave 

has finished breaking is supported by the findings from several 

tank studies (Monahan and Zietlow, 1969; Monahan, et al, 1982). 

If it is acknowledged that in analysing film or video records of 

the sea surface (or of the water surface in a tank) only those 

specific areas where there exists on the surface at least a minimum 

areal density of bubbles with radii greater than Rm are identified 

as whitecap covered, and if it is recognized that bubbles of radius R m 

have a terminal rise velocity vm ' then it follows for the present model 

that at any time t after a whitecap's formation, the horizontal cross-

sectional area at depth z of the bubble cloud beneath that 

whitecap At(z), is related to the surface area of the whitecap 

at that time At(O), by 

(2) At(z) = At(O)e 
-z/D 

where D, the e-folding or scale depth of the whitecap bubble cloud 

is given by, 

( 3) D = V T m 

It should be noted that it is not assumed that the surface of 

a particular whitecap necessarily remains one contiguous area, 

nor is it assumed that the cross-section through the associated 

bubble clbud at any particular depth can be represented as a 

single area. It is assumed that the bubble cloud has not been 

12 
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subjected to any net vertical advection associated with Langmuir 

cells or large scale turbulence, possibilities discussed in detail 

by Thorpe (1982, 1984a, 1984b). While it is not directly 

apparent from the sonographs of bubble clouds obtained during 

a series of measurements carried out in the vicinity of the 

Scottish coast (Thorpe, 1982) that these clouds attenuate 

exponentially with depth, the variation of accoustic cross

section with depth determined during these experiments would 

suggest that the average concentration of bubbles with radii 

in the range of SO~m to 60~m does indeed vary with depth in a 

manner (Thorpe, 1985) consistent with the exponential attenuation 

with depth model. 

In developing this model, the total number of sea-salt aerosol 

particles per radius increment generated during the entire 

period of decay of a whitecap of initial unit area, dE)ar , was 

determined from measurements made in the whitecap simulation tank 

illustrated in Figure 1. Starting with the sea-water level 

behind the two gates considerably higher than in the central 

section of the tank (Fig. la), two solitary waves which progressed 

toward the centre of the tank (Fig. lb) were generated by 

raising the gates simultaneously. As these waves moved close 

to the centre, they each spilled (Fig. le) and became bore-like 

in character. Their collision on the surface of the central 

wel l (Fig . ld) resulted in a plunging breaker, and in the 

entrainment of bubbles down to considerable depths below the 

' 
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Figure 1. Whitecap simulation tank at University College, 
Galway . See text for description of sequence of profile views. 
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surface (Fig. le). A pair of Particle Measuring Systems aerosol 

spectrometer probes, models CSASP-100 and ASASP-300, and on 

other occasions a Royco model 225/241 particle counter, were 

used to continuously measure the particle concentrations acjar 

at various heights within the hood above the tank (Fig. la) 

as successive breaking wave events were staged at appropriate 

intervals. From the resulting time series records which clearly 

showed the change in particle concentration ~(dc/dr) associated 

with each breaking wave event it was possible, knowing the 

interior dimensions of the hood, to determine the total number 

.of particles per radius increment generated during a typical 

event, .i.e. during the decay of a standard tank whitecap, 

~(on/8r). The explicit expression derived from these simulation 

tank experiments is given in Equation 4 (Monahan, et al, 1983), 

where r represents the radius of the sea spray droplets at 80% 

relative humidity, expressed in micrometers. 

-Bz 
(4) ~(on/8r) = 4.40 X 10

5
r-

3
(l+0.057r 1

;
05

) X 1o1
•

19 e 

B = (0.380-log r)/0.650 

This expression is valid in the droplet radius range, o.8~m to lO~m. 

Here again, and throughout the discussion of this model, all 

sea spray droplet dimensions have been adjusted to the dimensions 

these particles would have if they were airborne in, and in 

equilibrium with, an atmosphere at 80% relative humidity. 

The exponential time constant associated with the decay of the 

simulation tank whitecaps, T', and the initial surface area of 

' 
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the standard tank whitecap, A' (0), were determined from the 
0 

analysis of cine-film recordings of a number of breaking wave 

events to be 3.53 s and 0.349·~2 respectively. A more detailed 

description of the simulation tank experiments can be £ound 

elsewhere (Monahan, et al, 1982). 

The quantity required from the laboratory experiments, dE/or, 

the number of particles per increment radius produced during 

the decay of a unit area of whitecap, is then given by 

Equation 5. 

(5) Cl E/Clr = 6(dn/Clr)/A' (0) 
0 

The rate at which sea-salt particles are generated, per radius 

increment per unit area of sea surface, by the bursting of 

whitecap bubbles, ClF
0
/ar, is therefore, from Equations 1 and 5, 

W 6( Cln/ Cl r) 
( 6) aF ;ar = w ClE/Clr = 

0 't A I (0) 
0 

In both t his model and the model of Cipriano and Blanchard (1981) 

it is assumed that the respective laboratory whitecaps are valid 

facsimilies o£ open ocean whitecaps. The specific assumption . 
embodied in the W ClE/Clr model is that the same number of 

aerosol particles, in each size range, are produced during the 

decay of a unit area of the laboratory foam patch as are generated 

during the decay of a unit area of open ocean whitecap, regard-

less of the relative magnitudes of the initial surface areas 

of the foam patch (A' (0)) and of the oceanic whitecap (A (0)). 
0 0 

Before moving on to a consideration of the Cipriano and Blanchard 
·, 

model it is instructive to go back and recast the present 

model in slightly altered terms, i . e . by beginning with the 

16 



assumption that the number of aerosol particles in each size 

range generated during the disappearance at the water surface 

in the tank of a bubble cloud of initial volume V' is proportional 
0 

to the particle production associated with the disappearance 

at the sea surface of a bubble cloud of initial volume V , 
0 

the ratio of proportionality being simply V'/V • 
0 0 

For the 

whitecap model characterised by an exponential attenuation of 

the associated bubble cloud's cross-section with depth, it 

follows from Equation 2 that, 

(7) V 
0 

00 

=! A (z)dz 
0 0 

00 

= fA (O)e-z)Ddz = DA (0) 
0 0 0 

and similarly, that V' equals D'A'(O). Now in the case of 
0 0 

this recast version of the model the quantity to be evaluated 

from the laboratory tank results would be the number of sea-

salt particles per radius increment produced throughout the life-

time of a simulated whitecap of initial unit volume, 3G/or, 

which is expressed in Equation 8, 

!J(3n/3r) 
(8) 3G/3r = !J(!ln/3r)/V' = 

0 D'A'(O) 
0 

and since the rate at which the aggregate volume of those clouds 

of bubbles with radii greater than or equal to R , i.e. the m 

clouds of bubbles associated with the optically resolvable surface 

whitecaps, is disappearing up through a unit area of sea surface 

is simply Wv , the rate at which sea-salt particles are generated, m 

per radius increment per unit area of sea surface, by the 

bursting,of whitecap bubbles, 3F )3r, is in this case given by, 
0 

17 



(9) 6F ;ar = wv 6G/6r = o m 

Wvm t:, ( an;ar) 

D 1 A' (0) 
0 

making use of Equation 3 this becomes, 

(10) aF ;ar 
0 

or, alternatively, 

ll ( an;ar) 

T 1A'(O) 
0 

D ll (6n/6r) 
(11) 6F

0
/ar = w -0 , TA 1 (0) 

0 

It should be appa.rent that this model does not involve the un-

realistic assumption that the size distribution and concentration 

of bubbles within the cloud beneath a whitecap are uniform over 

time or depth. Rather, this approach assumes that the initial 

volume occup:i.ed by an ocean (V } or labora·tory (V 1
) bubble cloud, 

0 0 

defined by t he presence of bubbles with radii of R or greater, 
m 

is proportional to the initial number of bubbles in each size 

category, not simply those with radius Rm' present in that just 

formed cloud. While it seems probable, in the absence of reliable 

data, that the large-R cut-off in the bubble spectrum occurs at 

a smaller radius in the case of a smaller V bubble cloud than 
0 

in the case of an initially larger bubble cloud, it is to be 

remembered that these very large bubbles are quite sparce in 

any whitecap bubble cloud, and are not efficient generators of 

jet-drops (Blanchard, 1963). 
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If the scale depths of oceanic and tank bubble clouds are the 

same, then Equation 11 simplifies to Equation 6. Given the 

variations in the general appearance of bubble clouds, from 

billow-like to column-like, which were observed by Thorpe (1982) 

to be associated with changes in the stability of the lower 

atmosphere as reflected in changes in the quantity ~T, i.e. 

the surface water temperature minus the air temperature, it is 

probable that this simplification of Equation 11 is not in all 

cases justified. 

Likewise, it is to be noted that if v equals v' then Equation 10 m m' 
becomes, 

{12) oF /or = 
0 

w ~ (on/or) 

T'A'(O) 
0 

and we can use the tank derived exponential time constant T' in 

place of the open ocean whitecap time constant T called for in 

Equation 6. This simplification is only applicable when the 

sea surface temperature is equal to the water temperature in the 

simulation tank, for only in this circumstance will the terminal 

rise velocities of bubbles of radius R in both the ocean and the m 

tank be the same, as can be seen from the curves in Figure 2 

{from Blanchard, personal communication). 
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Figure 2. Influence of water temperature on the terminal rise speed of bubbles. Personal communication from Blanchard (1959). 
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The w a2 Ejatar Model 

The measurements required to evaluate the second term in this 
model, i.e. a 2 Ejatar, were made in a circular laboratory tank 
covered with a cylindrical hood. The most distinctive feature 
of the laboratory set-up used by Cipriano (1979) was a weir, 
which was mounted at a fixed elevation (0.33m) over the surface 
of the tank. A constant waterfall over the sill of the weir down 
into the center of the tank was achieved by continuously pumping 
salt water up from the bottom of the tank into the weir. This 
apparatus is illustrated in Blanchard (1983) • The waterfall 
and resulting bubble plume are assumed to be analogous to a 
plunging breaking wave and associated whitecap. 

Filtered, aerosol-free , a i r was introduced into the hood at a 
dilution rate, Fd or avh;at, and air was extracted at the same 
rate from the other side o f the hood and passed through a 
Royco model 225 particle counter to determine the equilibrium 
concentration spectrum, acjar , a s s ociat ed with droplets of radii 
greater than 0 . 3~m . The number o f sea-salt a e r o sol droplets, 
per radius increment, produced per unit time by the rising bubble 
plume, d2 nja t ar, is given by Equation 13, and the desired 

. ac 
(13) d

2
n/otar = ar Fd 

quantity, a 2 E/otar is 
constant surface area 

(14) a 2 E 1 a 2n 
= = 

a t ar Ac a t ar 

expressed by Equation 14, where A c is the 
of the bubble plume. The area Ac was 

Fd ac 1 ac avh 
= 

A c ar A c ar () t 

taken to be that of a circle with an effective radius of 0.08m 
(Cipriano, 1 979) . The standard dilution rate, Fd' used in these 
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experiments was such that the effects of aerosol.~igration to 

the hood surfaces and of aerosol coagulation on dC/dr were 
negligible. __ Li_!(ewise, the loss of aerosol particles by 
sedimentation was negligible except in the case of the largest 
droplets. By measuring dcjar for different values of Fd 
Cipriano (1979) was able to infer the asymptotic value of 

the product of ac;ar and Fd, in the case where Fd approached 

infinity, i.e. the value of d 2 n/dtor associated with negligible 

sedimentation. 

By making use of such instruments as a Gardner counter, an 

electrical aerosol analyser, and a Sinclair diffusion battery 

Cipriano was able to obtain information on the sub-micron-sized 

particles generated in his weir-waterfall apparatus (Cipriano, 
et al, 1983). 

The rate at which sea-salt particles are produced, per radius 

increment per unit area of sea surface, by the shattering, 

collapsing whitecap bubbles, aF ;-ar, is, according to this 
0 

model, 

(15) aF ;ar = 
0 

It should be noted that in this development it is assumed that 

the rate of aerosol production per unit surface area of the 

rising, energetic, laboratory plume is the same as the aerosol 

production rate from a typical unit area of an optically 

resolvable open ocean whitecap. 

An additional feature of the weir-waterfall experiments was 

the introduction of bubble collectors, apparatus which made 

it possible to photographically determine the bubble 

concentration spectrum, acjoR, at various locations relative to 
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the plume axis. Now the bubble arrival rate per unit tank surface 

area per radius increment, .o 2E'/~ tar, is given by Equation 16, where 

(16) 

terminal rise velocity of bubbles with radius R. 

If it is assumed in this case of jostling bubbles on the surface 

above the plume produced by the weir waterfall that the relation-

ship between 

the radii of 

case studied 

the radii of the daughter jet droplets, rd, and 

the parent bubbles, R , is the same as in the 
p 

by Blanchard (1963) of individual bubbles rising 

to a still sea water surface, then the coefficients required to 

evaluate Equation 17 are known. Relying on the 

isolated bubble studies of Hayami and Toba (1958) and Blanchard 

(1963) an estimate can be made for JR ' the average number of 

j e t droplets produced by each bubble of radius R. Cipriano 

and Blanchard (1981) a s sumed JR to have an R-independent value of 

5. It f o llows from the above that the d e sired quantity, 

a2 E/o t or, can be expressed in the manner of Equati on 18. 

Finally, the open ocean jet-droplet production to be inferred 

from the laboratory measurements of bubble concentration spectra i s 

given by, 

(19) 0F 0 /arl = = 
rd 
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Because of the difficulty experienced in attempting to 

determine the number and sizes of the film droplets arising 

from the shattering of the upper surface of an isolated 

bubble of given radius, the quantities comparable to JR and 

aR;ar in the analogous, complementary, expression describing 

the film droplet production associated with a known bubble 

concentration spectrum cannot be readily evaluated. It is 

to be hoped that the application of the laser holographic 

techniques described by Resch (1985) will yield the required 

information on the number and sizes of the film droplets 

produced when an individual bubble bursts. 

In light of the considerable uncertainty associated with any 

attempt to extrapolate droplet production rates determined 

from experiments on isolated bursting bubbles to mass 

bubbling circumstances such as those encountered in bubble 

plumes, a concern first expressed by Blanchard (1963), 

the model rerresented by Equation 19 will not be considered 

further, and only the Wo 2 E/atar expression given in Equation 

14 will be compared in detail with the W aE}ar expression 

of Equation 6, or Equation 10, if it is assumed that v m 

equals v'm· 

Comparison of w aE;a r and w a 2 E}atar Models 

It is apparent from a consideration of Equation 6 (or 12) 

on the one hand and of Equation 15 on the other, that the 

~ependence on whitecap coverage is the same in both the 

W aE/ar and w a 2 E/atar aerosol generation models . If the 
. 

statement of the W aE/a r model given in Equation 12 is adopted, 

it is then possible to directly compare just those portions 

of both models which rely upon results obtained from the 
1 

respective laboratory experiments, i.e. (T')- aE/'dr can be 

compared with £l 2 E/atar, and for the moment the vexing problem 

of selection for use in these models of an appropriate expression 
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1 

for W can be deferred. Since the laboratory experiments of 

Monahan, et al (1982) were carried out at a water temperature of 

approximately 19°C and the tank studies of Cipriano and 

Blanchard (1981) were conducted with the water at about 26°C, 

in making the suggested comparison it would be simplest to 
_l 2 

assume that (L') aE/ar and a Ejatar are independent of water 

temperature (an assumption implicit in the early attempts to 

assess from the models global sea-salt flux, e . g. Monahan and 

Spillane, 1983) but more prudent to avoid this simplifying 

assumption and interpret the results of the comparison in 

light of the 7°C temperature difference b~tween the two tanks. 

The suggested comparison is shown in Figure 3. The two 
_1 2 

expressions, (L') aE/ar and a E/atar, predict roughly equal 

rates of production of sea spray droplets with radii, at 80% 

relative humidity, of one or two micrometers, but the curve 

based on the measurements taken during the waterfall-weir 

experiment gives a rate of production of lO~m droplets that 

is almost one hundred times greater than that given by the 

formula evaluated using the results of the two-interacting

waves experiment . 

Could the relative amplitudes of the two curves, which represent 

for their respective models the rate of marine aerosol 

production per radius increment per unit area of whitecap 
1 

(W- aFo/ar), be explained in terms of the 7°C difference in 

water temperature ?. While the ratio of daughter-jet-droplet 

to parent-bubble radii appears to increase with increasing 

water temperature (Blanchard, 1963), and certainly the lO~m 

radius droplets observed in these experiments are such jet 

droplets, this slight shift could not explain the relative 

shapes of these production spectra unless there is a marked 

shift in the bubble spectrum with temperature as well. Now 

several pieces of evidence have recently emerged that suggest 

that the spectrum of bubbles that result from a breaking wave 

does alter significantly with water temperature. Pounder 

(1985), ·in Monahan and Mac Niocaill (1985), has observed that 
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- Figure 3. The incremental sea surface droplet production flux, 

oF 0 /or, for lOO% whitecap coverage, as determined from the 

Galway (T- 1 "0E/or) and Albany (o 2E/"Ota r) laboratory tank 

measurements. 
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.as the temperature increased from 1° to 28°C the average size 

of the bubbles produced in sea water decreases, and that the 

number of bubbles increases, i.e. as the water temperature 

goes up the air volume entrained goes into more, relatively 

smaller, bubbles, than was the case for colder water. Bowyer 

(1983), in Monahan et al (1983b), found that the amount of 

electrostatic space charge produced during the decay of a 

standard whitecap formed in the wave-wave simulation tank 

increased some three-fold as the sea water's temperature was 

raiseQ from near 0°C up to about '2s °C, and subsequent experiments 

(Bowyer, 1984) showed a comparable increase, with increasing 

temperature, in the number of sea-salt aerosol droplets with 

radii of l.S~m or larger produced during the decay of a 

standard simulation tank whitecap. Bowyer's observations 

for droplets with radii of 2.5~m and larger are presented in the 

lower portion of Figure 4. Since these charged droplets are 

almost certainly jet droplets, it can be concluded that as the 

temperature of the sea water in the tank increased, the air 

volume entrained by a standard breaking wave was divided up into 

more and more smaller and smaller bubbles, i.e . the peak in the 

bubble spectrum shifted toward small-R as sea water temperature 

increased, while the total volume of all the bubbles formed 

remained relatively unchanged . (It would appear that the cold 

sea water bubble spectrum differs from the warm sea water 

bubble spectrum in the same manner as the fresh water bubble 

spectrum differs from the sea water bubble spectrum at the 

same temperature, as described by Monahan and Zietlow, 1969). 

It follows from Pounder's and Bowyer's findings that the 
_1 . 

amplitude of the W 3F 0 /ar spectrum associated with the 26°C 

temperature of the waterfall-weir experiment might well be 

greater than that associated with the 19°C temperature of the 

wave-wave interaction experiment, but these same findings 

provide no obvious explanation for the preferential increase 
0 _l 

in amplitude at the large-r end of the 26 C W 8Fo/3r 

expression when compared to that derived from measurements made 

at 19°C .. 
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Figure 4. The number of particles per unit volume of hood, with 
radius greater than r, N= S00

6(3c/3r)dr, produced by a standard 
breaking wave event in th~ UCG whitecap simulation tank, as a 
functio~ of sea water temperature, based on Figures 1 and 2 of 
Bowyer (1984), in Monahan, et al (1984a). Upper portion of 
figure: r equals 0.33 micrometers. Lower portion of figure: 
r equals 2.5 micrometers. ' 
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Since the temperature difference between the waterfall-weir 
and wave-wave experiments does not seem to afford an explanation 
for the marked disparity between the two laboratory-derived _l 
w 3Fo/ar spectra, some other explanation need be sought. The 
suggestion that the bubble spectrum in the energetic weir water
fall plume is quite different from the spectrum associated with 
spilling breaking waves on the open ocean needs to be 
considered. It has been suggested (Monahan, 1982) that the 
bubble spectrum resulting from wave-wave interactions in 
the simulation tank has more in common with the spectra measured 
in the field by Blanchard and Woodcock (1957), Kolovayev 
(1976), and Johnson and Cooke (1979) than does the laboratory 
bubble spectrum associated with the weir waterfall, particularly 
the spectrum identified with the centre of the plume. It is 
now appropriate to see if there are observational data which 
can be used to determine which of these two models best 

describes what is occurring in nature. 

There are certain characteristic features of the aerosol 
concentration spectra just above the sea surface which are 
reflected throughout the marine atmospheric boundary layer. 
In figure 5 are to be found the average aerosol spectra 

l _1 
associated with winds of 7ms , 9ms , as measured at 14m 
above the sea surface during the JASIN experiment (Monahan, et 
al, 1983c), and the aerosol spectra near cloud base as measured 
by Woodcock (1953) for comparable winds. To show the features 
more clearly, the quantity plotted is as;ar, the fraction of 
the marine air volume occupied by sea-salt aerosol droplets 
which fall within a unit increment of radius, which is 
related to the numerical concentration spectrum, dC/dr , as 
shown in Equation 20. 

' 
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Figure 5. The volume concentration spectra at low elevation over 
the sea sustainable by lOO% whitecap_coverage, (vdW)-1 oM 0/or, as 
inferred from the Galway (4~r 3 (3 tvd) 1 dE/or), and from the Albany 
(4~r 3 (3vd)- 1 o 2E/otor), laboratory results, and the average 14m
elevation volume concentration spectra ( aS/dr) measured during the 
Joint Air-Sea Interaction Experiment, (J), for winds of 7ms-1

, and 
for winds of 9ms- 1

• Near cloud-base volume concentration spectra 
deduced from results in Woodcock (1953), (W), for ~inds of 6 . 7ms-1 

and for winds of 9.8ms- 1
, included as dashed curves. See text 

for details. 
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All four of these spectra have peaks in the 2 to 4um radius 
range, with the peaks in the cloud base spectra being somewhat 
broader than those in the near-sea-surface spectra. 

Returning to a consideration of the quantity, whose magnitude 
can be predicted from the models, it is noted that aFo)ar, the 
number of particles per unit radius increment produced per unit 
area of the sea surface per unit time must just be equal, under 
conditions of dynamic equilibrium, to the rate at which 
particles in each one micrometer radius band return back 
into the sea. Now this rate of return is equal to the product 
of the dry deposition velocity, vd, and the numerical 
concentration spectrum, ~cja r, (Slinn, 1983), as stated in 
Equation 21. 

(21) oFo/or = vd ocjor 

If a quantity aMo/ar is defined as the volume of the droplets 
produced per unit radius increment, per unit area of the sea 
surface, per uni t t i me, then it follows that, 

and the fraction of the marine air volume expected to be filled 
with droplets in a particular one micrometer wide radius band 
in that unattainable circumstance where the sea is entirely 

1 
covered by white caps, w a s;a r, can be calculated as indicated 
in Equation 23. 

_ l _1 
(23) W as/ar = (Wvd) aMo/ar = 4nr 3 

3Wv aFo/or 
d 

_ l 
~his quantity, (Wvd) oMo /ar, has been determined from the 
w oE/ ar and w o2 Eja t ar models, making use of dry deposition 
velocity curves found in Slinn (1983), and the results plotted 
on Figure 5 . The marked simila rity in shape between the 
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1 
(Wvd) oMo/or curve derived from the wave-wave interation 

experiments and the aS/or curves describing the field 

observations is immediately apparent . Particularly of note 

is the peak at two to three micrometers radius. The 
1 

(Wvd)- oMo/or curve based on the weir waterfall experiments 

does not conform in shape to the aS/~r curves, and the 

w. a 2Ejatar model will therefore at this point be set aside 

in favour of the w oE/ar model. 

Recognizing that the bigger bubbles, with their large film 

areas, are effective sources of film droplets, and that the 

smaller bubbles are the efficient generators of jet drops, 

it is not surprising that Cipriano and Blanchard (1981) 

inferred from the results of the large-bubble-rich weir 

waterfall experiment that in all droplet radius (at 80% 

relative humidity) categories up to 3.75~m (which corresponds 

to a sea water droplet diameter of 15~m) the droplets produced 

are primarily film droplets, and only in size ranges above 

3.75~m radius do the jet drops dominate, while from a 

consideration of the variation with radius of the temperature 

dependence of oE/or found during the wave-wave whitecap simulation 

tank experiments (Figure 4) Bowyer (1984) concluded that the 

"cross-over" from predominately film droplets to mainly jet 

drops occurs at a 80% R.H. radius of only 1.5~m. When it is 

noted that Woodcock (1972) suggested, based on his studies 

of Hawaiian marine aerosols, that the transition from bubble

film produced particles to bubble-jet produced particles falls 
l 7 1 6 

in the 10- to 10- kg (0.2 to 0.5~m 80% R.H. radius) range, . 
it again appears that the w oE/or laboratory approach comes 

closer to duplicating what happens on the sea surface than does 

the wa 2 E/atar approach. 

The amplitude at 2~m radius of the JASIN as;ar curve for 7ms 
3 

winds shown in Fiqure 5 is 2.35 X 10- times the amplitude of 
. l 

theW 3E/ar model's (Wvd)- oMo/or curve at 2~m radius, i.e. 
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L 

1 

the whitecap coverage for winds of 7ms must be 
_3 

2.35 X 10 , or 0.24%, if the aerosol production as given by 

Equation 6 (or 10) is to be that required to sustain the 
1 

average low elevation aerosol concentration observed at 7ms 

winds during the JASIN experiment. In the following sections 

the appropriate expressions describing whitecap coverage, W, 
as a function of such variables as lam-elevation wind, u, 
will be considered in detail. It will then be feasible to 

test the conclusion reached above, as to the whitecap 
1 

coverage required when the winds are 7ms- to produce the 

observed aerosol concentration, against the independently 

arrived at expressions for W(U) based on extensive shipboard 

observations of oceanic whitecaps. 

Oceanic Whitecap Coverage 

In order to estimate the rate of production of marine aerosol 

droplets, per radius increment, per unit area of sea surface, 

arising from the bursting of whitecap bubbles, aF 0jar, all that 

remains is to identify the W-value appropriate for the time 

and place in question. 

The first quantitative description of the wind dependence of 

oceanic whitecap coverage appeared in Blanchard (1963) . From 

the analysis of photographs from a Naval Weather Squadron 

manual (anon., 1952), Blanchard concluded that whitecap 

coverage was proportional to the square of the near-surface 

wind speed, and suggested that therefore W was proportional 

to sea surface wind stress. 

That whitecap coverage depends on the stability of the lower 

atmosphere, as reflected by the previously introduced quantity 

~T, as well as on the deck-height wind speed, was inferred by 

Monahan (1969) from his quantitative observations of white

capping on the Laurentian Great Lakes of North America. This 
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result confirmed numerous earlier qualitative observations 

made at sea (Roll, 1965), and has subsequently been supported 

by the results of a statistical analysis of numerous white

cap coverage measurements made in diverse regions of the 

world ocean (Monahan, et al, 1981). 

Cardone (1969) suggested that the instantaneous whitecap 

coverage is proportional to the rate at which energy is 

being dissipated out of the fully developed, high frequency, 

end of the wave spectrum, and tested this hypothesis using 

the Great Lakes data set (Monahan, 1969), which included 

estimates of fetch, to calculate for each whitecap observation 

interval the rate of energy transfer from the wind via a 

combined Miles-Phillips instability mechanism to the fully 

developed spectral components of the wave field. The results 

of this exercise, reproduced in Figure 6, fully support 

Cardone's hypothesis. This is a most encouraging result. 

Since the wave generation theory utilised by Cardone is cast 

in terms of deck-height wind speed, atmospheric stability, 

fetch, and wind duration, it is now possible to estimate W 

in any circumstance where these four parameters are known. 

It is reasonable to suggest that it is not in fact the 

instantaneous whitecap coverage, but rather the rate of white

cap formation (which is just equal under steady state conditions 

to the rate of whitecap decay, WT- 1 ), that is proportional 

to the rate of energy dissipation from the fully developed 

portion of the wave spectrum (Monahan, 1971). 

The influence of fetch on whitecap coverage is refected in the 

results obtained from the analysis of some 1500 visual 

observations of whitecapping logged at the Alte Weser light

station offshore from Bremerhaven (Monahan and Monahan, 1985). 

For the equilibrium case of a fully developed sea, where 

fetch and duration are effectively infinite, Wu (1979) suggested 

that wbitecap coverage would be proportional to the product of 

wind stress and surface drift velocity, i.e. to the rate at 

which work is done by the wind on a unit area of ,~he sea 

surface. This work done by the wind is therefore proportional 
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Figure 6. Fresh water whitecap coverage, W, from Monahan {1969), 
versus £ 1 the rate of energy dissipation out of the fully 
developed, high frequency, end of the wave spectrum. Redrawn 
from Cardone (1969). Note the simple proportionality between 
W and £, a~ reflected by Cardone's straight line. 
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to the cube of the friction velocity, U*, and Wu concluded, 

following on his earlier observation that the drag coefficient 

is proportional to the square root of the lam-elevation wind 

speed, u (Wu, 1969), that this woLk -would also be proportional 

to U3
•

75
• A review of all the earlier attempts to describe 

the wind dependence of whitecap coverage, W{U), by such a 

power-law, and a statistically optimal power-law expression 

for W(U), are to be found in Monahan and O'Muircheartaigh 

{1980). Applying the technique of robust biweight fitting 

to the whitecap data sets of Monahan {1971) and Toba and 

Chaen (1973), they obtained the optimal expression given in 

Equation 24, where 

W is as before the fraction of the sea surface covered by 

whitecaps and U is the lOm-elevation wind speed expressed in 

ms-1 • Further discussion of these results is to be found in 

Wu {1982) and Monahan and O'Muircheartaigh (1982). It should 

be noted that the use of Equation 24 yields a whitecap 

coverage of 0.00292, or 0.29% , for winds of 7ms- 1 • This is 

in good agreement with the valu e of W (0.00235) that had 

to be introduced in Equation 6 to give the low elevation 

aerosol concentration observed during the JASIN experiment for 

such winds (see Figure 5). It is therefore appropriate to 

suggest that Equation 24 be combined with Equation 10 

(or Equation 6) and Equation 4, to provide an explicit expression 

(Equation 25) for the rate of sea salt aerosol production, 

aFo/ar, for a given value of u. 
-B2 

(25) aFo/ar = 1.37 u 3 •~ 1~ r- 3 (1 + 0.057 r 1 •
05

) x l04 • 49 e 

m 

B = (0.380 - log r) /0.650 

In the instance where vm can be taken equal to v~ Equation 25 

is identical to Equation 12 of Monahan, et al (1983a) • 

. , 
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It has often been suggested that there is a threshold wind 

speed below which no whitecaps are formed (e.g. Munk, 1947; 

Blanchard, 1963; Monahan, 1971). Recent results (Monahan 

and O'Muircheartaigh, 1985) indicate that there is no single 

threshold velocity, but rather that this Beaufort velocity, 

UB' is a function of atmospheric stability and sea surface 

temperature. The lip of the precipice in the surface 

depicted in Figure 7a indicates the position in U, ~T 

co-ordinates of the Beaufort velocity, UB, and shows that 

UB is clearly a function of ~T. The upper edge of the steeply 

sloping portion of the surface shown in Figure 7b likewise 

marks the location of UB in u, Tw space. The difference in 

appearance between these two surfaces is an indication that 

the role of surface water temperature, Tw' in establishing 

the Beaufort velocity goes beyond that of helping to determine 

the stability of the lower atmosphere, and probably includes as 

well its influence on sea water viscosity. 

The Tw-dependence of whitecap coverage at wind speeds above 

UB has been well documented by Bortkovsky (1983), some of 

whose findings are reproduced in Figure 8. Qualitatively 

similar results have recently arisen out of the Marginal Ice 

Zone Experiment (Monahan, et al, 1984). The observed increase 

in W with increasing Tw and constant U can be explained in terms 

of the shift in bubble spectrum with changing T mentioned w 
previously. One working hypothesis is that the effectively 

smaller bubbles of the warm water whitecap bubble cloud take 

longer to reach the surface, in spite of the relatively lower 

viscosity at high T , than do the larger bubbles that characterise 
w 

the cold water bubble cloud. It follows that for the same rate 

of whitecap formation, WT- 1
, the effectively larger Tin 

warm water leads to a larger instantaneous W than in the cold 

water case. This explanation, based on the dependence of T 

on the bubble spectrum, is similar to the one put forth to 

explain why W is less on the Great Lakes than on the ocean for the 

same u, and presumably the same WT- 1 (Monahan, 1971). -, 
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Global Sea-to-Air Salt Flux 

With a marine aerosol generation formula such as that given 

by Equation 25 to hand, it becomes possible, given an adequate 

meteorological data set, to calculate the annual sea-to-air 

flux of salt associated with jet drops for the entire world 

ooean. It is of course not sufficient to have a knowledge of 

the distribution of monthly, or annual, mean winds over the 

earth's surface. The pitfalls associated with trying to deduce 

the mean of U2 , which is markedly different from the square of 

the mean value of U, from climatological charts of mean U values 

were pointed out by Blanchard (1963), and the difficulties 

encountered in attempting to arrive at mean values of U3 from 

such charts were discussed by Monahan (1983) and by Blanchard 

(1985). Fortunately Hellerman has summarised, by 2°x 2° 

geographical "squares", the mean monthly values of such 

quantities as U3
, u~, and U 3 ~T, determined from the TDF-11 

file of some 30 million shipboard observations (Hellerman 

and Rosenstein, 1983). Hellerman has also summarised 

(personal communication) for each such geographical region 

and for each month the rate at which the wind does work on a 

unit area of the sea surface, P, a quantity he determined 

by the use of Equation 26. 

(26) P= pCD(U,llT) U3 

(It is to be noted thatthis equation differs from the previous 

ly described expression of Wu (1979) for the same physical 

quantity, in that Hellerman states that P is simply proportional 

to the drag coefficient CD, while Wu contended that P was 

proportional to CD 1 • 5 ). The wind- and stability-dependent 

drag coefficient, CD (U, liT), used by Hellerman was that given 

in Bunker (1976). While O'Muircheartaigh (personal 

communication) found that the warm water whitecap observations 

of Monahan (1971) and Toba and Chaen (1973) could be described 

using a U3 expression without undue reduction in the goodness

of-fit, Spillane et al (1985) chose to use the conceRtually 
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Figure 7. The Beaufort velocity, U , in u, ~T-space, is given by 
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e, 

more satisfying expression given in Equation 27, where the 

coefficient 

(27) W = 6.667 X l0- 6P 

of P was determined using these same two warm water w,u· data 

sets. 

In figure 9 are reproduced the mean monthly global whitecap 

charts for January and July extracted from the comprehensive 

whitecap atlas found in Spillane, et al (1985). Using Equation 

28, which differs but slightly 

-B2 
(28) aFo/ar = 3.585 X 10 5 W r- 3 (l+0.033r1 "179 )x l01 • 19 e 

B = (0 . 380 - log r) I 0 . 650 

from Equation 25, Monahan and Spillane (1983) determined that 

the annual salt flux from the world ocean between 70°N and 70°S, 

associated with droplets whose radii fall between 0.8 and 

10 micrometers, is 3.50 x 1012 kg, i.e . 3.5 x 10 9 metric tons. 

The total mass of sea water contained at the instant of their 

generation in all the droplets in this size range produced per 

year is 9.98 x 1013 kg, which if distributed over the surface of 

all the oceans a nd seas of the earth, an area of 3.61 x 101 ~ m2 

(Sverdrup, et al, 1942), would, quite surprisingly, be 

represented by a layer of sea water less than 0.3rnrn thick. The 

aggregate surface area of this annual harvest of droplets is 

4.64 x 1016 m2
, which amounts to 128.5 m2 per square meter of 

sea surface. If these droplets are assumed to be jet-droplets 

whose radii are approximately one-tenth the radii of the parent 

bubbles (Blanchard, 1963), and if it is further assumed that 

five such jet-droplets are produced per bubble (Cipriano and 

Blanchard, 1981), then the total area of the new surfaces 

associated with the bubbles as well as the droplets generated 

each year in a vertical column of one square meter in cross

section rising through the sea surface is 2 ,700 m2~ It follows 

that as a consequence of wave breaking, which leads first to 

bubble formation and then to droplet production, new air-water 

interfacial surfaces equal in area to the sea surface are 
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generated on average every 3.25 hours. 

It should be noted that the whitecap coverage charts of Figure 9 

are uncorrected for sea surface temperature (Tw) effects, and 

depict the whitecap coverage to be expected on warm seas. 

These w-values are the appropriate ones to incorporate in 

Equation 28, since the laboratory L 1 -value used in defining 

the coefficient in this equation is that which pertains to 

19°C water. In other words, the quantity contoured in Figure 9 

is everywhere proportional to the regional magnitude of 
1 • 

WL- , i.e. to the local value of W, "'hich is just what is 

required in evaluating the 3Fo/8r expression. But the 

influence of changes in Tw on ll(8n/3r), i.e. on 3E/or, 

associated presumably with shifts in the spectrum of the bubbles 

in the whitecap cloud, is not taken into account in Equation 28, 

and hence is not reflected in the global results quoted from 

Monahan and Spillane (1983). Incorporating the T-w 
dependence of ll(on/8r) found by Bowyer (1984) for droplet 

sizes corresponding to the peak in the oMo/or production 

spectrum, Monahan, et al (1984b) found that the annual sea-to

air salt flux for the North Atlantic Ocean would be reduced 

to 2.04 x l011 kg, i.e . would be reduced 17.8%, from the previous 

estimate of 2 . 47 x l0 11 kg . If this adjustment is taken as typical 

for the world ocean, then the annual salt flux from the sea surface 

between 70°N and 70°S associated with droplets in the radius 

range of 0.8 to 10 micrometers would be reduced to 2.89 x 10l 2 kg, 

and the mass of sea water injected into the atmosphere each 

year would then be 8.24 x l0 13 kg. 

Having calculated the annual global salt flux by integrating the 

sea surface aerosol generation expression given in Equation 28 

(or Equation 25) over droplet radii from 0.8 to 10 micro-

meters, over the surface of the world ocean from 70°N to 70°S, 

and over the period of a calendar year, it is now possible to . 
subject the 3Fo/3r, or W"dE/3r, model to one further test . 
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Several workers have inferred the annual sea-to-air salt 

flux by calculating the annual removal of sea salt from the 

atmosphere via such mechanisms as dry deposition (fallout) 

and rain scrubbing (washout), and by making the assumption 

that the tropospheric sea salt load does not change significant

ly from year to year. In this manner Eriksson (1959) 

concluded that 109 tons, i.e. l012kg, of salt are injected 

into the air from the sea each year, while Blanchard (1963) 

inferred that this figure should be 1010 tons, i.e. 1013 kg. 

Noting that the result obtained using the oFo/ar generation 

model, approximately 3 x l012kg, falls near the geometric 

mean of these two atmospheric salt budget estimates, and is 

equally close to the several other recent estimates of annual 

salt production summarised by Blanchard (1985), it could be 

argued that the validity of oFo/or generation model has been 

at least provisionally demonstrated. 

But if it is acknowledged that many of the sea spray droplets 

generated at the sea surface never rise to significant heights 

above the waves, contributing therefore only to the low

elevation high salt concentration zone described in Blanchard 

and Woodcock (1980) and not to the general sea salt aerosol 

population of the marine atmospheric boundary layer whose 

maintenance was the subject of Erikson's and Blanchard's 

budget calculations, then it may be inferred that the 

aFo/ar model is lacking in some manner, even if it appears 

to quite adequately explain the sea-salt aerosol population 

under moderate wind conditions, e.g. 7 ms- 1
• 

Toward a Comprehensive Marine Aerosol Generation Model 

The JASIN aerosol spectra (Monahan, et al, 1983c) associated 

with relatively high winds, i . e. u greater than about 11 ms-~, 

show an increase in as;ar as the droplet radius increases 

beyond 10 micrometers. This increase in as}or, as seen clearly 
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in the aerosol spectra identified with winds of 13ms- 1 and 

15ms- 1
, continues to the upper limit of the range of 

measurement, i;e. to r equals 15 micrometers. It is apparent 

that for these winds a second, as yet unresolved, peak in 

the as;ar spectrum exists at a droplet radius larger than 

15 micrometers. While the ubiquitous as;ar peak at 2 to 3 

micrometers is identified with the jet droplets that arise 

from the collapse of the whitecap bubbles, this second 

as;ar peak at large radius is the signature of the spume 

drops, those drops produced by the direct mechanical 

disruption of the wave crests by the wind (as depicted on the 

far right of Figure 10) , a mechanism that only becomes a 

significant contributor of aerosol particles at high win~s 

(Wang and Street, 1978j. Synthesising certain of the wind 

flume results of Wu (1973) and Lai and Shemdin (1974), 

Monahan, et al (1983a) attempted to give crude but explicit 

form to this direct aerosol production component,aF1/ar, 

of the comprehensive aerosol generation model outlined in 

Equation 29. A revised, but 

(29) aFjar = dFo/dr + aF1/ar 

still conjectural, expression for aF1/ar is to be found in 

Monahan, et al (1985) • This still unproven expression is 

included here as Equation 30 solely to 

D= 2 . 18(1.88-log r) 

provide a point of departure for discussion . Some such Junge

type production spectrum modified by a Gaussian envelope should 

prove to be an appropriate description of spume drop production. 

While it is hoped that further insights into spume drop 

production will come from on-going wind flume studies, low-
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Schematic representation of the relative 
importance of various marine aerosol production 
mechanisms. The relative widths of the shaded 
columns, at any particular wind speed, are meant 
to indicate the relative significance of the 
direct and indirect aerosol production mechanisms 
represented by the various columns. Note that 
spilling and plunging waves both form whitecaps. 

Figure 10.. Marine aerosol production mechanisms, from Monahan, 
et al (1983a). 
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elevation measurements at sea of the concentration of large 
drops during high winds, involving the use of such devices as 
de Leeuw's wave riding Rotorod ~~~e~ (de Leeuw, et al, 1984), 
will perhaps shed the clearest light on the direct spray 
production mechanism . 

To complete the description of the indirect aerosol production 
mechanism, i.e. to refine the current 3Fo/or expression as 
given in Equation 25 (or Equation 28), it will be necessary to 
extend the whitecap simulation tank measurements to include 
those jet droplets which are too large to be counted by the 
aerosol spectrometerprobes now in use. Likewise, the laboratory 
tank observations need to be extended to include the sub
micrometer droplets too small to be detected with these instruments. 
In this fashion the 3Fo/3r production term can be expanded to 
include the film-droplet component. 

Every effort should be made to carry out both laboratory and 
field measurements over the gre atest possible range of water 
temperatures, so that the Tw-dependence of the d Fo/or and 
3F1/3r terms can be accurately assessed. 

Mechanisms beyond those associated with winds and waves can 
give rise to bubbles and hence spray droplets . Blanchard and 
Woodcock (1957) have identified the super-saturation of the 
surface waters during spring warming, and the impingement of 
raindrops and snow flakes on the sea surface , as additional 
mechanisms that will produce bubble s. When the glacial ice 
of ice-bergs melts numerous bubble s are released (Joseberger, 
1980), which will, when the y r e ach the s e a surface, contribute 
to the production of marine aero s ols. Likewise, when ice 
floes rock back and forth on the sea surface in response to 
wave s pass ing beneath them they agitate the surface and 
produce many bubbles (Stabeno, 1984), which will also produce 
sea-salt aerosol particles when they burst. All these 

' 
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mechanisms need be included in a truly comprehensive model 
describing the generation of aerosol particles at the sea 
surface. 

This discussion has been restricted to a consideration of 
sea-salt particle production models appropriate to the open 
ocean. A supplementary model accounting for the generation 
of spray droplets in the surf zone will also be required 
to predict the aerosol population of the atmospheric boundary 
layer in coastal regions. 
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CHAPTER 3. 

ANALYSIS OF THE MIZEX-84 WHITECAP RESULTS 

David Doyle and Mary Higgins 

INTRODUCTION 

During MIZEX-84 a total of 88 videographic and 56 

photographic whitecap observations were recorded (see 

chapter 2 annual report 7). The results of these 

observations are summarised in table 3.1 (video) and table 

3.2 (film) along with the associated meteorological 

measurements. 

Fractional whitecap coverage (W) is plotted against !Om 

elevation windspeed (U) for both video (fig. 3.1) and film 

fig. 3.2) results. While figure 3.3 is a combination of 

the previous two plots. The solid line on each plot 

represents the best 'o rdinary least squares' 

data-set. 

Because the figures are plotted in log-log space zero 

values of w are not taken into consideration when 

calculating the best-fit line. This occurs in 23 of the 

video observations and 18 of the film observations leaving a 

combined data-set of 103 observations. 

The equations corresponding to each of the fits are as 

follows: 

Eq n 1. 

54 

W = 1.327 X IQ 
video 

-6 2. 8 2 9 
u 



-6 3. 122 
Eqn 2. w 2.130 X 10 u 

film 

-6 2.882 
Eqn 3. w = 1.769 X 10 u 

comb 

We can conclude that the results obtained from the 

video records are quite consistent with those of the film 

records. 

ss 



0A;8JY'g; 
TABLE 3. 1. Vvo&o 
Ohs Date fl Photo. UlO Ta Tw 6T TS w Std. 

If d/m analysed m/s 0 0 0 fraction Dev. 

'I 
c c c 

( .'/ ~fft 
( 1 o'o 13/6 23,23,21 6.0 9.0 - 0 . 000 1 57 0.000688 

7 0·2 13 /6 24,23,24 6.9 9. 6 .,.. ~ 0.000075 0.000186 

'" c.; 
704 13/6 24,24,23 7 . 6 9.9 .... 0.000004 0.000026 

705 13/6 24 ,24,25 6.3 9. 6 .... 0.000864 0.003508 

•v, /GS 706 14/6 18,~8,18 4 . 9 1 3. 1 .... {) .000 000 0. 0"0'00 <tO' 

(6/' 707 15/6 18,17,17 7. 6 & • 1 .... 0 . 000158 0.000256 

7 0-8 15/6 18,18,17 8.23 6 . 53 7.45 0.92 u 0 . 000142 0.000215 

710 15 /6 18,18,18 6.97 6.08 6. 91 0. 83 u 0.000106 0.000210 
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)( 16X 71 ·4 16/6 18,18,18 6.62 4.08 4 . 16 0.08 N 0.000281 0.000506 
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71·7 16/6 18,18,17 8.26 3. 20 3.9 1 o. 71 u 0 . 00 1 321 0.002298 

.tf-3 718 17/6 25,25,25 5.5 6 - 0.50 1. 7 6 2. 2 6 u 0.000035 0.000099 

720 17 /6 18, 18 ,16 5.58 ~1. 6 2 3.09 4 . 71 u 0 . 000075 0.000214 

1.?.:? 721 18/6 18,18,19 4.49 -4.16 0.69 4 . 85 u 0.000002 0.000013 

723 18 I 6 18,18,18 - 2.52_ - -2.67 -o-. -7 L .3 .-3 8 -u _0.-000000 o • o o-o o-o-e 
\' 724 18 /6 18 ,18,18 2.90 -2.51 0.72 3.23 u 0. 0 00000- 0 . 0 000 00 

726 18/6 19 , 18,18 4.88 -2.29 0.68 2.97 u O.~ODOOfr - 0.00&0-DO 

728 18/6 19, 18,18 5.06 ~1.96 3.87 5.83 u o.oooooo 0.000000 

72:9 18/6 26,24,26 2.25 •1.73 3. 7 8 5. 51 u o. oooo·oo o. 0·00000 -

/ .. ~o 731 19/6 30 , 30,29 8. 8 3 -1.59 2 . 54 4. 1 3 u 0.001236 0.003316 

( 732 19/6 23,24,25 7. 50 -1. 7 1 2 .4 5 4. 16 u 0.00 3876 0.005782 

735 19/6 21,21,21 8. -5-4 0.55 1. 92 1. 37 u o. o oo-oo-o---o ..--o oo o oo--
736 19/6 24,2 4 ,24 9. 9 7 -o . 13 2 . 44 2. 57 u 0.003533 0.003824 

738 19/6 21,21 ,2 1 10. 9 7 0.40 2. 4 2 2.02 u 0.006613 0.008535 

739 19 /6 33,33,33 1).85 0.31 2 . 88 2 . 57 u 0.012015 0.012581 

741 19/6 18,18,18 13. 26 0.32 2 . 93 2.61 u 0.003794 0.0036 10 

I ~# I 743 20/6 18,18,18 9. 2 5 -0.39 1. 50 1. 89 u 0 . 001415 0.001780 

744 20/6 18, 18,18 11. 00 ... 0.83 1. 61 2 . 44 u 0.012224 0.014402 

745 20/6 18,18,18 7. 7 2 --1.04 3 . 23 4. 2 7 u 0.005685 0.003829 

'/ 746 20/6 27,27,27 7. 9 3 -0 . 77 2. 61 3.38 u 0 . 000649 0.000700 

747 20/6 18,18,18 8. 4 2 -1.58 0 .01 1. 59 u 0.001028 0 . 001943 

748 20/6 19,18,19 7. 1 1 - 1.58 0.01 1. 59 u 0.000375 0.000313 

750 20/6 16,15,16 3. 7 8 -1 . 55 2. 07 3. 6 2 u 0.000100 0.000152 

751 20/6 19,19,19 5. 2 6 --1.08 2.47 3. 55 u 0.000 156 0.000210 

753 20/6 18,18,18 5. 6 7 +1. 15 2. 53 3. 6 8 u 0.000228 0 . 0004 18 

754 20/6 30,29,30 3.74 -1 . 16 2 . 6 5 3. 81 u 0.000354 0 .000700 

755 20/6 24,24,25 9. 3 -0.92 2.76 3.68 u 0.000 373 0.000458 

756 20/6 22,24,25 9. 8 -1.53 2 . 6 9 4. 2 2 u 0.000124 0.000306 

7 58 21/6 24,24,20 5. 6 6 -0.03 2.42 2 . 4 5 u 0.000579 0 .0 01389 

I/.- 760 21/6 25,20,24 7.45 -0.34 3.07 3.41 u 0.000988 0.002279 

761 2 1/6 37,36,36 5. 51 -0.52 3. 28 3.80 u 0.00007 3 0.000157 

762 21/6 27,26,27 5. 19 ... 0.64 3. 18 3.82 u 0.000090 0.000199 

764 21/6 25,24,24 3.05 -1.3 3 2 .2 8 3. 61 u 0.000000 o. 000000-

766 21/ 6 25124, 24 3. 91 -1.04 2. 7 2 3.76 u o.oooooo 0.000000 

767 21/6 22,21,21 2. 8 4 .... 0 .4 6 2. 6 7 3. 13 u 0.000000 o.oooooo 
768 21 /'6 26 ,25 ,26 3.05 -0.28 2.95 3. 2 3 u o.oooooo 0.000000 

' 
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769 21/'6 24,24,24 4.98 -0.22 2.23 2 . 45 u 0.000000 0.000000 771 21/6 25,24,25 1. 49 -0.73 2.78 3.51 u 0.000000 o.oooooo 77~ 21/6 24,24,24 3.37 ~o.6o 1.94 2.54 u o.ooooon o.oooooo 1-d,~ 7l3 22/6 28,27,28 5.1 • 0.40 2.79 2.39 U O.OOO€l"'O 0.000000 ,,. / 11~ 22/6 36,34,36 6.2 l o.26 1.65 1.91 u o.oooooo o.oooooo 776 22/6 24,24,24 5 ~ o -0.29 1.26 1.55 u o. ·oo<'>-;o o.oooooo ~ 778 22/6 26,24,26 6.5 -0.02 1. 94 1.96 V o.ooo o 0.000000 780 22/6 37,35,37 3.2 0.29 2.70 . 2 ~ 41 . u 0.00000 o.oooooo 781 22/6 21,21,22 2.8 0.41 2.87 2 . 46' u o.oooooo 0.000000 ~-1-8 3 2 2-f-6-~G-; l-.9.,..2 Q_ 3. 4 0. 3 4 2. 6 8 2. 3 4 .... --u .. .C1.• .. 9.QQ_O QQ ___ 9 ~--Q.O_OO 00 J:i•t 788 23/6 31,30,31-- 3.58 -- 1-. -92 2.63 ''' 0.71 u 0.000124 0.000239 792 23/6 24,25,24 -2.-B-4 ---·-{).76 · 1.53 --·o·.77 u -o.oooooo -- o.oo.oooo ;.;,r· - 794 24/6 24,24,25 6.98 4.49 2.71 -1.78 s 0.000241 0.000706 796 24/5 25,24,25 7.98 4.79 3.84 ~0.95 s 0.000128 0.000294 V 797 24/6 31,30,31 11.20 4.39 2.57 -1.82 s o.ooo138 o.ooo265 800 24/6 26,26,26 11.09 2.50 2.90 0.40 N 0.000186 0.000631 802 24/6 25,24,25 8.2 2.80 2.62 ~0.18 N 0.000035 0.000085 ~ 805 25/6 33,33,34 7.32 2 .0 7 2.68 0 . 61 u 0.002483 0.003989 806 25/6 25,24,25 9.2 1.87 1.89 0.02 N 0.000959 0.001494 807 25/6 26,25,26 3.6 2.27 1.87 -0.40 s 0.000553 0.001084 808 25/6 26,26,26 11.1 1.90 1 .3 7 ~o.53 s o.ooo983 o.oo273o 809 25/6 24 , 24,24 10.84 1.76 1.84 0.08 N 0.008888 0.021253 810 25/6 25,24,25 12.01 1.55 2.71 1 . 16 u 0.002422 0 . 003874 811 25/6 25,24,24 12.26 1.28 3.42 2 . 14 u 0.001111 0.001473 812 25/6 27,27,27 13 .47 1.67 2.96 1.29 u 0.008736 0.019499 813 25/6 34,34,34 16.41 1.49 2.80 1.31 u 0.003140 0.006124 815 25/6 30,30,30 15.46 0.98 2.81 1.83 u 0.000966 0.002179 816 25/6 31,30,31 11.01 0.64 1.83 1.19 u 0.000708 0.001747 817 25/6 31,30,30 10.23 •0 .55 2.03 2.58 u 0.000548 0.000902 818 25/6 44,42,44 9.89 0.43 2.24 1.81 u 0.000554 0.001579 819 25/6 21,21,21 9.05 0.45 2.66 2 .21 u 0.000029 0.000058 ---- 820 25/6 25,24,25 10.21 0.56 2.03 1.47 u 0.000482 0.000635 ~~~ 821 26/6 31,30,31 10.41 1.30 2.33 1.03 u 0.001532 0.003964 824 26/6 25,24,26 11.62 1.11 2 .94 1.83 u 0.002574 0.004997 V 82~ 26/6 34,33,34 11.20 0.99 3.43 2.44 u 0.001882 0.003235 826 26/6 24,24,24 10.21 1.17 2.69 1.52 u 0.001571 0.002105 827 26/6 25,24,25 10.26 0.98 2.04 1.06 u 0.001180 0.002120 829 26/6 25,24,25 10.05 0.95 2.42 1.47 u 0.001214 0.001815 831 26/6 25,24,25 8.58 0.73 2.33 1.60 u 0.000536 0.001116 835 26/6 27,27,28 5.27 •0.50 -0.64 -0.14 N 0.000200 0.000634 838 26/6 26,26,26 --'t.'n---·..,;-2.52 - o. 29 - 2.81 u o.oooooo o.oooooo--
Obs # is the observation interval number. U10 is the 10m elevation wind speed. Ta and Tw are the air a nd sea surface temperatures re spec tively. 6T = Tw~Ta TS is the thermal stability, U : unstable, N : neutral, S : stable. Near neutral defined as -0.4 < T < 0.6 C W is the fractional whitecap coverage. 

57 

' 



~x'3Lf 

TABLE 3. 2. ~()AN 
Obs Date ll's UlO Ta Tw dT TS w S t d. 

11 d/m Photo 0 0 0 Dev. 
m/s c c c 

({, v 
• r () .-etoo-ro-cr. 00028--1 :_ 701 13 /6 9, 9 6-o-0 9. 5 

'ifl 722 18/6 10,10 2 • -5-0-----3. .• .40 . ---0 • 7 3 --4 • -1 3 -- u --er.--o-o·e-eJ·o- e-.tttH:HH:} 

'f. 
725 18/6 9. 8 2. 9.2 -2.54 0.78 3. 32 u 0 . 00 155 0 .00 022 1-v 
7 2 7 18/6 15, 15 2.33 ~ 1. 8 9 2. 24 -4-. 13-- u q ; o o o o-o--e.-o-e-e-e-e-

ii- 730 19/6 9, 9 7.92 ~1.43 Lll 2. 54 u 0.00430 0 . 00094 ) 
7 34 19 I 6 9, 9 8.46 -1. 7 5 2.27 4 . 02 u 0 . 00597 0 .00377 1 7 3 7 19/6 10, 10 9.97 -:0 . 13 2.44 2.57 u 0.00401 0.00368 ,) 

74 0 19/6 12, 10 11.85 o. 2 7 3.01 2. 7 4 u o. 06307 o. 05089 ) 

y 1-./tf 742 20/6 1 5, 15 9.25 -0.39 1.50 1. 89 u o.ooooo {).0-()-000 
7 52 20/6 1 5, 15 5.26 -1.08 2.47 3. 55 u 0.00054 0.00090 1 

l:f~ 757 21/6 14, 14 ]_. 9 5 -1. 00 2.62 3.62 u - o. ooooe ·&.--e-ooo-o-
759 21/6 13 , 13 7. 4 5 -0 . 34 3.07 3.41 u 0.00289 0.00 189 ~ 
765 21/6 1 3' 13 5--.-30 ----- -1-.-04 - .2. 7 2 -3. 7 6 - u o. o-o-e·CJ·o - O" .--o-e-o-oo-
770 21/6 1 3, 13 3-. -61 o. 10 2.38 2.28 u o • o o e e-o-o-.-o-e e-o o-
774 22/6 1 0, 10 6 . 0 ...-0.09 2. 2 7 2. 36 u 0.00008 0 . 00025 q 
7 7,9 22 /6 1 2 , 12 2. 5 -0.07 2.63 2.70 u 0.00000 0.00000 
7 8.2 22i 6 l 1. 11 2.6 0 . 60 3. 22 2.62 u 0. 000#00 0.00000 

x 77-2 78 4 22/6 1 0. 10 t . 3 0.84 3.24 2.40 u 0.00000 o.ooooo 
' _) 7 8-5 22/6 1 1, 11 0. 10 0.62 3. 69 3.07 u 0.00000 o.ooooo 

7 8-6 22/6 1 1, 11 1. 4 0.56 2. _4 6 1.90 --- U o . -o o.oo-o--e-. -o--o-o-o·o o;:.._ . _ _ - - -

23/6 2.64 10 7 8'9 9, 9 6.30 0.02 2. 6 6 u 0.00167 0.00121 

/Yy 790 23/6 14 . 14 5.80 1. 60 2.3 2 0.72 u 0.00062 0.00095 J 1 
793 23/6 14, 14 6 -. ~ 3 - -- l -.-0 5 3~ 2. 0 2 u 0 • . 0 0.0..0.0. --0 • 0-Q.O~ Q. 
795 24/6 1 4, 15 9. 3 2 5. 3 5 3. -2. 21 s 0.00214 0.00 174 I~ 
7 9-8 24/6 14 , 14 8.43 3. 26 1. 19 - 2 . 07 s 0.00033 0.00065 11; 

'.' I - 801 24/6 14' 15 11. 09 2.50 2.90 0.40 N 0.00123 0.00 153 fY i·· .) 
80·3 24/6 14' 14 -6--i-9-3- - - 0 . -2 2 - 2.58 2-. 80 u o ~ o·oooo o.ooooo 

l._'·r:; 80-4 25/6 16. 16 -9---.--81 -- . .2. 53 2 .• 80 o . 2 7. N o . ooooo -o-. -eoooo 
81-4 25/6 2 2, 2 2 13 . 07 1. 04 2. 7 8 1. 7 4 u 0.01199 o. 01305 (S 
82,2 26/6 14, 14 11.70 0.98 2. 66 1. 68 u 0.00645 0.0034 1 I~ 
823 26/6 16, 16 1 1. 13 1. 08 3.46 2. 38 u 0 . 01007 0.00802 ,---

'( 

82·8 26/6 16' 16 1 0.48 1. 00 2 . 2 2 I. 2 2 u 0.00868 0.00721 l'l 
830 26/6 15, 15 8 . 2.1 1. 10 2 . 67 1. 57 u 0.00689 0 . 00366 ' f1 

\ / /'.i 832 26/6 15, 15 7.50 0 . 45 I. 4 2 0 . 97 u 0.00161 0 . 00268 19 
833 26/6 14' 14 6.58 0.29 I. 3 7 I. 08 u 0 . 00027 0 . 00060 7 I 
834 26/6 1 5 , 15 6 . 60 0.06 1. 28 1. 22 u 0 . 00002 0.00006 L. ____ 836 26/6 16. 16 4.34 -0.71 -1 . I 7 - 0 .4 6 s 0.0 0003 0 . 00005 .] 

()·4· 837 27/6 1 9 ' 19 6.98 -2. s -6 0.0 4 2.60 u o. ooooo o .-o-oo eo 
//'' 850 03/7 10' 10 7.30 -0.32 -0 . 37 -o.os N 0 . 00225 0.002 74 '., 

i j 

85 1 03/7 1 1. 11 8 . 7 4 0.06 2 . 81 2. 7 5 u 0 . 00350 0.003 10 " 852 03/7 11 • 11 8 . 39 -0.14 I. 30 I. 44 u 0.00362 0.00580 ,• ( .., 
' / ~ fS 853 04/7 1 1 ' 11 2 . 6 2 -1.51 3 . 54 s.os u 0.00017 0 . 00057 

l if-" 854 06/7 9' 9 10 . 90 0 . 2 8 1. 54 1. 26 u 0.00469 0 . 00317 ·J 
85~ 07/7 9. 9 11. 0 9 -1 . 33 4. 12 5.45 u 0.00482 0 . 00236 ~ 

4J8 856 07/7 10, 10 9 . 57 -1.56 2 . 9 7 .. 4. 53- - u - o ; -o o o o-o 0 . 00-000 
85~ 07/ 7 8, 7 10.79 -1. 15 3.53 4.68 u 0.00327 0.00081 fl) 

\· rlr.' 858 08/7 1 1 ' 11 10. 1 0.20 I. 10 0.90 u 0.00121 0 .00070 . ( 
.. ) : 

,, 
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I• ,, 
859 09/7 10,10 10.96 0 . 35 4.38 4.03 u 0.00316 0 . 00280 f ~ 
860 10/7 10,10 7.15 0.27 4.00 3.73 u 0.00012 0.00020 ?? 

y l "f 86110/7 9,11 8.37 1.40 4.23 2.83 u 0.00056 0.00083 -)'f 
862 10/7 13,13 8-r84---- -0.75 · 2.70 L95 · -U. - 0.00000 0.000·00 

9862 11/7 10,10 8.84 0.51 3.09 2.58 u 0.00197 0.00331 )1 
I q {._ 8 6 3 11 I 7 1 0 , 1 0 1 0 • 9 9 1 • 1 8 4 • 3 5 3 • 1 7 u 0 • 0 0 4 2 9 0 . 0 0 1 3 0 ;{ 
~~~ - 864 13/7 10,10 7 . 23 -0.18 1.66 1 . 84 u 0.00029 0.00041 5/ 

·.If 8 6 5 1 3 /7 1 o , 1 o . -6-. 3-e --·h 7 .s- - · 2 .-s-s - o • 8 o ·· · u -o • o o o o o ··o. o o o o o ·-·· '! '/., -f'J 86~ 14/713,13 6.79 •0.26 2.22 2.48 u o.ooo26 o.ooo37 02 
Obs # is the observation interval number. 
U10 is the 10m elevation wind speed. 
Ta and Tw are the air and sea surface temperatures 
respectively. 6T = Tw-Ta 
TS is the thermal stability, U : unstable, N : neutral, 

S : stable. Near neutral defined as -0.4 < T < 0.6 C 
W is the fractional whitecap coverage. 
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Fig. 3. 1. W(U) relationship for MIZEX 84 video data. 
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Fig. 3. 3. 
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WHITECAP SIMULATION TANK 

SPECTRA 

By P.A.Bowyer 

MEASUREMENTS OF CHARGE SIZE 

In the charge measurements described above (a) some 

reservations were expressed with regard to the efficiency of 

the collection of aerosol particles from the water surface. 

The influence of stability (air water temperature 

difference) on the measurements was not elucidated, despite 

the high flow rate through the filter (70 1/s). The 

arrangement shown was, therefore, used. 

The filter arrangement is essentially the same as for 

the previous (total charge) experiment. The filter was 

placed outside the tan~, and its inlet connected via a 3m 

long lOcm diameter flexible PVC tube to the inlet nozzle. 

This was a plastic cylinder (30cm diameter, 45cm long). The 

hollow bottom of the nozzle protruded through an aluminium 

pla t e which was positioned as shown, (fig. 4. 1), 2 Scm above 

the undisturbed water level, covering most of the central 

well of the tanK. The · f i lter was again insulated with 

teflon rings or teflon tape/sili~on rubber gaskets and 

enclosed in an aluminium shield. A Keithley 602 portable 

electrometer was used as a coulombmeter, its response being 

r ecorded on a chart recorder to enable correction for 

background space charge (as before).There was an air speed 

' 
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Figure 4.1 
Inlet Position for the High Turbulence 
Charge Measurements 

c 
3 

• :::. 
c 

/ 3 
Q. ~ 

"' "' 0 --, 

I -::r 
'"' -
"' 

'i 
.. 

@ 

64 



of about lOcm/s at the edges of the aluminium plate in this 

arrangement and about 7m/s in the tube. The hood of the 

tanK was removed to allow access, and the nozzle was 

suspended from a gantry and lowered into position 3fter each 

splash. 

Results 

Several splashes were conducted at each temperature and 

the results corrected for background space charge. Again it 

was found that splashes made immediately after a heating or 

any hiatus of more than a couple of hours had a smaller 

response than usual (possibly owing to the formacion of a 

surface film, which was dispersed by the first splashes). 

So the results shown ignore the first three splashes after 

each lull. Pigs (4.2) show total charge plotted against 

temperature, with the results sorted for differen t 

stabilities. Charge is also plotted against s t ability (at 

constant temperature). Clearly in this case the stability 

h3S little effect. 

Discussion 

The charge illeasured is less than in the previous 

experiment by a factor oi four. Particle densi:ies 

(measured by the Royco particle counter) at the filter 

inta~e ~ere 40% of their value at the nozzle (for particles 

of diameter greater than 3~s. How such losses could 

occur is puzzling. Impaction losses can be shown to be <5% 

6 5 



Figures 4.2(a) 
Total Charge Measured Using The High Turbulence 
Arrangement . Limited Stability Range 
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Fig . 4.2(b). Total charge measured using the high turbulence 
arrangement. Limited water temperature range~ 
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of the total assuming laminar flow, and diffusion losses 

less. The flow is turbulent, however, and the Royco was not 

iso-kinetically saillpling fo r measurements near the filter. 

Another factor is that initial splash production is 

projected out~ards from the central well by the shape of the 

breaking wave , so some particles may well esc~pe from under 

the aluminiu~ plate. Jet drops are being produced for a 

period of typically 10 seconds after a splash( 2)and some ~ay 

find their way in to the side channels with the smaller 

bubbles. The downwards motion of the aluminium plate may 

also blow some particles into the side arms just after a 

splash. Anyway, the variation in charge production in this 

i~perfect geometrJ varies with water temperature, and not 

stability, confirming earlier charge and later aerosol 

variations. 

Bu:Obl L1g Zxpe r iment s 

The large thermal inertia o£ the tan~ ma~es i t 

difficult eo heat up beyond about 30deg.C. However, t here 

is no reason to expect the variation in aerosol and charge 

production to cease at this tem}erature. In this experiment 

air was pushed through a frit at a conacant rate and 

produced buobles in sea water at temperatures from 65°C to 

about 25°C. Space charge production was measu red using an 

Obo l e~sky Filt2r . 

' 
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The Bubbling Apparatus 

The frit is in the bottom of a glass tuba, which 

contains corrugations which lengthen the rise time of the 

bubbles (to about 3 seconds). 

The arrangement for measuring space charge is shown in 

fig(4.6). The original apparatus did not produce enough 
-15 space charge to be measured by the filter (i.e. <3xl0 A), 

the flow of air through the frit was increased and only the 

bottom half of the bubbler was used. Air was pumped into 

the filter by a small compressor via a filt~r at 2.5 1/m. 

Very intense buboling was produced at the surface of the 

water, the top 2cm. being "solid" froth, but the charge 

production was detectable. 

Results And Discussion 

S~Jace charge production is shown in fig .4Sand sho;.,rs a 

continuation of the increase with te~perature previouslt 

obs.;rved. 

No acte~pt was ~ade to control the temperacure of the 

air entering the frit, and it is conceivable that the 

observations are an artifa~t ol the bubbling mechanism of 

the frit. Also the Dubbling was very intense and a very 

poor imitacion of conditions in a real ~hitecap, in ter~s of 

bubble spectrum and age. 
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Fig. 4.). Space c harge production by the bubbling apparatus. 



Obolensky filter 

frit 

-----air inlet 
( 2 . 5 1/min. ) 

Fig. 4.6 . Bubbling apparatus and Obo lensky fi lte r . 
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Determination Of Charge-Size Spectra 

A cylindrical (Gerdien) condenser was used, vertically 

mounted, together with the Royco particle counter. The 

condenser (see fig. (4.7)) acted as a vertically operating 

Millikan Apparatus (a conventional Millikan Apparatus was 

not used because of the relatively low concentration of 

aerosol particles produced by a splash in the tank- ( 0.1 

per cc for particles >10 p diameter). Two versions of 

condenser were used, one of which gave the magnitude of the 

charge, and one which gave both magni t ude and sign. Air 

from the tank was drawn through the condenser and the size 

distribution spectrum determined for different voltages 

across the condenser. The rate of change of particle count 

with voltage is related t o the electrical monility of the 

particles, and kno~ing th e size of the particles, the charge 

can be found. 

Two experiments were performed , one with each 

condenser. In the first case the air in the tank was 

cleaned before each splash, the splash was made, and the 

i nlet nozzle lowered into position 5.5cm above the surface 

as soon as possible after the splash. At the same time as 

the splash was made the air cleaning system was switched 

off. The sea~s of the canK were sealed with tape to prevent 

infiltration of outside air during the measurement period 

(10 minutes after a splash). The Royco was used to measure 

particles in two size ranges after pass~ge through the 
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Fig. 4.7. Normal cylindrical condenser. 
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Fig. 4.8. Charge discriminating 

Fig. 4.10. Response of the charge discriminating condenser to a 
population of uniform mobility. 
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condenser. Successive cnirty second averages ~ere taken and 

a voltage applied to the plates of the condenser every 

second reading. Thus t~o sets of readings were ta~en; one 

with no field between the condenser plates, and one ~ith a 

field, ~hich was a function of the voltage and the geometry 

of the condenser. Tne fraction of the particles re~oved by 

eacl1 voltage can then be worked out for each splash. 

Variation o£ production between splashes is, therefore, not 

a problem. Lacer two or three voltages were applied after 

each splash, the measurement period being reduced to 12 

seconds. Readings ~ere taken at voltages of 5, 10, 20, 50, 

100, 300 and 500 V. Losses of particles going through the 

condenser were small, except for the larger (>10~ diameter) 

particles (about 20%). The experiment was carried out at 

two water temperatures, about 20 deg.C and about 30 deg.C. 

The water was 8ollected from Doolin, Co . Clare on July 11th. 

1983, and had a salinity of 34.1~. The air tempera~ure was 

20-25 deg.C throughout, and the humidity varied from 58% to 

80%. Before the splashes the w~ter was pumped to a height 

oE 27cm oehind the gates . 

The above experiment gives an idea of the magnitude but 

not the sign 0£ the charge on the particles -equal numbers 

of negative and positive particles of a give~ mobility are 

taken out by a give~ voltag2. To overcome this problem a 

charge discriminating co~d2nser ~as built (see fig. {4, 8)). 

The apparatus is wounted vertically, as before. Air is 
,, 
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drawn in through the inlet nozzle 

between the two electrodes. At 

condenser there is 3 third cylinder, 

and tra11els 

the bottom 

made of 

::lownwards 

end of the 

thin metal 

foil, positiooed half way betweeo and insulated from the two 

electrodes. The outer electrode is earthed and a potential 

of one half that of the inner electrode is applied to the 

foil cylinder so as not to disturb the field between the 

electrodes. This cylinder causes the ·airflow to divide into 

two. One half is drawn out through holes in the ioner 

electrode aod the rest is ta~en out through holes in the 

outer electrode. 

The R0YCO is again used to count the particles and to 

split the airflow (fig(4.9)). The usual configuration of 

the ROYCO is that the mainframe pumps filtered air into the 

opcical unit, and draws out 2. 8 1/min. more than it pumps 

in. The difference in flows causes the sam21e flow to be 

dr.:nm in. In this C3se the air input to the mainframe was 

connected to 3 Y piece, one 3r~ of which was connected to 

the optical unit, as usual and one arm of which was 

connected via a rotameter to the outer side of the 

condenser. The tap was adjusted so that the airflow through 

the rotameter ~as 1. 4 1/min. The rest came from the optical 

unit, which consequently sa~pled at 1.4 1/~in. This sam?le 

was drawn from the inner cylinder. 
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The response of the • L. .. 
1ns~..rumen~.. to a population of 

uniform electrical mobility u is shown in fig(4.10}. The 

slope of the curve can be shown to be (to a good 

approximation) 2Ut/(b-a} per volt. (t is the ... ... 1me the 

particles spend in the condenser; b and a are the radii of 

the outer and inner electrodes respectively}. The aerosols 

vacate a space around the electrode of their own sign, and, 

if this is the inner electrode, depletion occurs 

immediately, wheras for the outer electrode there is no loss 

until the space between the outer electrode and the dividing 

cylinder has been cleared. For two or more different 

populations the response curves can be superposed. 

A shortened ROYCO inlet was used, positioned 60cm above 

the centre of the central well of the tank. As before the 

air in the tank ~as cleaned prior to each splash, but now 

the cleaning pump was left on for a period of 10 seconds 

after each splash. This caused the aerosol produced in the 

first 10 seconds after the splash to be well mixed 

throughout the tank. Depletion of the signal occured after 

a few minutes due to fallout, especially of large particles , 

but usually at least one measurement could be ta~en . The 

time taken for the air to flow through the condenser ~as 

about 20 seconds and the signal (an analogue output from the 

ROYCO} was put through a simple low-pass filter (time 

constant 15 seconds} in order to eliminate statistical 

fluctuations. This meant that the time of response to a 

' 
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change in condenser voltage was about 1 minute. Due to the 

diminished sampling flow rate and losses by deposition in 

passing through the system splash heights of 33cm were used. 

Par ticle sizes of 0.5,1.5, 3,5,7.5 and 10 p diameter were 

measured. Relative humidit varied between 75% and 85%. The 

water for this experiment was obtained from the Shellfish 

Research Labs at Carna.Co. Galway, and passed through a 5 ~ 

filter as well as being sterilised using U.V.light. 

Results 

For both experiments the ratio of count rate with both 

electrodes earthed to the count rate with a known voltage 

between the electrodes was measured. Due to the different 

experimental parameters in each experiment different methods 

were used to analyse each set of results. 

First Experiment 

In this case the particles were sampled near the 

surface, and 30 or 12 second counts were ta~en, with a 

voltage applied during every second or third count. The 

counts decayed more or less exponentially, so straight lines 

were fitted to plots of log(count) versus time after splash. 

The int e rcepts of these curves were found, and these were 

called No (the initial count with no field in the condenser) 

and Nv (the initial count with voltage V across the 

condens~r). The values of Nv/No were applied to the best 
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estimates of the spe~trum at the appropriate temperature, 

and number s?ectra were obtained as a function of ~ondenser 

voltage. Being ROYCO spectra, counts were obtained for all 

particles above a certain size, but by subtraction of e.g. 

the >5 ~ counts from the>3 p counts, the count between 3 and 

5 u could he obtained. Figs. (4.12) show the various stages 

of this process. 

Second Experimenc 

In this case the signal was in the form of a chart 

recording. Seve ral dummy splashes were made (in which there 

was no change in voltage across the condenser). These show 

that the zero voltage signal reaches a plateau value for 

some minutes and then begins ~o decay exponentially. This 

ia be~ause the aerosol, ~hich is unif orml y mixed throughout 

the tan~ after a splash, falls out from the hood past the 

inl2t nozzle. When the dummy splashes in the appropriate 

size ranges ~era compared to the zero voltage periods of the 

normal splashes , similar behaviour is observed in time. 

Readings we re usually confined to the first few minut es 

after a S?lash, ~hen the dummy responses ~ere more or leas 

at ~he ir pluteau values. 

Numb2r spectra ~ere obtained as above, and are plotted 

in fig(4.12). For both experiments the rapid initial 

fall-off in coun t for voltages below 10 or 15 V i~dicates 

the presence of a proportion of highly char3ed particles for 
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Fig. 4 . 12. Penetration Vs Voltage, sign discriminating condenser. 

-11111 

N(CPM) 

l~k 

I 
VOLTAGE 

84 

;- --.. ~ 

1·5-3 

I )0 



• 

-1 0 

-1 0 

(CPM) 

0 
VOLTAGE 

N(CPM) 

1k 

VOLTAGE 

8 5 

1 0 

1 0 



-100 

-1 0 

· N '\.. >lfllt 
(CPM) '\.. • 

() 

VOLTAGE 

0 
VOLTAGE 

86 

' . " 

100 

' 

100 



size ranges above 3 ~ diameter. The results from the second 

experiment show that these particles are positively charged. 

The second experiment also indicates that the other 

particles carry a charge of a few elementary charges of 

either sign. The noise in the results of the first 

experiment means that little information can be gleaned 

about these particles. 

The charge size spectra (fig. (4.13)) agree quite well 

with Blanchard' s 1963 resul ts($)for the highly charged 

particles, both in magnitude and sign. The slightly charged 

fraction of particles above 3 ~ diameter (about 40%)is 

perhaps an indication of the presence o£ film drops at these 

size ranges, though this fraction seems to be depleted above 

10 u diameter, above which most particles seem to be highly 

charged jet drops. 

The temperature dependence of the charge spectra is 

interesting. There seems to be little change in the charge 

of the highly charged fraction with temperature, but the 

spectra at 30 deg.C reveal a higher proportion of the highly 

charged drops. This could be the result of a higher 

proportion o£ jet drops at 30 deg.C than at 20 deg.C. 
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CHAPTER 5: BUBBLE AND AEROSOL PRODUCTION AT THE OCEAN SURFACE 

by 

David K. Woolf 

Introduction: 

This chapter outlines the author's approach to improved modelling 
of bubble and aerosol production. The central thrust is to give 
a more precise description of the processes involved, including 
the dependence of these processes on relevant meteor0logical and 
other physical parameters. Notably the dependence on water 
temperature is discussed. Most workers agree that marine 
aerosol production for lOm windspeeds below 9ms- 1 is dominated by 
the indirect mechanisms via bubble entrainment and these are the 
main topics of this chapter. 

The early sections of this chapter are dominated by reviews and 
discussions of some earlier work in this area. This is not 
intended as a complete review of the field, but should help to 
pinpoint areas of dispute, and the difficulties faced, in trying 
to derive accurate algorithms for bubble and aerosol production. 

It is the contention of the author that present knowledge is 
deficient in several respects which prevent one from giving 
with a certaintybetter than one order of magnitude or so 
estimates of the spectral aerosol production via bubbles. 
These shortfalls are: · 

1. There is little data on the type (e.g. plunging or spilling), 
extent and vigour of individual breaking waves prevalent in 
different conditions. This makes it difficult to choose 
realistic laboratory standards for which aerosol and bubble 
spectra and whitecap areas may be measured for use in the 
ocean model. 

2. Presently available bubble spectra are insufficient to give 
an accurate picture of the spectra produced, present in the 
ocean mixing layer, and surfacing, in different meteorological 
conditions. 

3. It is not yet clear whether ocean mLX~ng, other than that 
directly produced by the breaking, has a significant role 
in changing the surfacing bubbles. If it does then any 
laboratory results must be corrected accordingly. The 
modification of bubble spectra by dissolution and growth must 
be considered . 

4 . The relationship between bubble and aerosol produced and 
the ar'ea and duration of whitecap has only been measured in 
two laboratory models . There is no clear indication if the 
results of either are valid for all conditions • . , 
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5. The effect of chemicals has not been quantified. 

6. Bubble surface life and the stability of foam ~re apparently 
dependent upon temperature and chemicals in the water. Both 
apparent whitecap coverage and the aerosol formed depend 
critically on those, yet unquantified, values. 

7. The considerable work on individual bubbles bursting at the 
surface is still not sufficient to give a full set of 
statistics of number, size, ejection height and composition 
of jet and film drops at different temperatures and under 
different chemical conditions. 

8. The validity of using laboratory individual bubble statistics 
for oceanic aerosol production ~s doubtful. In particular, the 
effects of a disturbed surface and foam patches are largely 
unknown. 

9. The transfer of chemicals, bacteria and viruses via bubbles 
is still largely undetailed. 

In addition to the above there are two other areas of research 
vital to giving a good description of the effect of this aerosol 
on the atmosphere. These are whitecap coverage and entrainment 
of aerosols into the atmosphere. These are not dealt with in 
detail in this chapter but warrant mention here. 

Observations of whitecap coverage are likely to remain the best 
gauge of the level of bubble and marine aerosol production. 
The exact link between bubble and aerosol production rates and 
the whitecap coverage seen is a little vague. Effects of 
resolution and oblique observation on observed W may be important. 
The relatively high resolution measurements of whitecap areas 
for laboratory models, may induce an underestimation in marine 
aerosol production. Of note here is the observation of Monahan 
and Zietlow (Monahan and Zietlow, 1969) that their freshwater 
whitecap time constant, T, was reduced from 2.54 secs. to 2.10 
secs. when only rafts of actual area greater than O.Ol6cm2 

were considered. Effects of foam stability may also be important. 
It is difficult to calculate what proportion of jet and film 
drops will be entrained by the atmosphere. Several workers 
(especially Blanchard , 1963 and Cipriano, 1979) have suggested 
that most small jet drops will have a very short lifetime indeed, 
and only a small proportion will be entrained into the atmosphere. 
This is an important question and one which laboratory models 
can do little to answer. 

The above points are neither wholly original nor unique, but are 
a summary of the problem in hand. In this chapter, these 
problems are discussed and some potential solutions offered in 
the course of a review of some earlier published work and 
descriptions of work being pursued by the author. 
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Underwater photographic field measurements 

Two papers (Johnson and Cooke, 1979 and Kolovayev, .1976) detail 

photographic observations of bubble spectra below the ocean 

surface. These are basically measurements of the "steady-state 

background" bubbles, far from the dense clouds initially produced 

by the breaking waves, though from other observations (Thorpe, 

1982) it is clear they are only averages of deep penetrating 

clouds. These papers were reviewed by Wu (Wu, 1981). Comments 

here are restricted to notes on their reliability and their 

relation to the surfacing bubble spectra. 

The foremost problem with the photographic method is that either 

a very large number of exposures must be made (Johnson, 1977) 

or the bubbles must be concentrated (Kolovayev, 1976). The 

first method is remarkably tedious but does produce results as 

reliable as the statistics allow. The second methOd is not as 

reliable as some simple calculations will demonstrate: In 

Kolovayev's bubble trap bubbles are photographed after 

collecting at the top of the 600mm long bubble trap. All 

alterations in the bubbles between the time the trap is closed 

and the time all bubbles have been collected and photographed 

amount to systematic errors in the measurement process. The 

two obvious mechanisms for change are coalescence/collisions 

and dissoluti on/ growth . Coalescence is not a serious problem; 

the total cross-secti onal area of the bubbles caught at any time 

would have been very much less than the cross-sectional area 

of the trap. Dissolution on the other hand will be 

considerable and, in the absence of oxygen and nitrogen saturation 

measurements, quite unpredictable . Gas transport between the 

bubbles and the water, takes place in the presence of an imbalance 

in the partial pressures of a particular gas inside and 

outside the bubble, in such a direction as to overcome the 

imbalance . Gas saturation, hydrodynamic pressure and surface 

pressure all play a role. Surface pressure becomes increasingly 

important for smaller bubbles, though with a surface tension 

of about 7xl0- 2 Nm- 2 it will only exceed lm of hydrodynamic 

pressure for a radi us below 14 ~m. Typically surface waters may 

be slightly supersaturated and larger, shallower bubbles will 

grow . However, dissolution will be more common for the background 

bubbles. 

Consider a well mixed upper water layer, lOO% saturated at the 

surface. Then bubbles at a depth of say 2m will slowly dissolve. 

No definitive formulae for rise speed or dissolution rates 

exist, so for the purposes of this calculation the followi ng are 

adopted: 

Rate of decrease i n radius, 

where P is the pressure in a 
dissolved in'the water. 

Rise speed dz ~ Ar 2 

dt 

dr (p-f) _.1 
dt = - ·p- . l~ms 
bubble and f the pressure of gas 

Using these formulae one finds a bubble of radius less than 61)1 m 

will dissolve before rising 600mm, and a bubble of radius 48~m 

will dissolve after rising 300mm, at a depth of 2m. These typical 

values show that drastic alterations in the bubble spectra will 

be caused by the collection process. The author believes bubble 
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traps will be of only very limited value in determining bubble 

spectra. 

Nevertheless, considerable analysis of Kolovayev's results has 
been done~ Even accounting for possi ble alterations by 
collection it seems certain that far fewer bubbles were involved 

in deep mixing during Kolovayev's Atlantic observations than 

during Johnson and Cooke's coastal observations, at the same 
windspeeds (ll-13ms-1

). Both showed a roughly exponential 

decay with scale depth of about lm length for all bubble sizes. 

This suggests that production rates (see later) based on the 

latter observations may be an overestimate for most oceanic 

situations. 

The small variation in exponential decay length with size may 

also be significant, though interpretation is hindered by the 
effects of dissolution. For a surface source and diffusion 

with constant "K", against a rise speed "v" numbers would fall 
off with depth "z" as 

e-vzjK 

in the absence of dissolution. The decay length 

D=K}v 

should decrease rapidly with increasing radius. The observations 

are more consistent with currents of several cm/s, possiblY 

Langmuir circulations . 

This work relates to point .3. in the introduction. Bubbles 

entrained by the breaking wave may be picked up by currents not 

present in a laboratory model. This is represented schematically 

in Fig. 1. An attempt to estimate the number of bubbles involved 

in deep mixing was made from the observations of Johnson and 

Cooke. The following procedure was adopted: Published histograms 

for ll-13ms- 1 windspeeds were used to provide points for the 

middle of each bin of the histo~rams, and smooth curves of 
number densities of bubbles (m- ~m-1 ) were drawn for each of the 

3 depths observed. By plotting points for various radii on log- · 

linear paper curves could be drawn extrapolated to zero depth. 

These were used . to draw a curve of number densities at the 

surface. Despite the obvious inaccuracies of the method, a 

smooth curve fitting the many points well could be drawn. 

The formula for rise speeds of dirty bubbles given by Thorpe 

(Thorpe, 1982) was adopted with the appropriate visco$itv for 
0 -2 -.] -:l 

3 C. A curve for the surface production rate (m. s ~m ) was 

drawn by multiplying number densities by rise speeds . The 

result is shown in Fig. 2. This is a rough estimate of the 

number of bubbles produced that become involved in deep mixing. 
- 2 -.] 

The res'!:!} ts· show a total of around 4, OOOm s bubbles for 

ll-13ms windspeeds. Since whitecap coverage is about 2% 

at this windspeed ~h~~ ~9rresponds to a breaking wave , production 

rate4
of about 2xl0 m s . Cipriano's weir produced about 

-.J 
8xl0 bubbles secong (of a muc~ !~rgrr size) over an estimated 
area of about 0.02m giving 4xl0 m s • If both of these values 

were reliable then one might conclude that deep mixing is 

insignificant in determining the global surface production. 

However, an error of an order of magnitude i s not implausible, 
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and uncertainty remains. 

Bubbles involved in deep mLX1ng may survive for several minutes 
and will be altered drastically as a result . The shape of the 
bubble spectrum in Fig. 2 probably is not a good indication of 
the bubbles produced by the wave, especially since entrainment 
will be biased towards smaller bubbles. 

Underwater Acoustic Field Measurements 

The acoustic method has considerable advantages over the photo
graphic method, particularly its much larger sampling volume, 
whilst retaining resolution of very small bubbles. This is 
made possible by the fact that bubbles typically have resonant 
acoustical scattering and absorption cross-sections that are 
of the order of a thousand times their geometrical cross
section. There are however considerable difficulties too, 
in particular, large uncertainties in size exist in the absence 
of knowledge of the exact nature of the bubbles. Details of 
the acoustical method and these advantages and difficulties 
have been given by Medwin (Medwin, 1970). 

Acoustical studies have done much already to reveal underwater 
bubble spectra and the structure of bubble clouds. Three 
papers on this work are reviewed here (Medwin, 1970; 'Medwin, 
1977; Thorpe, 1982). 

Medwin's work is of additionalinterest, because it introduces 
an additional bubble population found in the absence of white
capping. This population consists of very numerous ''micro
bubbles". It is not clear whether these bubbles contribute 
significantly to aerosol production. In any event, their 
presence must be considered when employing the acoustical 
method . Photographs (Johnson and Cooke, 1981) leave little doubt 
that these microbubbles are genuine, and can be very numerous 
in the presence of suitable surfactants. Medwin's 1970 paper 
gives details of both photographic measurement in Monterey 
marina and acoustic measurements in coastal waters. The 
photographic measurements reveal very large numbers of small 
bubbles. These greatly exceed the populations found acoustically 
in coastal waters. Some doubt remains whether all or most of 
the observed numbers were really bubbles. 

The acoustic measurements were of two types, based on the 
attenuation and the scattering of sound by bubbles. As Medwin 
pointed out, the fact that the number of small bubbles per unit 
volume calculated from scattering measurements was, approximately, 
one-third of the number calculated simultaneously by the extinction 
technique, is evidence of some systematic error. However, both 
sets of data do reveal some basic details of bubble spectra 
at low sea states in coastal waters. 

The scattering data show a microbubble population at bo~h sea 
states 1 and 2, with a more typical (like Johnson and Cooke's) 
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large bubble population appearing at sea state 2. Though the 
use of sea state rather than windspeed is unhelpful, this 
observation is consistent with a whi tecapping threshold . 

The attenuation measurements are far more detailed giving 
bubble spectra for night and day at various depths. An 
attempt at interpreting these resul ts is made here. The inter
pretations reached are very different from those detailed in 
the original paper. 

Medwin gives the formulae : 

n(R
0

)dr = K1 Z-~ 
n(R )dr = K e-z/L 

0 2 

L ~ bubble decay ~ 5 to 9 metres depth. 

N 

r >6ovm 

r < 60llm 

These formulae are very misleading: they are strictly correct, 
describing the form of isofrequency curves, but it must be 
realised that there is no such variation with depth for a given 
radius . The formulae only reflect the variati on of resonant 
bubble radius, Ro with depth at constant frequency. As such, 
these formulae are of little interst. 

The most profitable way of plotting the data seems to be bubble 
density against resonant bubble radius where R

0 
was calculated 

from the formula: 

(3yP .!.)~ 
P a 

under the assumption pressure P = 104 (lO+Z)Nm- 2 

z, depth in metres. 
This ignores surface pressure. 

The results of replotting the isofrequency data in this for.rn is 
shown by Fig. 3 . This shows that data from all depths fit well 
two curves, one for daylight, one for night-time. This is in 
marked contrast with the result for a plot against "radius at 
surface " , which shows marked variations with depth . Of course, 
this may be fortuitous, but the following hypothesis fits this 
result and the observed behav iour of microbubbles (Johnson and 
Cooke , 1981) : 

Hypothesis - The microbubbles are formed when larger bubbles 
created in the usual way by wave breaking, and carried deep by 
currents only partially dissolv e . They continually scavenge 
organic material, and suitable organic material becomes compressed 
giving, eventually, enough structural strength to the micro
bubble to resist further compression. The surrounding wall 
would not greatly inhibit gas diffusion, and the gas inside 
would equilibrate with the dissolved gas outside. The wall 
eventually breaks down via seepage and excess pressure on the 
outside . The size of the bubble will be sensitive tobhanges in 
the pressures of the water and dissolved gases, but to a lesser 
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extent than a normal gas bubble. They will be nearly neutrally 
buoyant. Normally their lifetime will be larger than the mixing 
time of the upper layer of water, and will consequently be found 
spread roughly uniformly throughout a surface water mass. Their 
number density will be largely dependent on the recent history 
of wind and sea state, and on the surfactants found in the water 

mass. 

This hypothesis does not explain the apparent diurnal variation, 
though a regular local wind pattern in calm weather might be 
responsible . It is likely that the bubbles were very EUch 
smaller than the calculated figure. This is consistent with the 
known acoustic effect of organic skins and the size-range found 
by Johnson and Cooke. 

Medwin's 1977 paper gives a good deal more information on micro
bubbles and their variation with physical parameters. Medwin 
also proposes several explanations for the variations. These 
will not be discussed, instead the results are compared to the 
new hypothesis . 

The results of the 24-hour run might reflect the effect of wave

breaking before and early in the run, with little breaking later 
on. This leads to a sharp increase in the number of large bubbles 
early on followed by a gradual decrease. The smaller bubbles are 
produced much more slowly, and gradually increase in numbers 
throughout the day as the larger bubbles diminish. This explanation 
requires the bubbles to be considerably smaller than the sizes 
given. 

The apparent seasonal variation is also explainable in ter.ms of 
wind strength and seasonal variations in the surfactant content 

of the water mass . 

One effect proposed by Medwin could be of great importance. He 

notes that the variation in pressure associated with wind and 
sea might cause bubble growth, and that therefore, many micro
bubbles will reach the s urface. This would lead to the transfer 
of chemicals to the sea surface and the atmosphere. 

Though more bubbles are involved in whitecapping, these have only 
a short residence time, and scavenge only close to the surface. 
It is possible that, particularly in waters rich in organics, the 
production via l ong-lived microbubbles may be the dominant 
mechanism of cycling chemicals etc., from the water mass to the 

atmosphere. This may be true, whatever the origin of the bubbles. 

In the light of uncertainties of the true size of the bubbles, 
the detailed form of t he spectra cannot be deduced. 

Thorpe (Thorpe, 1 982 ) and his eo-workers have concentrated on 
the general structure of bubble clouds, and how this relates ., 
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to the mixing regime. Two important observations are the 
different mixing in stable and unstable conditions, and the 
relationship between windspeed and clouds. These relationships 
are apparent in the approximate equation: 

d = 0.31 (1-0.1?:1 .. 0) (W ;;..2.5) 
l 0 

for 

where d = average depth of clouds (metres) 
~8 = air-water temperature difference (°C) 
W1o= 10 metre windspeed (ms-1 ) 

These observations were made from scattering at a single high
frequency, and do not give information about the spectra, but the 
proportions of various bubble sizes likely to reach certain 
depths are of interest. 

More recently Thorpe (Thorpe, 1984) has devised a model describing 
the turbulent diffusion of bubbles, including in the model hydro
static pressure, surface tension and the loss of gas by diffusion. 
Th!~ lKads to a more complex variation with depth than the simple 

e X/ described earlier, but like this relation leads to a 
sharper decrease with depth for larger bubbles than smaller 
bubbles, contrary to Johnson and Cooke's observations. 

None of the aforementioned papers actually include acoustic 
measurements of bubble spectra in the ocean. A recent paper 
(Farmer and Lemon, 1984) rectifies this situation, though the 
inferred size distribution is reached by an indirect method. 
Farmer and Lemon found that the ambient noise in the ocean did 
not increase at higher frequencies (14.5 and 25.0RHz) as quickly 
as at the lowest frequency (4.3KHz), or as quickly as reported 
previously. Less extreme behaviour was found at 8 .OKHz. ·For the 
two highest frequencies ambient noise actually decreased with 
increasing windspeed above 15ms-1 • 

Farmer and Lemon hypothesised that this was due to attenuation by 
bubbles entrained near the surface. Working with a model, that 
among other simplifying assumptions, assumed a bubble population 
density with a power-law dependence: 

N(a) = Ka-P 

= 0 a
0

> a> a, 

where a is the radius and K and P may be some function of windspeed. 
a was set at 30~m. This is a reasonable spectra to choose in the 
l~ght of optical observations. They were then able to calculate P, 
a and N, the number of bubbles per unit area radius interval as 
functions of wind speed. 

In brief they found: 

P declined from a maximum of 4.75 toward smaller values at higher 
windspeeds. 
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a decreased from about 43apm at lOms-~ to about 410Um at high~r 
windspeeds. 
N varied roughly as U* 3

' flattening off at higher windspeeds, 
where U* is friction velocity. 

These results are in quite good agreement with other observations, 
and demonstrate the strength of the acoustic method. One should 
be wary of accepting the values, in view of the many necessary 
assumptions. Similar experiments, ·but using a man-made source 
at various depths and frequencies, would surely give a wealth 
of good data. Acoustic measurements made simultaneously with 
photographic measurements (principally to check calibration) , 
and surface measurements and observations (e.g. of whitecap 
coverage and windspeed) would be particularly useful . 
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Theory 

Previous sections have dealt with experiments on the number and 
size of aerosol particles and bubbles, and their variation with 
conditions. There have been several attempts to deduce these 
values or variations frommore fundamental knowledge. Topics 
include the variation of whitecapping with windspeed, and the 
shape of the bubble s'ize spectrwn. 

Wave breaking is a complex function of the development of the 
sea, which itself depends in a complex way on the interaction 
of the wind and the sea which transfers momentum and energy 
to waves. It seems unlikely that the whitecap coverage or 
bubble production will depend in a simple deductible way on 
wind velocity. Consider for instance the fairly s±mple form 
suggested by Wu (1979). He first assumed that W is proportional 
to E, where W is the fraction of sea surface with whitecap 
coverage and E the rate of energy supplied by the wind per unit 
area of the sea surface. This assumption rests on the assumptions 
that energy imparted to waves by wind stress is eventually 
dissipated by wave breaking, and that the whitecap coverage will 
be proportional to the energy being dissipated. Neither of 
these assumptions seem justified. Contrarily Banner and Melville 
(1976) have proposed that breaking waves may be largely 
responsible for picking up momentum and energy from the wind. 
Wu assumes E to be equal to the product of wind stress and 
surface drift current alone. It is probably better to rely 
on empirical relations of whitecap coverage and windspeed. 

As detailed in a previous section, the surfacing bubble size 
spectrum will be the result of complex interactions. Several 
workers have attempted to deduce the functional form of the 
size spectra. For instance, Glotov, Kokobaev and Neuimin 
(1962) explained their observed bubble spectra on the grounds 
that loss due to the surfacing of large bubbles will give a 
""'d- 2 " relation, and dissolution will give a "A+Bd" relation 
at the small end. The likelihood of these losses dominating 
the functional form is small; it would require a closely 
uniform initial distribution. Further, though lifetime will 
be roughly inversely proportional to risespeed, this does not 
necessarily lead to a similar variation at a considerable 
depth. The relation attached to dissolution is not supported 
by a formula for the rate of loss by dissolution for a bubble 
and the line of reasoning taken. 

Crowther (1980) and Kefman (1983) both deduced a number production 
rate proportional to r 3 (r=radius) • Both seem to ignore much 
of the physics governing the distribution. Also of interest 
are attempts to deduce the size of the bubbles (Kerman, 1983). 
Some progress is possible in this direction. For instance some 
scale sizes. can be deduced from considering the energy of the 
flow and bubbles and the shearing forces. One such scale size 
is deduced below. 
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There will be a critical radius, r below which the energy 
density of the water flow involvedcin the production will be 
less than the surface energy. Though it is quite possible £or 
a flow to produce much smaller bubbles, re should give a 
guide to a typical radius. _ 3 

Say, Pw = water density ~ 103 Kgrn 

V = water flow velocity 
2 :1 

y = surface tension ~ 7xlo- Nrn-

Then, 

~P v241rr 3 rvy47Tr 2 
w j c c 

"' 6r re 
P v2 
w 

"' 42xl0 - 5 
.m 

y2 

For a low velocity, V= lms-~, this jives r "'420pm. For a 
probably more typical flow, V = 3ms- , r rvc 47:pm (the likely £low 
velocities are taken from the work of Ko~a, 1982). These 
calculations are in accord with observed sizes. 

It seems likely that theoretical considerations of the spectra 
will be limited to showing the sizes observed are reasonable, 
and the distribution is of an unsurprising stochastic form. 

' 
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Field Measurements at the surface 

Field measurements at the surface are the most direct means of 
finding the surfacing bubble spectra; however, they are not 
easy to make, and can still be difficult to interpret. There 
are two different types of measurements. Firstly, bubbles 
actually surfacing can be measured. Secondly, bubbles found in foam patches may be measured. Both of these methods are 
discussed. 

The surfacing bubble spectra will obviously be dependent on 
location and time, particularly relative to a breaking wave. 
When a wave breaks, most of the bubbles surfacing first will 
be relatively large, and will surface strongly clustered close 
to the site of the breaking wave. Surfacing bubbles will be 
progressively of smaller average size, fewer in number, and 
more widely scattered. Far from a recent breaking site there 
will be a small flux of bubbles, which will have had a long 
lifetime. No single measurement technique is likely to be 
capable of measuring all these bubbles. It is also not obvious, 
for many techniques, how the count might be biased by the 
different rise speeds and surface lifetimes of various bubbles. 
Methods requiring collection may also be troubled by 
coalescence and dissolution. Even the most carefully designed 
float will introduce systematic errors - it is likely that 
waves will break over a float. In general, a float carrying a 
camera will be more suitable for measuring large fluxes, whilst 
a collecting box might be used for low fluxes. In addition the 
spatial and temporal characteristics of all breaking waves close 
to the measurement, both before and during the measurement must be recorded. Analysing the results, and integrating over the 
ocean surface, presents a difficult task. 

Some experiments upon these lines have already been carried out. 
Two experiments (Blanchard and Woodcock, 1957, and Bortkovskiy 
and Timanovskiy, 1982) are to a certain extent complementary. 

Blanchard and Woodcock measure d the bubbles surfacing a few 
seconds after a wave had broken, where the water was milky from 
rising bubbles. The site was a beach, not open ocean. They 
used a small shallow box (9x6x2cm). The bubble spectrum was 
obtained shortly after retrieval of the box from the bubbles 
trapped below the transparent top. These results are probably 
close to the bubble spectra reaching the surface a f e w seconds 
after an ocean wave breaks, though the effects of dynamics 
of different breaking waves are largely unkno~~. The shape of 
the spectra is within the range of other observations, both 
in the laboratory and be low the surface. They est~mated a 
bubble production rate of about 30cm- 2 sec-1 = 3xl05m- 2 sec-1 
for the milky area in the vicinitt of a breaking wave. This is quite reasonable compared to 4xl0 sec- 1 per unit area (m2

) of 
whitecap, estimated from the production of Cipriano's weir. It 
is likely that the majority of small bubbles surface whilst 
the water has a milky appearance. 

' 

101 



Bortkovskiy and Timanovskiy used a camera mounted on a float, in 
the North Atlantic, to photograph the surface at moments when a 
wave was breaking directly beneath the camera. Only four 
observations, three nearly simultaneous, were reported, these 
all produced bubble spectra with a mode at around lMM diameter. 
It is not possible to evaluate the production rate from the 
reported results . The large size of these bubbles is consistent 
with other observations in view of the time the photographs 
were taken. 

Foam is easier to photograph, but it is not yet clear whether 
the foam size distribution could be used as an indicator of the 
bubbles surfacing. Experiments on the foaming of sea water 
have shown that foam stability and bubble size, will both depend 
on water temperature and the organic content of the water 
(Miyake and Abe, 1948). Thus, at the very least, the alteration 
of the surfacing bubble spectra to the foam spectra will depend 
on two variables. Laboratory experiments should establish the 
link, if any, between the two spectra. It may prove possible to 
test the validity of a laboratory model by comparing the foam 
produced with that found in the field. 

Generally in the absence of stabilising materials small rafts 
will last a few s econds . Occasionally "band foam" with a 
lifetime of a few minutes will be formed. It is not clear 
whether the band foam will have a similar structure, or whether 
the stabilising materials alter its spectra. It would be 
preferable to measure the microstructure of the rafts which 
should be similar to those formed in laboratory models of 
breaking waves . 

Rayzer and Sharkov (1980) photographed the microstructure of 
band foam first collected with a special pan. Observations 
were made in two coastal regions of the Black Sea. Both these 
sites were of low salinity (16% and 18%) • Their experimental 
histograms show the number of bubbles per unit diameter interval 
decreasing monotonically with increasing diameter, from the 
first diameter interval 0-SOO~m. The two sites produced 
similar results . Artifically produced foam from seawater taken 
at another site (probably more saline) produced in general 
slightly smaller bubbles. The basic similarity of the natural 
and artificial s.:tm.ples suggests that the spectra may be 
characteristic only of the stable structure, and not the 
surfacing bubble spectra. This would preclude its use as an 
indicator of the surfacing bubble spectra. Short-lived rafts 
may be very different in this respect. 

In summary, extensive surface measurements along the lines of 
those of Blanchard and Woodcock, and Bortkovskiy and Timanovskiy 
could provide good estimates of surface production. It would 
probably be better to use a high resolution video camera or an 
optical probe, rather than a still camera, for recording large 
fluxes . Measurements of the microstructure of rafts, may 
prove useful - some laboratory experiments should establish 
this . The lifetime and coverage of both short-lived rafts 
and band foam should be investigated, as these will affect the 
observed whitecap coverage. 
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4 

Laboratory Models 

As the previous sections of this chapter illustrate, field 
measurements of bubble spectra are very sparse and it remains 
necessary to use laboratory measurements as the basis of any 
model. Improved field measurements should give details of 
the bubble production a laboratory breaking wave must have, if 
it is to simulate oceanic production. Since it is not really 
practical to evaluate accurately aerosol production rates 
from the aerosols in the atmosphere , aerosol production is best 
evaluated by recreating the correct bubble production in the 
l aboratory and then measuring the aerosol produced . 

Two different laboratory models have been used to evaluate 
aerosol production. One produces aerosol at a constant rate 
by means of a weir (Cipriano, 1979), the other produces aerosol 
via the collision of two waves (Monahan, Davidson and Spiel , 1982). 
The productivities deduced from these two models are reviewed in 
Chapter 2 of this volume (Monahan, 1985). Both of these models 
probably give roughly the right production . However, these 
models do have limitaions. Firstly, they do not include the 
effects of ocean mixing, this may or may not be significant. 
Secondly, no temperature effect has yet been incorporated i n 
the algorithms, though this effect has been established 
(Monahan and Bowyer, 1984). More details of the temperature 
effect are presently emerging . Thirdly, the dynamics of the 
model breaking waves are different from various real breaking 
waves. Cipriano (1979) has proposed a similarity assumption 
that states that the shape of the bubble spectra will not depend 
critically on the dynamics of the wave or model wave producing it. 
For reasons given below, the author doubts if this is a reasonabl e 
assumption . 

An equilibrium distribution will normally be reached after an 
initial distribution has been gradually changed by two opposing 
influences, so that eventually the rate of creation and 
destruction of each type is the same . The two processes that 
are similar in all cases for bubbles in the ocean are coalescence_/ 
breakup on collision and breakup under drag forces for bubbles 
so larqe they are unstable at their terminal rise velocities. 
A large cloud might reach an equilibrium size spectrum after 
rising far enough f .or many collisions, the density of the cloud 
might not affect the equilibrium spectrum, if breakup under 
drag forces is unimportant . However, it seems highly unlikely 
that any such equilibrium spectrum is approached for bubbles 
from breaking waves . Collisions would lead to much larger 
bubbles than are actually seen. Instead, the following 
influences will affect the sufacing bubble spectrum . Air will 
usually be initially entrained in cavities at convergent points 
in the water flow , e . g . where a water jet meets the surface. 
These cavities will then be subject to large sheRring forces 
and collisions with other bubbles. Dissolution/growth will . 
be a small addi tior.al influence. The surface production will 

' 
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critically depend on the number of collisions, the shearing 
forces, and the initial entrainment. These in turn will depend 
on details of the dynamics of the breaking waves. 

In particular, the steady-state production of Cipriano's weir 
may lead to exaggerated coalescence. Most small bubbles would 
be expected to surface several seconds after their production. 
In a breaking wave, most of the larger bubbles will already 
have surfaced by the time the small bubbles near the surface. 
In the case of Cipriano's model the small bubbles will rise 
through a volume continually flushed by larger bubbles. This 
could explain why the weir produces numerous large bubbles and 
large aerosol particles (if these are large jet drops) • 

It is to be expected that diverse types of breaking waves will 
produce quite different bubble spectra. It is difficult to 
evaluate how much the spectra will vary naturally. Laboratory 
experiments with different model waves should establish this. 
The dependence on, e.g. wave height, for the U.C.G. whitecap 
simulation tank has recently been investigated (see later 
section) . A simulation of a spilling breaker would be 
particularly enlightening • . 

A further assumption made for both models is the strict 
proportionality between whitecap coverage and aerosol production. 
This will also be temperature dependent and may vary considerably 
with size and type of wave. 

At first sight it might seem desirable to use wind-driven waves 
for laboratory models , but in fact mechanically induced breaking 
almost certainly better approximates most natural breaking, 
with the notable exception of areas where high winds produce 
breaking in a not fully developed sea. 

In the deep ocean the sea will develop under the influence of 
the wind towards a fully-developed spectrum. In this fully 
developed sea there will be occasional wave breaking for wind
speeds above a critical value (z 3ms- 1 at lOm). This breaking 
will come about by the development of dynamically unstable waves 
(Cokelet, 1977). This form of breaking principally involves the 
interaction of waves, and will not critically be influenced by 
the actua! wind in the seconds before and during breaking. 
Above 9ms 1 or so, different forms of whitecapping will occur. 
These windspeeds induce large shearing forces on the tops of 
waves by the direct action of the wind. These shearing forces 
will produce both large aerosol particles directly and bubbles. 
This will almost certainly be similar to the mechanisms found 
by Koga in a wind-wave tank (Koga, 1981 and Koga, 1982). Thus 
the mechanisms of bubble production dominant in wind wave tanks, 
with their v e ry short fetch, is quite different than that usually 
important at moderate windspeeds. Nevertheless the bubbles 
produced in these tanks are of interest. 
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An early study of bubble production (Glotov, Kolobaev and 
Neuimin, 1962) Was carried out in a seawater filled annular 
wind tank, and involved acoustic and photographic underwater 
measurements . The photographic measurements used the same 
design of bubble trap as ment~oned earlier (Kolovayev, 1976) 
and the results will suffer from the same systematic errors. 
Whitecapping occured only for windspeeds above 8-·10r.1.s - 1 , 

and below this only a few small bubbles were seen . At high 
windspeeds (l0-15ms-1 )the number of bubbles increased rapidly . 
These bubbles formed a distribution not unlike the oceanic 
distributions, though apparently slightly smaller than those 
observed later with the bubble trap in the North Atlantic 
(Kolovayev, 1976). Acoustic and photographic measurements 

were in good agreement. 

More recently several experiments involving wind-wave tanks 
have been done . Some of these have used various prototype 
optical scattering devices (see e.g. Resch and Avellan, 1982 
and Johne, Wais and Barabas, 1984). These devices, if perfected, 
are extremely useful for measuring bubble spectra. In general 
these results are consistent with the results and theories 
previously mentioned, though Hsu, Wang and Wu {1984) 
reported a distribution with its mode at a relatively large 
diameter . The results in general show a spectra roughly 
invariant in shape but rapidly increasing in concentration 
with increasing wind velocity (see especially Broecker and 
Sierns, 1984) . The detailed findings are in doubt however, 
because of the unrealistic sea-state in these tanks. 

Aerosol measurements based on windflurne experiments are also 
of doubtful merit. They do however, give some indication 
of production mechanisms and rates at high wind speeds 
(Toba, 1962). 

' 
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Individual Bubble ·Ex"perinients· and Aer·o·sol pr·oducti·on Mechanisms 

It has long been established that a bubble bursting at the 
surface may produce aerosol. This production takes two forms, 
producing jet drops and film drops. As mentioned in the 
introduction, individual bubble statistics are still incomplete; 
for instance, temperature dependence and small bubbles t>200~ 
diameter) have not been fully investigated. This, however, should 
not be a major obstacle. The primary concerns are whether these 
same mechanisms are responsible for aerosol production by 
whitecapping, and whether they are different in any way. 

Cipriano (1979) found that the number of aerosol particles 
calculated by combining single bubble statistics with the 
measured bubble production considerably exceeded the number 
actually seen. This is not particularly surprising as many 
additional complications arise in mass-bubbling (see also 
Cipriano and Blanchard, 1981). Some collective effects, such 
as production from bubbles in rafts (Hayami and Toba, 1958) 
have already been investigated. 

The exact mechanism of production is of more than academic 
interest. Chemical and biological enrichment are very 
different for jet and film drops. It would be very inconvenient 
to use a full breaking wave model for all enrichment 
experiments. Therefore it is important to establish the origin 
of particles in mass-bubbling experiments. Tt is possible quite 
different mechanisms may be important in mass bubbling. 
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Current Work 

It is hoped that additional information about aerosol and 
bubble production and foaming will be forthcoming from numerous 
laboratory experiments using the U. C.G. whitecap simulation 
tank. Some of these experiments are described below. 

As mentioned earlier additional information about the temperature 
dependence of aerosol production has emerged from experiments 
with the W.S.T. The results of these experiments will be 
presented elsewhere . Measurements were made with a Royco 
aerosol counter . These started at the tail-end of the recent 
u . c.G.- SUNYA experiments simultaneously with CN measurements. 
They continued with a series of several hundred events conducted 
by P. Bowyer and the author. A special feature of these 
experiments was that the air in the hood was continually diluted 
by a constant flow of clean air, whilst the counts were continually 
recorded by a chart recorder, as well as the pulse counters 
on the Royco. This technique allowed reasonably accurate 
measurements of the aerosol count during and after production. 

The CN counter and the Royco measurements of small particles 
(O.S~m-3~m) showed a rapid peaking of the aerosol number density. 

The time definition is limited by the mixing time of the hood 
and the response time of the instruments . However, it is certain 
that most small particles are produced within a second or so . 
By contrast the chart recorder traces for the larger size 
ranges (>3~m) showed a slower peaking and a broad peak. These 
responses indicate that the larger particles are produced 
over a period of many seconds. These results are in good 
agreement with the expected production characteristics of 
film drops and jet drops, as explained below. 

Film drops will be produced mostly by large bubbles. Cipriano 
(1979) calculated that for his bubble spectrum one would 
expect most of the film drops to be produced by bubbles of 
over lmm diameter . These film drops are mostly very small. 

Jet drops will be approximately one-tenth the diameter of 
their parent bubbles (on production) • At 80% relative 
humidity their diameter at equilibrium will be roughly half 
their original size . Therefore, a jet drop of Spm diameter 
at 80% relative humidity will probably have originated from a 
bubble of about lOO~m diameter . During an event in the W.S.T. 
the cloud of bubbles is advected deep into the central well 
before rising to the surface. The larger bubbles having far 
larger rise velocities than the smaller bubbles, mostly surface 
a lot sooner . A ~lmm diameter bubble will rise O.lm in~ 1 second. 
A ~loowm diameter bubble will rise O.lm in ~ 30 seconds . One 
would expect film drops and jet drops, respectively, to have 
characteristic production times of roughly these values. Thus 
the observed production times are much as expected, and the chart 
recorder traces can be used to distinguish jet and film drop 
production . ., 
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The chart recorder traces were analysed by fitting free drawn 
curves to the traces and reading off the peak count and the 
count after 10/3 seconds. The characteristic exponential decay 
time at large t was also taken from the curves for many traces. 
Time, t=O was taken as the time the counters first responded to 
the production. The count at 10/~seconds and the total number 
produced give values for "early" and "late" production. These 
values are roughly equal to the film and jet drop production 
respectively, however, further corrections can be applied to 
give, hopefully, better estimates of jet and film drop prog~9tion . 
~or instance if one assumes a production rate varying as e 
where T is the characteristic production time then, for instance, 
for T=l second about 3.6% will be produce~ after 10/3 seconds and 
for T=lS seconds 20% will have been produced within 10/3 seconds. 
These lead to the wrong identification of some particles by the 
"early-late" discrimination. The large mnnber of traces allow 
good estimates of the number of jet and film drops in all size 
ranges and their temperature dependence to be deduced. The 
results will be presented elsewhere. 

As mentioned previously the W.S.T. can be used to test if the 
aerosol and bubble spectra will vary with the dynamics of the 
wave producing them. The W.S.T. is usually used with two waves 
of initial height 27cm, and is not designed for widely different 
set-ups. However, as a preliminary investigation in this field 
the tank was used with different initial waveforms. Specifically 
the initial wave heights can be changed. A series of events with 
waves of height 2lcm, 27cm and 33cm were conducted . The results 
of these experiments are still b e ing analysed, but it is already 
clear that substantial though not s pectacular changes in the 
spectral shape do occur. For instance the number of small jet 
drops (< logm) seem rather more sensitive to chan ging the wave 
height than other categories detected by the Royco. These 
experiments must be regarded as only exploratory - no attempt is 
made to simulate real breaking waves in different conditions-
but the positive result with only a small difference in wave 
type suggests that it would be worth simulating other wave 
types, e.g. spilling breakers. 

In addition t o the change in aerosol production with changing 
temperature and mechanical effort , there is a change in the 
whitecap coverage with mechanical effort and temperature. It is 
likely that this does not change by the same factor as the 
aerosol production. In particular it has been observed 
visually that there is far more stable foam at l ov1 temperatures. 
This can be recorded from above with a video camera; the 
results will affect interpretation of observations of oceanic 
whitecap coverage. 

It would be very useful to know the surfacing bubble spectrum. 
However, determining this for the W.S.T. is very difficult. 
The spectrum is strongly dependent both on location and time, 
therefore it would be necessary to take measurements at small 
time intervals at many locations on the surface. Also at the 
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time of the breaking the water movements are large and violent; 
the measuring set-up must be capable of standing up to this. 
Nevertheless it may prove important enough to embark on measuring 
the spectrum. Less complete but still useful are observations of 
the periphery of the bubble cloud from outside the tank. 

The W.S.T. suffers from large levels of random error. These 
apparently reflect difficulties in accurately reproducing the 
same wave form for every event. These errors are of the order 
of 20% and require frequent repetitions to reduce uncertainty 
to an acceptable level. Photographic and video observations 
are also fairly difficult in the big tank. The W.S.T. can only 
be used with a limited range of breaking wave types of largely 
unknown validity. For these reasons a small rectangular 
general purpose tank (GPT) is under development . 

This tank can be used at a large range of temperatures w~th 
many different "breaking waves" (both steady state and single 
event) • It will be particularly suited to photographic work -
this will include measurements of bubble spectra, measuring the 
area and duration of whitecapping, and measuring the micro
structure of bubble rafts. A hood will allow aerosol 
measurements as well. Many of the problems mentioned in this 
chapter will be tackled using this tank. 

' 
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Summary 

It should prove possible to significantly improve present 
estimates of aerosol production. Both field and laboratory 
measurements have a role to play. Many of the simplifying 
assumptions usually invoked to reach an estimate of production 
are doubtful; more detailed experiments designed to eliminate 
the necessity of these assumptions are a priority. 
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CHAPTER 6. 

Whitecap obse r vations, data, and results from the 

Hexos 84 (HEXPILOT) experiment, and the final results 

from the analysis of the MIZEX 83 video results, 

by 

M.R. Higgins, D.M. Doyle, A. Duffy and P. Mohr. 
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Preliminary AnalY,sis Of HEXOS-84 Results 

INTRODUCTION 

HEXOS is the acronym for the humidity exchange over 

the sea. The Physical Oceanography Unit became involved in 

HEXOS for the purpose of obtaining additional photographic 

and videographic data for the estimation of the fraction of 

the sea surface covered by whitecaps. 

In October 1984 ECM and DMD visited The Royal 

Heteorolog ical Institute of The Netherlands (KNMI) at 

Utrecht in order to give a briefing on the use of our 

recording 

Holland. 

instruments which had previously been shipped to 

The instruments were subsequently installed at the 

experiment location. 

The Metpost Nordwijk (MPN) 

The whitecap observations were taken from the Metpost 

Nordwijk which is a fixed meteorological platform standing 

some 9km from Nordwijk on the Dutch coast. The still and 

video cameras were housed in the small stainless-steel 

instrument shelter which had previously been used during the 

MIZEX-84 experiment (annual report 7 ) • The cameras were 

mounted a t a f i x e d ob 1 i q u e a ng 1 e 3 4 me t res above the se a so 

as to com~and an uninterupted vantage of a large a r ea of the 

sea surface . 

' 
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During a seventeen day period in November a total of 39 

video and film observations were obtained, with the usual 

meteorological data being logged simultaneously (Table 6.2). 

The video film has been analysed using the HAMAl-IATSU area 

analyser while the still photographs have yet to be 

analysed. 

Results 

Figure 6.1 shows - the relationship of the fractional 

whitecap coverage (W;j to 10l!l elevation wind speed (U) for 

the HEXOS video observations. Of the 28 ob s e rv a t ion 

intervals only one zero value of W occured. The solid line 

on figure 6.1 represents the best 'ordinary least squares• 

fit to this limited data-set. 

Eqn 1. w 

This fit is expressed thus: 
-6 2.881 

=1.146 X 10 U 
video 

The observation are divided almost equally between the 

three thermal stability classes stable(10), neutral(9), and 

unstable(9) where the neutral category corresponds to an 

air/water temperature difference of between -0.40C and 

0. 6° c. 

The whitecap video and photographs were analysed by 

Mary Higgins, Tom Luibheid, Nancy Monahan, Rose Brock 

and Ann Duffy. 
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Table 6. 1. HEXO S '84 Observation Lo g 

Whitecap 
Observation 

Date Time (GMT) 

Interval 

870v 6/ll/84 12.42-12.46 
872v 6/11/84 14 . 12-14.16 
873v 6/11/84 15 . 46-15.50 
874v 7/11/84 12.09-12 . 12 
875f 7/11/84 
876v 8/11/84 7.25-07 . 29 
877f 8/11/84 
878v 8/11/84 12.07-12.10 
879v 13/11/ 84 13.08-13.13 
880v 13/11/84 14.19-14.24 
881v 13/11/84 15.32-15.36 
882f 13/11/84 
883v 16/11/84 9.30-09.34 
884v 16/11/84 10.13-10.17 
885v 20/11/84 8 . 42-08.46 

9885f 20/11/84 
I 886v 20/11/84 9.55-09.59 

887v 20/11/84 11.3 7-11.41 
888v 20/11/84 12.32-12.37 
889f 20/11/84 
890v 20/11/84 13.46-13.50 
891v 20/11/84 14.44-14.49 

Wind Wind 
01o Direction 

5.8 203 

7.0 217 

6.7 225 

5.7 160 

5.6 160 

8.2 126 

8.8 125 

7.9 151 

6.5 215 

5.2 216 

5.8 197 

5.8 197 

8.8 112 

8.8 113 

7.5 270 

7.5 270 

7.9 275 

8.5 278 

8.5 271 

8.5 271 

8.5 267 

8.6 269 

v=video observation 
f=film observation 

Tair Twater 

11.1 11.5 

11.4 11.7 

11.5 11.7 

10.0 11.7 

10.0 11.7 

9.3 11.7 

9.8 11.6 

12.6 11.7 

10.8 11.2 

10.7 11.2 

11.1 11.2 

11.1 11.2 

4.0 11.1 

4.0 1i.O 

8.9 10.8 

8 . 9 10.8 

8.5 10.2 

9.6 10.3 

9.6 10.4 

9.6 10.4 

9.9 10.5 

10 . 0 10.5 



~==------

...... 
N 
...... 

Whi tecap 
Observation 
Interval 

892v 

893v 

894f 

895v 

896f 

897v 

898v 

899f 

900v 

90lv 

902f 

903\T 

904f 

905v 

906v 

907f 

908v 

/ 

Date 

20/11/84 

21/11/84 

21/11/84 

21/11/84 

21/11/84 

21/11/84 

21/11/84 

21/11/84 

21/11/ 84 

21/11/84 

21/11/84 

22/11/ 84 

22/11/84 

22/11/84 

22/11/84 

22/11/84 

22/11/ 84 

. 

·-- ...- ·- -~ _ ..,.. --·~------ -~-·--·-~ --------- --· ------~- -------- ~;--- -;:;::: -;.";"--::=.-, - ---· ....... -

Time (GMT) Nind Wind T . T water 01o Direction a1r 

15.45-15.49 8.1 261 10.2 10 . 5 
7.51-07.55 10.8 267 11.8 10.5 

10.7 267 11.8 10.5 
9.23-09.27 9.3 270 11.9 10.5 

11.2 270 11.0 10 . 6 
10 . 40-10.44 11.2 270 11.0 10.6 
12 . 37-12.41 12.2 200 11.5 10.6 

12.2 200 11.5 10 . 6 
13.56-14.00 11.7 263 11.4 10.5 
15.10-15.15 10.5 260 11.5 10.6 

10.5 260 11.5 10.6 
08.36-08 . 40 14.1 224 11.6 10.6 

14.4 228 12.2 10.5 
10.00-10 . 04 13.2 232 12 . 3 10.4 
11.40-11.44 14.0 230 12.4 10.4 

14.6 230 12.4 10.4 
13.53-13.58 11.1 210 12.0 10.6 



Table 6. 2. HEXOS-84 Video. 

Obs Date Photos U10 Ta Tw T TS vl Std. 
tt Analysed 0 0 0 Dev. 

mls c c c 

870 6111 25,26,25 5.8 11. 1 11.5 0.4 N 0.0006 0.0019 
872 6/11 25,24,24 7.0 11.4 11.7 0.3 N 0.0003 0.0012 
873 6111 24,25,24 6.7 11.5 11.7 0.2 N 0.0001 0.0002 
874 7111 24, 23,24 5.7 10.0 11. 7 1.7 u 0.0002 0.0004 
876 8111 23,24,22 8. 2 9.3 11. 7 2.4 u 0.0003 0.0007 
878 8111 24,24,23 7. 9 12.6 11. 7 -0.9 s 0.0004 0.0012 
879 13111 28,28,28 6.5 10.8 11. 2 0.4 N 0.0001 0 .0003 
880 13/11 28,28,28 5.2 10.7 11.2 0.5 N 0.0001 0.0003 
8 81 13111 24,24,24 5 .8 11. 1 11.2 0. 1 N o.oooo 0.0001 )( 
883 16 I 11 24,23,26 8.8 4.0 11. 1 7. 1 u 0.0005 0.0009 
884 16 I 11 22,22,22 8.8 4.0 11.0 7.0 u 0.0004 0.0006 
885 20111 27,28,28 7.5 8.9 10. 8 1.9 u 0.0012 0.0019 
886 20/11 24,24,24 7. 9 8.5 10.2 1.7 u 0.0008 0.0012 
887 20111 24,24,25 8.5 9 .6 10.3 0. 7 u 0.0017 0 . 0022 
888 20111 32,34,36 8.5 9.6 10.4 0.8 u 0.0014 0.0022 
890 20111 26,26,27 8.5 9.9 10.5 0 . 6 u 0.0004 0.0007 
891 2011 1 28,27,28 8.6 10.0 10. 5 0.5 N 0.0002 0.0004 
892 20111 25,24,26 8. 1 10.2 10.5 0. 3 N 0.0002 0.0009 
893 21111 25,26,25 10.8 11.8 10. 5 -1.3 s 0.0015 0.00 18 
895 21/1 1 23,24,23 9. 3 11.9 10.5 -1.4 s 0.0022 0.0028 
897 211 11 24,24,25 11.2 11.0 10.6 -0. 4 N 0.0020 0 . 0018 
898 21111 24,30,25 12. 2 11.5 10.6 - 0.9 s 0 . 0027 0.0043 
900 21/11 26,26 , 26 11. 7 11.4 10.5 -0. 9 s 0.0051 0.0094 
901 21111 29,30 , 30 10. 5 11.5 10.6 -0.9 s 0.0002 0 . 0003 
90 3 22111 30,30,30 14. 1 11.6 10.6 -1.0 s 0.0023 0.0025 
905 22111 26,26,26 13. 2 12.3 10.4 -1.9 s 0 .0024 0 . 0032 
906 22111 24,25,23 14.0 12.4 10 . 4 -2. 0 s 0.0013 0.0016 
908 22111 28,28,28 11. 1 12.0 10. 6 -1. 4 s 0 . 0003 0 . 0005 

Obs tl is the observation interval number. 
U10 is the 1 Om elevation wind speed • 
Ta and Tw are the air a nd sea surface temp e ratures 
r es pectively. T = Tw- Ta 
TS is the the rma 1 stability, u : unstable, N : neutral , 

s : stable. Nea r neutral defined as -0.4 < T < 0.6 c 
w is the fractional whitecap cov e rage. 
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Table 6. 3. MIZEX-83 Video. 
Obs Date tl of frames U10 Ta Tw T TS w Std. 

11 mid analysed m/s 0 0 0 Dev. 
c c c 

I 585 6/30 3, 3, 3, 3 12.3 11.5 13.0 1.5 u 0.002117 0.002269,' 
588 6/30 30,30,30,30 10.6 11.5 12.4 0.9 u 0.000461 0.00061Q Z. 
590 6/30 18,18,18,18 1.3 10.5 12.6 2. 1 u 0.000005 0.00002~~ 
592 7/01 17,17,17,17 3.9 11.0 12. 1 1.1 u 0.000000 o.oooooq 
595 7/01 27,27,27,26 5. 1 10.4 10. 4 0.0 N 0 . 000000 0.000000 
597 7/02 27,27,26,26 8.3 10.5 10. 1 -0.4 s 0.000246 0.00021l 4 
600 7/02 45,45,44,46 10.4 10.6 9. 8 -0.8 s 0.001704 o.oo611. S 
604 7/03 42,42,42,41 12.6 15.5 9.0 -6.5 s 0.000049 o. 00009~, 
6 09 7/03 24, 24, 24,21 3.6 12.8 9.5 -3.3 s 0.000000 o.oooooi 
611 7/03 29,29,29,30 4.3 11.5 8.8 -2.7 s 0.000000 0.00000 
615 7/04 17,15,15,18 6.5 10.0 9. 2 -0.8 s 0.000000 o.ooooo 
616 7/04 19,19,18,20 6.8 9.2 8.3 -0 . 9 s 0.000000 o.ooooo · 
617 7/04 22,22,21,22 5.8 7. 3 7.8 0.5 N 0.000047 0.00009 
619 7/04 14,13,14,14 4.9 7.6 7. 9 0.3 N 0.000000 0.00000 
6 20 7/04 23,23,22,22 5.8 7. 1 7. 2 0. 1 N 0.000038 0.00012 
621 7/04 21,20,21,21 7. 3 6.5 2.9 -3.6 s 0.000000 0.00000 
622 7/05 21,21,21,22 4. 1 5.3 2.9 -2.4 s 0.000278 0.00122 
623 7/05 18,17,17,18 5.3 4.7 3. 1 1.6 u 0.000000 0.00000 
6 26 7/05 32,32,32,32 10.2 6. 1 6. 8 0.7 u 0.000566 0.00096~1 0 
628 7/06 32,32,31,32 1 2. 1 5.3 5. 5 0. 2 N 0.004731 0.008891\' ' 
6 33 7/06 26,26,26,28 7.0 5.0 5 .0 o.o N 0.000275 0.002067,' 1 
634 7/06 41,41,41,41 6.7 4. 1 2 . 3 -1.8 s 0.000000 0.0000001 
638 7/06 28,29,29,29 7.0 2.8 1.3 -1.5 s 0.000006 o. 00003~ 1 ; 
642 7/08 41,42,41,40 6. 2 0. 2 -1.3 -1.5 s 0.000302 0 • 0 0 1 8 4 8 (! f 
6 4 7 7/08 25,25,25,26 4.6 2.3 2.0 -0.3 N 0.000000 0. 00000 9 . 
648 7/08 12,11,12,12 4.7 2.6 1.6 -1.0 s 0.000000 o.oooooq 
6 49 7/09 15,15,15,16 8.6 3.5 3. 2 -0.3 N 0.000000 0.00000~ , 650 7/09 32,30,32,32 7.5 3.6 0. 1 -3.5 s 0.000017 0.00017 I) 
655 7/09 29,29,29,28 7. 9 2.4 5.5 1.9 u 0.000263 0.000669 1& 
657 7/10 19, 19,19,19 9.4 -0.8 0.5 1. 3 u 0.000029 0. 000 0 7 ~ ·1 
658 7/10 18,17,18,17 10.7 0.6 0.5 -0. 1 N 0.000047 0.00035 {z. 
659 7/10 15,14,14,14 8.8 0.6 0. 1 -0.5 s 0.000000 0.00000 
66 3 7/11 20,20, 23 IT. 3 0.9 0.3 -0.6 s 0.000000 o.ooooo ~ 
667 7/12 17,17,17,17 5.8 -1.2 0.9 2. 1 u 0.000012 0. 0 0 o 0 5 J Ill ~ l ' 
668 7/12 21,21,21,20 4.9 -0.7 3.4 4. 1 u 0.000052 
669 7/12 37,37,37,36 5.2 -0.4 5. 1 5.5 u 0.000091 0 • 0 0 0 2 3 . I !'il J 670 7/12 27,27,27,26 4.7 -1.1 5.0 6. 1 u 0.000248 0 • 0 0 1 4 0 'I/ v'~v.-t ) 
673 7/12 28 ,27,23,26 5. 9 -1.3 5. 1 6.4 u 0.000155 0.00099 ' l i 

~-<A 675 7/13 17,16,17,16 2. 2 -1.2 3.0 4. 2 u 0.000000 0.000000 
682 7/16 9' 9. 9. 9 10.9 -0.3 -0.7 -0.4 s o.oooooo o. 0000001 /JAtiiA_/~ 683 7/16 26,26,2 3, 27 12.4 - 0. l -1.2 -1.1 s 0.000573 0.000830 l / 
6 84 7/16 30,29,28,32 12.0 -0.5 -1. 1 -0.6 s 0.001133 0 • 0 0 4 4 5 51 2 ~ c ! o.i. 
685 7/17 26,26,21,28 14.3 -2.0 -1.8 0.2 N 0.000081 0.000332 2[ !q ~ \1 686 7/17 24,25,23,24 8.4 -1.3 -1.1 0.2 N 0.000059 0.0001691< -7 
6 88 7/17 26,26, 2 3,27 7.8 -1.3 -0. 1 1.2 u 0.000061 0.000150 -z8 
690 7/18 31,31,27,31 6.5 0.8 4.5 3. 7 u 0.000033 0.000251i 7q 
693 7/18 33,33,33,33 4.2 1.1 5.4 4. 3 u 0.000000 o. 0000001 
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