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Chapter I Introduction 

This report covers the period from 1 July, 1980 to 31 

March, 1981, and is devoted to a description of the work 

carried out, and the results obtained, during this inter

val on the on-going ONR-sponsored study of "The Influence 

of Whitecaps on the Marine Atmosphere". 

The publications to date resulting from the whitecap 

project are listed in Table 1.1., with those numbered from 

10 onward relating specifically to the period covered by 

this report. The full text of the paper delivered on 28 

July, 1980 in Manchester at the VI International Conference 

on Atmospheric Electricity (item 10) is included as Chapter 

2 of this report (an abstract of this paper appeared in the 

July 1980 report to ONR, i.e. in item 9). The note submitted 

in January, 1981 to the JASIN News (item 12) is reproduced 

as Chapter 7 of the present report. 

In addition to the paper presented in Manchester in July, 

Dr. Monahan gave a seminar entitled "Whitecaps, their Role 

in Aerosol Production", on 26 January, 1981 at the GKSS 

Forschungszentrum, Geesthacht, Federal Republic of Germany. 

Two papers Dr. Monahan is scheduled to present within the 

next month, one on 8 April at the Fifth U.K. Geophysical 

Assembly in Cambridge, England, and one during the last week 

of April at the Humidity Flux Experiment Workshop at the 

Bedford Institute of Oceanography, Dartmouth, Nova Scotia, 

are represented in this report by their abstracts (Chapter 

9). 

Abstracts of papers submitted, but not as yet accepted, 

for presentation at the EARSeL Symposium on Application of 

Remote Sensing Data on the Continental Shelf in Bergen, 

Norway (paper title; "Determination of surface wind speed 

from remotely measured whitecap coverage, a feasibility 

assessment", by E.C. Monahan, I.G. O'Muircheartaigh, and 

M.P. Fitzgerald) and at the I.A.M.A.P. Third Scientific 

Assembly in Hamburg (paper titles; "Whitecap Aerosol Prod
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uctivity deduced from Simulation Tank Measurements", by 

E.C. Monahan, K.L. Davidson, and D.E. Sp i e l , and "Oceanic 

Whitecap Coverage as a Function of Wind Speed and Air

Water Temperature Difference; a Physical Basis for Wind

Retrieval Al gorithms Development",* by E.C. Monahan, I.G. 

O'Muircheartaigh, and M.P. FitzGerald) are not reproduced 

in t~is report. 

The field observations and laboratory e xperiments 

have proceeded apace in the past 9 months. While an elect

ical failure in the Royco Aerosol Particie Counter, nec

essitating its shipment abroad for repairs, interrupted the 

Gort na gCapall field measurement programme, the pro

tracted partic ipation by U.C.G. during the autumn of 1980 

in the STREX Experiment (see Chapter 4) assured a steady 

expansion of the relevant data bases. The Gort na gCapall 

measurement pro gramme, now in full swing, is documented ln 

Chapter 6, as is U.C.G. 's participation in the ONR

sponsored Artic Air Sampling Network of the University of 

Rhode Island. 

In the laboratory, the electrostatic measurements in the 

whitecap simulation tank, designed to determine the charge 

separation associated with whitecap decay, are now under

way (Chapter 8). A new hood for the s imulation tan k has 

been designed, and will shortly be constructed, encorpor

ating features that should make it feasible to maintain 

stable, high, relative humidities in the enclosed volume. 

This hood will .be used e xtensively during the U.C.G./N.P.S. 

Whitecap Simulation Tank Experiment III, now scheduled for 

June-July 1981. 

Considerable effort has been devoted during this 

report interval to the analysis of field and simulation 

tank data. The analysis of the whitecap observations 

* subsequently accepted 
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taken during the 1976 JASIN Experiment has been completed. 

Listed in Table 1.2 are the results of 1,161 photo-anal

yses performed upon a total of 599 different JASIN white

cap photographs. These results, along with several other 

whitecap data sets, are plotted on Figures 1.1 and 1.2. 

The STREX whitecap photographs, whose analysis must await 

the development of the film, are listed in Table 4 . 1 . 

Looking forward to the analysis of the STREX photographs, 

and of othe~ future, whitecap photographic data sets, 

a study has been undertaken, in co-operation with Dr. R. 

Ooerffer of the GKSS Forschungszentrum, Geesthacht, of 

the feasibility of automatically analysing such photo

graphs, using analog or digital image processing systems. 

Dr. Spillane has described the initial phases of this 

study in Chapter 3. Using the facilities of GKSS For 

schungszentrum, Geesthact, the question of the effect 

of photographic resolution on apparent whitecap cover

age has also been addressed (Figure 1. 3). 

Thanks in large measure to the computational efforts 

of Mr. O.E. Spiel of the Naval Postgraduate School, Mont

erey, the aerosol measurements resulting from UCG/NPS 

Co-operative Simulation Tank Experiment II [June 1960) 

have undergone detailed analysis. From Figure 1.4, show

ing as it does delta log (dN/dr) versus droplet radius for 

two breaking wave eventE (numbers 374 and 367) from 

COSTEX II, it is apparent that the aerosol "signa l" from 

each such event is we l l above the background aerosol 

concentration for droplet radii greater than about 0.6 

micrometers. The log delta CdN/dr) versus droplet rad

ius curves, such as those for the three breaking wave 

events (372, 374, and 367) shown in Figure 1.5, reflect 

the good degree of reproducibility encountered in the 

range of droplet radii greater than 0.6 micrometers. 

The curves of log delta CdV/dr) versus droplet radius 

presented in Figure 1.6 indicate that much of the liquid 

water, and much of the salt, injected int o the atmosphere 

by a breaking wave is contained in droplets whose radii 
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lie between 0.8 and 8 micrometers. Using cine-film 

recordings of a series of breaking wave events in the 

simulation tank, the value of T, the whitecap e xponen

tial decay characteristic time, has recently been re

determined (Chapter 5). 

In summary, the current focus of the project field 

work is on expanding the data base with a series of add

itional measurements at the Gort na gCapall field stat

ion, and by participation in future joint cruises. The 

present and up-coming simulation tank e xperiments center 

on the measurement of electrostatic charge effects and 

on the determination of the effect of humidity on the 

measured delta (dN/dr) values. While awaiting word 

on the fate of a complementary proposal submitted to 

the Statistics and Probability Program of ONR, a prel

iminary study of the dependence on wind speed, U, of 

whitecap coverage, W, has been carried out. If the 

Statistics Grant is awarded, a thorough study of the 

relationships among W, U, ~T, and dN/dr will beTw' 
mounted*. Such a study would make use of the rapidly 

e xpanding UCG whitecap observation data base. With 

the co-operation of Or. S. Hellerman of the NOAA Geo

physical Fluid Dynamics Laboratory, Princeton, an attempt 

to estimate the monthly mean whitecap coverage of the 

world ocean, and hence world ocean-to-atmosphere charge 

and salt flux, etc., wiJ.l soon begin. This study will 

rely on the W(U, ~T) and d Fo/dr e xpressions whichTw' 
will be products of the statistical and simulation tank 

work. 

The achievements logged to date on this study of the 

influence of whitecaps on the marine atmosphere would not 

have been possible without the whole-hearted co-operation 

*	 Tw 1S surface water temperature and ~T is as defined in 

footnote d of Table 1.2. 
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of many individuals, some of whom are .listed in Table 

1.3. The Principal Investi gator wish es to e xpress his 

gratitude to all these participants. 

Galway, April, 1981 
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Table	 1.1: Project-related Publications 

1.	 Monahan, E.C., and K.L. Davidson, 1979. Preliminary 

Intercomparisons of JASIN Wind, Whitecap, and 

Aerosol Observations, a separate, pp . 1-11, and 

poster paper, from JASIN Data Display Meeting, 21

25 May, 1979, Woods Hole Oceanographic Institution. 

2.	 Monahan, E.C., 1979. Whitecapping, a manifestation 

of air-sea interaction with implications for remote 

sensing, a separate, pp. 1-27, for Workshop on 

Processes in Remote Sensing, PRIMARS-l, 26-30 June 

1979, University of Manchester. 

3 .	 M0 na han, E. C., 1979. The in flu e nceo f whit e caps 0 nth e 

marine atmosphere, Annual report for the year ending 

30 June 1979, pp. 1-171. 

4.	 JASIN participants (inc. E.C.M.) 1979. Air-Sea Inter

action ProjGct : Summary of the 1978 Field Exper~ 

iment, The Royal Society, London, pp~ 1-139. 

5.	 Monahan, E.C., B.D. O'Regan, and K.L. Davidson, 1979. 

Marine Aerosol Production from Whitecaps, Inter

Disciplinary Symposia, Abstracts and Timetable, 

International Union of Geodesy and Geophysics, 

XVII General Assembly, Canberra, Australia, 3-15 

December, 1979, p , 423. 

6.	 Monahan, E.C., 1980. Sea state via satellite measure

ment of whitecap coverage, Proceedings, Space Science 

Colloquium, Maynooth, Royal Irish Academy occasional 

series (2-page summary, in press). 
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7.	 IVJonahan, E. C., and I. 0' IVJuricheartaigh, 1980.
 

Improved statement of the Relationship between
 

Surface Wind Speed and Oceanic Whitecap Cover


a ge as Required for the Interpretation of Sa t 


ellite Data, Proceedin gs, COS PARI SCOR/ IUCRM
 

Symposium on Oceano gra phy from Space, Venice
 

(4-page summary paper, in press).
 

8.	 Monah an, E.C. and 1. O'Muircheartiagh, 1980. Status 

of JASIN Whitecap Analysis 2 1 months a fter data 

Ac qui sit ion, J ASIN Ne ws , No. 20 , (I. 0 . S " Wormle y) , 

pp , 5-7, 17-18. 

9.	 IVJonahan, E.C., and B.D. O'Regan, and D.IVJ. Doyle, 1980. 

The Influence of Whitecaps on the Marine Atmosphere, 

Annual Report for the year ending 30 June, 1980. 

pp . 1-123. 

10.	 Monahan, E.C., 1980. Positiv e charge flu x from the 

world ocean resulting fro m the bursting of white

cap bubbles, Abstracts, VI Internationa l Co nf e r e nc e 

on Atmospheric Electricity, University of Man chester 

Institute of Science and Technolo gy, 28th July - 1st 

August, 1980, pp , 147-150. 

11 .	 M0 na han, E. C., and I. 0' Mui rc he a rt a i g h , 1980. 0 pt i ma1 

Power-Law Description of Oceanic Whitecap Coverage 

Dependence on Wind Speed, Journal of Physical Ocean

o gra p hy ,Dec. ' 80 iss ue (i n pre s s ) . 

12.	 Monahan, E.C., I.G. O'Muircheartaigh, and M.P. Fitz

Gera Ld , 1981. Wh i t e c ap s , tell ta Le s of waves or 

winds?, JASIN News (submitted, Jan. 1981). 



8
 

13 . M0 na han, E. C" I. G. 0 I Mu i rc he a rt a i g h , and M. P. Fit z

Gerald, 1981. The wind-dependenc e of the fraction 

of the s ea covered by white-horses as reflected 

in the 'JASIN' proj ect observations, Geophysical 

Journal (l-page abstract for UKGA-5, Cambrid ge, 

April, 1981). 

14. Monahan, E.C., 1981. Observed Correlations a mo ng 

Wind Speed, White c ap Covera ge, and Spray Con cen

tration C2-page abstract for Procee dings, Humidity 

Flux Experiment Workshop, B.I.O., Dartmouth, N.S., 

April '81). 

15 . M0 na han, E. C" 198 1 . 1,'" hit e cap pin g , a Mani f est a t ion 0 f 

Air-Sea Interaction with Implications for Remote 

Sensin g, Pr oce s s es in Ma r i ne Remote Se ns i ng , PRIMARS

1, Bell e W. Baruch Library in Mar i ne Sc i e nce , Univ. 

of Sou t h Ca ro 1 ina Pr e s s , Cin pre s s ) . 

16. Monahan, E. C. , 1981. Posi tive Cha rg e Flu x from the World 

Ocean Resulting from the Burstin g o f White c ap Bubbles, 

Proceedings, VI International Conference on Atmos

pheric Electricity, Manchester, (4-page e xtended 

abstract, in press). 
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Table 1.2. Final results from the analysis of JASIN 

whitecap observations. This tabulation supercedes the 

several earlier. preliminary. listing9.i.e. Table 2, 

Section 48 of the 1979 ONR report and Table 2. Section 

7 of the 1980 ONR report. 



JIISIIl 1978 .,hitecap o b s e r v a t ions, and analy~es
 

Obterva- Time No. of photos ~:J ntl s pe y d C Surface ''lit t eo r ATd Tnermal \'h itecar
 St anda rd 
t Ion no. HCluraOay Ho. analysed b ('" sec· ) tenperature (oC) (CO) stability Fract ion deviatlon e 

404 17 .25 ',ug. 8.8.8 6 .0 13.7 1.1 Unst able 0.000 ~ a .r'017 

405 19 .02 Aug. 5.5.5 3 .0 13 .9 1.4 Unstable 0 . 00 1) 0.(0)8 

409 15.09 2 Aug. 12,12, I 2 6 .2 13 .4 2.9 Unsta ble 0 .00 II 0 .0010 

410 17 .22 2 Aug. 9,8,8 5.5 13.3 1.4 Unstable 0.0007 0.0005 

413 14.40 3 Aug. 4.4.4 3.0 14. a 1.4 Unstable 0.0001 0.0001 

414 16 .49 3 lIug. 5.5,5 4.0 14. a 1 .7 Unstable O.OOO!, 0.0019 

415 18 .40 3 Aug. 10.3.3.3 4.8 14. a 1.8 Unstable 0 .0010 0 .0012 

416 08.55 4 Aug. 8.8,8 4.4 13.6 0.5 Neutral f 0.0005 0 .0004 

417 10 .25 4 Aug. 7,7 1.5 13.6 0.7 Unstable 0.0000 O.nooo 
419 09.34 5 Aug. 15,12 4 .5 13.7 1.2 Unstable 0 .0051 0.0098 

420 11 .55 5 Aug. 13.12 4.3 l3.7 1.4 un s t ab t e 0.0014 0.0015 

421 14.00 5 Aug . 8 3.0 13.7 1.3 Unstable 0 .0004 0 .0005 

"22 15."5 5 Aug. 12,10 4.5 13.7 1.1 Unstable 0.0018 0.0033 

"24 08 .14 6 Aug. 15 6.7 12.9 0.4 Neutral 0.0010 0.0010 

426 12. 50 6 Aug. 16 5.5 13.0 0.8 I" .. stable 0.0044 0.0058 

"28 17 .2" 6 Aug . 12 " .5 13.0 I .2 Unstable 0.0015 0.0022 

"29 1S. 19 6 Aug. ," .9 4.5 13.0 1 .3 Unstable 0.0005 0.0007 

"30 08.59 7 Aug. 12 ".9 13.1 1.3 Unstable 0.0009 0.0012 

"31 11. 51 7 Aug. 10 ".9 1) .2 1.0 Unstable 0.0011 0.0005 

"33 15.58 7 Aug. 18 " .7 13.2 1.1 Unstable 0.0005 0.0013 

"3" 18.23 7 Aug. 20.18,5 5 .8 13.2 1.9 Unstable 0.0044 0 .0063 

436 08.30 8 Aug. 18,13,15 4.0 12.9 1.6 Unstab Ie 0.0005 0.000" 

"37 10 .38 8 Aug. II 3.0 13. a 1.4 Unstable 0.0002 0.0002 

"39 15.37 8 Aug. 7 3.0 13. I 1.1 Unstable 0 .0000 0.0000 

"40 17.24 8 Aug. 7 3.5 13.2 1.2 Unstable 0 .0001 0 .0001 

"41 

...." 
"46 

19.29 

10.1 " 
15.37 

8 Aug . 

10 Aug. 

10 Aug. 

3 

9 
8 

3 .5 

"." 
" .7 

13. I 

13.3 

13.2 

1.3 Unstable 

-0.1 Neutral 

-0.5 Stable 

0.0000 

0.0011 

0.0011 

0.0000 

0.0002 

0.0028 

"47 18 .08 10 Aug. 11 5.5 13 .7 -0.3 Neutral 0 .0004 0.0006 

""8 20.06 10 Aug. I 5.2 13.6 0.0 Neutral 0.0011 

""9 10. a1 II Aug. 5.6." :).5 13.3 -0.8 Stable 0.0036 0.0067 

"51 12.50 4 Sept. 10.13, 10 8.0 12.9 -0.2 Neutral 0.0045 0 .0068 

"52 14.25 " Sept. 10 ,I 4. I a 7.3 12.9 -0.6 Stable 0 .0102 O.039S 

"53 16.20 4 Sept. 15. I 5 • I" 9.5 12.9 0.3 Neutral 0.0095 0.0165 

"54 18.35 4 Sept . 9.10.9 10. a 12.9 0.7 Unstable 0.0150 0.0445 

"55 08. 10 5 Sept . 10. 10. 10. I 5 13.9 12.5 1.0 Unstable 0.0375 0.0331 

"56 17.05 5 Sept. 10,6. I 0 9. I 12.5 0.5 Neutral 0.0570 0.0858 

"57 0' .00 6 Sept. 10 .9 7.9 12.7 0.2 Neutral 0 .0038 0 .0064 

"58 13. 10 6 Sept. 15.13 10.3 12.8 0.6 Unstable 0.0103 0 .0215 

459 15.45 Eo Sept. 15, I 5 6.2 12.8 0.2 Neutral 0 .0006 0 .0019 

460 18 .50 6 Sept . 10. I 5 8.3 12.7 o. I Neutral 0.0033 0 .0196 

461 12 .05 7 Sept . 10, I a 6 .8 12.7 o. I Neutral 0.0000 0 .0000 

"62 13.45 7 Sept . 10.9 10 .0 12.6 -1 .8 Stable 0.0287 0 .0300 

..63 16 . as 7 Sep t . 10.10 6.5 12.8 -0.4 Stable 0.0035 0.00"1 

464 18.05 7 Sc pt . 10. 10 7.5 12.7 • 0.4 Stable 0 .00 11 0 .00"8 

465 14. I 5 8 Se p t . 10. I a 4.7 12.7 0.0 Neutral 0.0014 0.0034 

..66 16 .25 8 Se pt. 10.10 602 12.8 (I." Neut r a J 0 .0002 0.001) 

467 OR.)O 9 Se pt . 10.9 8. I 13.3 0." Neutral 0.0006 a . 00 11 

468 10.40 9 Sep t . 10. I 0 5.4 13.3 -0.2 Neutral 0.0002 0.0005 

469 12 . 55 ~ Se pt . 5.4 4.3 13.0 -0.3 "eutral 0.0000 0.0000 

a GMT d Surface w a t e r t emperatur e rninu ~ a ir temperat ure .
 
b e rouped by analy st. e Larrest for any analys t.
 
c Adjust ed to 10 n e I e v a t ion. f Near neutral, -0.4°C<AT<+0.6°C.
 



JASIN 1978 whitecap observations and analyses (continued) 

Observa
tion no. 

Time 
Hour day Mo. 

No. of photos 
analysed 

Wind Speed 
(m sec- 1) 

Surface water 
temperature (DC) 

.1T 
(CO) 

Tl,ermal 
stability 

~Jh i t e cap 
fraction 

Standard 
deviation 

470 08.18 11 Sept. 5,5,5 14 .4 13 .3 1.0 Unstable 0.0973 0.1273 

471 18.20 13 Sep t. 10,10,10 9.2 14 . 0 0.6 Unstable 0.0304 0.0225 

472 08.52 14 Se pt. 10,14,15 -  13.5 0.9 Unstable o .0137 0.0417 

473 10.50 14 Se pt. 9,9 15.3 13 . 9 1.3 Uns t e o l e 0.0221 0. 0165 

474 12.30 14 Sept. 9,9 -  13.6 1.5 Unstable 0.0020 0.0034 

475 13.45 14 Sept. 10 10 .9 13.5 0.7 Unstable 0.0280 0 .0322 

476 14.50 14 Sept. 9,10 10.4 13.2 0.5 Neutral o .0127 0.0436 
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Table 1.3.	 Project Participants. 1 July 1980 - 31 

March 1981 

A. Staff 

Dr. Edward C. Monahan. Principal Investigator 

Dr. Michael C. Spillane. B.Sc. CU.C.Cork). M.Sc. (U.C.C.), 

Ph.D. (Oregon st. U.) Post-Doctoral Fellow in Physical 

Oceanography (since 1 September 1980). 

Mr. David M. Doyle. B.A. (Mod.) (T.e.Dublin), Post-Grad

uate Research Assistant (since 1 October 1979). 

Mr. Pet erA. Bowy er. M. A. ( Can tab. ), M. Sc . (U. C. No rt h 

Wales). Post-Graduate Research Assistant (since 1 

Octo ber 1980). 

Mr. Michael P. F'i t z Lar-a l d , B.E .• M.Sc. (U.C.G.L Part

time Post-Graduate Research Assi:s:tant (15 July - 15 

September 1980). 

Mr. Jan J. Taper. Cando L.S. (U.C •• LouvaineL B.Sc. 

(U.C.G.) Graduate Research Assistant (Since 14 April 

1980). 

Miss Maria D. McCann. Summer Undergraduate Research
 

Assistant (16 June - 29 August 1980).
 

Miss Mary P. Lovett. Summer Research Assistant (15
 

September - 17 October 1980).
 

B. Co-operating Scientists 

Prof. K.L. Davidson. Meteorology Dept .• U.S. Naval 

Postgraduate School. Monterey. 

Dr. R. Doerffer. GKSS Forschungszentrum. Geesthacht. 

Federal Republic of Germany. 
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Dr. S. Hellerman, NOAA Geophysical Fluid Dynamics 

Laboratory, Princeton. 

Dr. T.C. O'Connor, Experimental Physics Dept., 

University College, Galway. 

Dr. I.G. O'Muircheartaigh, Statistics, University 

College, Galway. 

Dr. K.A. Rahn, Graduate School of Oceanography, 

University of Rhode Island. 

Mr. D.E. Spiel, Physics Dept., Naval Postgraduate 

School, Monterey. 

C. Additional assistance provided by: 

Mr. C. Fitzpatrick, Gort na gCapall 

Mr. Francis Cunningham, photo an31ysis, drafting 

Mr. F.X. Gaffney, wind generator and simulation 

tank preparation 

Mr. P. O'Kane, electronics 

Mr. Martin R. Phelan, field work and equipment 

preparation 

Mr. Eugene Ross, data analysis 

Miss Nancy E. Monahan, data analysis, report 

preparation
 

Mrs. Helena Hennelly, manuscript typing
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Figure 1.1. Oceanic whitecap coverage versus wind speed, 

for winds less than, or equal to, 6.5m sec- l. Depicted, 

in a dd i t i o n to three dat a sets (Monahan, 1971; Toba and 

Chaen, 1973; JASIN, 1978), are four curve fits. The M'71 

curve was described as formin g an envelope over all data 

points in Monahan, 1971. The M+D'M'8D curve is th e optimal 

power-law W(U) ex p r e s s i on resulting from a robust biwei ght 

fit to the combined Monahan, 1971, and Toba and Chaen, 1973, 

data sets (Monahan and O' Muircheartai gh, 1980). The J(RBF) 

curve result ed f r om the a pp l i c a t i o n of th e same statistical 

technique to th e JASIN, 1978, data set. The remaining 

curve, J(B-C), results from applying the statistical 

approach of Box and Cox, 1964, to this same JASIN data set. 
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Figure 1.2. Oceanic whitecap coverage versus wind speed, 

for winds greater than 6.5 m sec- 1. Curves described in 

caption to Figure 1.1. 
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Figure 1.3. Apparent whitecap coverage, W, as a function 

of aircraft camera elevation, H. Results of analysis, 

using the Spacial Data Systems analog unit of the GKSS 

Forschun gszentrum, of sets of sea surface photographs 

taken during two flights of the Meteorological Research 

Flight, R.A.E., Farnborough. In the case of flight H076 

(26 February 1975), for .vh i c h U* was 0.41 m sec-I, five 

photographic frames (70mm) from each of four altitudes 

were analysed. From flight H120 (19 January 1976), when 

U* was 0.62m sec-I, ten half-frames from each of four 

altitudes were analysed. The open circles rerresent the 

mean W at each altitud e, the horizontal lines depict the 

standard deviation within each set, and the vertical bars 

reflect the associated standard errors. (The photographs 

were kindly provided by Or. S. Nicholls of the Royal Air

craft Establishment, Farnborough.) 
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Figure 1.4. Change in the log (base 10) of the aerosol 

size distribution function, dN/dr, versus droplet radius, 

r, resulting from two breaking wave events in the U.C.G. 

whitecap simulation tank. The units of dN/dr are cm

micrometers- l. Note that the ordinate is also the log 

(base 10) of the ratio, dN/dr (after splash) /dN/dr (before 

splash). Open circles, ~vent 374. Filled circles, event 

387. Dashed lines correspond to the breaking wave aerosol 

"signal" to background ratios indicated in per cent. 
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Figure 1.5. Log (base 10) of t he change in aerosol size 

distribution function, dN/dr, that resulted from individual 

breaking wave events in the U.C.G. simulation tank, versus 

droplet radius. Curves shown are for breaking wave events 

372, 374, and 387. Units of d N/dr are cm- 3 micrometers- l. 
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Figure 1.6. Log (base 10) of the change in the aerosol 

volume distribution function. dV/dr. that resulted from 

individual breaking wave events in the U.C.G. simulation 

tank. versus droplet radius. Curves shown are for break

ing wave events 372. 374. and 387. Units of dV/dr are 

micrometers 2 cm-3. 
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ABSTRACT
 

Using the global wind field assumed by Blanchard (1963), 

and that author's values for the positive charge carried by 

jet and film drops, the net current from the world ocean is 

redetermined in light of an improved expression for the 

dependence of whitecap coverage on wind speed (Monahan and 

6 Muircheartaigh, 1980), and incorporating recent direct 

measurements of droplet production per initial unit area of 

whitecap (Monahan and O'Reban, 1980). 

Assuming that the droplets with radii less than 0.75 are 

film droplets, and that those with radii greater than this are 

jet drops, the net global positive current from the sea is found 

to vary from 660 amperes in the December-February period to 750 

amperes in June-August. This current is four to five times 

greater than that calculated by Blanchard (1963) using a less 

direct approach involving considerations of sea-salt fall-out 

and wash-out. The present results indicate greater seasonal 

variation in the spray droplet current than was deduced by 

Blanchard. 



INTRODUCTION 

In his seminal paper on the electrification of the atmosphere 

by particles from bubbles in the sea, Blanchard (1963) had recourse 

to several indirect approaches to estimate the total positive charge 

transfer. The contribution of jet drops was arrived at by estimat

ing the rate at which sea salt was removed from the atmosphere 

by several mechanisms, and by a s s umi ng that a steady state existed 

between this rate of removal and the rate of injection of salt 

into the atmosphere via jet drops. In estimating the contribution 

to charge transfer of film droplets, and of the ill-defined 

intense bubbling mechanism of Aliverti and Lovera (1939); Blanchard 

found it necessary to estimate the total area of the world ocean 

covered by whitecaps. This latter estimate was arrived at by 

using several charts of the global distribution of mean wind, and 

a relationship between whitecap coverage, W, and wind speed, U, 

based on the analysis of five photographs of the sea surface that 

appeared in anonymous (1952). 

A recent statistical treatment (Monahan and 0 
~ 

Muircheartaigh, 

1980) of whitecap observations published in the past decade 

(Monahan, 1971; Toba and Chaen, 1973) yielded a W(U) expression 

markedly at variance with the one obtained by Blanchard. Data 

obtained using the whitecap simulation tank at University College, 

Galway (Monahan, 1979) have made it possible to calculate directly 

the production of drops in various size ranges resulting from t he 

decay of a unit area of whitecap (Monahan and O'Regan, 1980). In 

light of these new findings it was felt appropriate to re-estimate 

the global charge transfer from the ocean to the atmosphere that 

results from the bursting of whitecap bubbles. 



NEW ESTIMATE OF GLOBAL WHITECAP COVERAGE 

Blanchard (196 3), analysing the five photographs from
 

anonymous (1952), ob tain ed a qua dratic W(U) relationship which
 

is essentially that given by Equation I.
 

-4 2 -1(Equation I) W = 4.4 x 10 U, for U > 5m sec (W=O, for 
-1U < 3m sec ) 

Monahan and 6 Muircheartai gh (19BO), applying the technique of 

ordinary-least-squares fitting to the combined data sets of Monahan 

(1971) and Toba and Chaen (1973), obtained the optimal power-law 

W(U) e xpression given by Equation 2. Fitting by ordinary-least

U3. 52 (Equation 2) W 2.95 x 10- 6 

squares a cubic equation to the data of Monahan (1971) yielded 

the W(U) e xpression g i ve n by Equation 3. Since the optimum 

(Equation 3) W = 1.12 x 10- 5 U3 

cubic W(U) for the combined data sets was found by 0
/ 

Muircheartaigh 

(personal communication) to have a mean-squared-error that was 

only 4.4 % larger than the mean-squared-error calculated for the 

optimal W(U) of Equation 2 when it was tested against these same 

data, the W(U) of Equation 3 was adopted for use in the present 

determination of global white cap covera ge. (Blanchard's quadratic 

W(U), when tested against the same combined data, yielded a mean

squared-error that was 15.B times larger than that for the optimal 

W(U) of Equation 2.) 

Blanchard, ~n arriving at an estimate of the mean whitecap 

coverage for particular ge og r a ph i c a l zones, g, from Equation 1 

and charts of regional mean winds, realised that the quantity he 

needed to use was the mean of the squared wind speed, UL, not the 

square of the mean wind, U2 . Since the latter quantity was readily 

extractable from the climatological atlases, Blanchard set out to 

determine the typical value of the ratio UL/u2 . From data tabulated 



for several latitudes along 4GoW he Go nc l ude d that this ratio 

was 1.66. This is equivalent to saying that 8 of Equation 4, 

the ratio of the variance 

(Equation 4) WB 

to the square of the mean wind, has a typical value of two

thirds. 

In applying the W(U) of Equation 3 to the same wind data in 

the present work the relative magnitudes of the mean of the cubed 

wind speed, D3, and of the cube of the mean wind. ij3, must likewis 8 

be assessed. The form of the relationship between U3 and U3 is 

given in Equation 5, where 

--3(Equation 5 ) LJ3 (1 + 30 + c l U 

£ is the ratio of the temporal average of the cube of the ins ta nt

aneous deviation from the mean wind to the cube of the mea~ win d, 

and 0 is as previou sly defined. In oceanic r egions where it i s 

usual to encounter short periods of high winds followed by relati vel y 

long periods of low winds, £ will have a positive value. Fo r t he 

purposes of the present estimate £ will be taken as zero, and he nCE 

Wwill be assumed to be related to the regional mean wind speeds, 

U, as shown in Equation 6. 

-3(Equ3tion 6) WM aM ( l + 30) U 

Blanchard's estimates of zonal mean whitecap coverage, for two 

seasons of the year, are illustrated by the curves marked B on 

Figure 1. Assuming the same regional mean winds, and the same va l ue 

of 0, the present study yields the latitudinal profiles of zona l 

mean whitecap coverage shown by the curves marked M on Figure 1. 

The relationship between Blanchard's estimate of the zonal mean 

whitecap coverage, WB, and the estimate of the present study. WM, 

can be seen from Equatiom4 and 6 to be as shown in Equation 7. 

Using the values 

_._3/", .,.-3/", 



for a B and aM given in Equations 1 and 3, and again taking 6 

to be 0.66, yields Equation 8. 

(Equation 8) W
M 

Using the new estimates for the latitudinal profiles of zonal 

mean whitecap coverage given in Figure 1, and the latitudinal 

distribution of ocean area a s s ume d by Blanchard, yields the latit

udinal profiles of whitecap area for the two seasons represented 

by the curves marked M on Figure 2. Blanchard's comparabl e c ur ves 

are those marked B on the same figure. The area of the earth's 

surface between 65 0N and 60 0S covered by w~itecaps for the two 

selected seasons, i.e. the area under the curves of Figure 2, are 

listed in Table 1, both as determined by Blanchard's treatment and 

as calculated in the present study. Calculations of the global 

whitecap coverage, based on the latitudinal distribution of ocean 

area given in Sverdrup, et al (1942) and on the "M" - curves of 

Figure 1, yield results in close agreement with the bottom line of 

10 12 2Table 1, i.e. 3.82 x m for the December-February period, an d 

4.43 x 10 12 m2 for the June-August interval. 

GLOBAL WHITECAP CURRENT 

The positive charge transferred to the atmosphere as a res~lt 

of the decay of a unit area of oceanic whitecap, cr, can be readily 

estimated from the values for the incremental marine aerosol 

productivity coefficient, DE(r), i.e. the numbers of aerosol drop

lets within specified droplet radius ranges produced during the 

decay of a unit area of whitecap, presented in Monahan and 

O'Regan (1980), and from estimates of the positive charge carried 

by a droplet of radius r, Q(r). The charge on a particular droplet 

will depend upqn the mechanism whereby the drcplet was formed. The 

film droplets, which result from the shattering of the bubble cap, 

were found by Blanchard (19C3J to have an average charge per dropl e t, 

QF' of 9.66 x 10- 19 Coulombs. These droplets are quite small, with 

their largest radii being estimated by Mason (1957) to be less than 

0.5~m and by Blanchard to be up to 2~m or larger. The larger jet 

drops, which are injected into the atmosphere by the jet which forms 



f i 1m cap, car r y a c cordin g to B] a nc ha r d (l 9 6 3) a c h a r ge p 8 r d 1'0 P , 

QJ' as given by Equation 9. In t~is 

TO. 4 1 l. 3(Equation 9) QJ = 5.86 x 10- 18 r Coulombs 

equation T represents the whitecap bubble's age in seconds, and 

r is the drop radius expressed in micrometers. Blanchard states 

that an appropriate value for T is 8 seconds, and that the jet 

drops have radii greater tha~ l~m. Equation 10 results from 

-17 1.3(Equation 10) QJ = 1.38 x 10 r Coulombs. 

taking T to be 8 seconds. 

The fraction of the sea surface from which whitecap bubbles 

disappear per unit time, which under steady state conditions is 

equal to the fraction of the sea surface over which whitecaps form 

per unit time, is given by W(U)T- l (Monahan, 1971), where T is the 

exponential time constant associate d with whitecap decay [Monahan 

and Zietlow, 1969). Thus the incremental areal whitecap currer.t 

density, ~J, i.e. the positive charge transferred to the atmoSp ~ J 81 ~ 

)by bubble-produced dro~lets within the specified radius range, pe r 

unit area of sea surface, per unit time, is given by Equation 11. 

and the areal current 

(Equation 11) ~J = Q(r)~E(r)W(U)T-l Amperes m- 2 

density, J, is described by Equation 12. 

n ~E(r') -1 -2
(Equation 12) J = L Q(r.) ~ 1 ~ri W(U)T Amperes m
 

i = 1 1 ri
 

I 

ReintrOducing cr, the charge transfer resulting from the decay of a 

unit area of whitecap, J can be rewritten as in Equation 13. 

-1 -2(Equation 13) J = crW(U)T Amperes m 



The global whitecap current, I, is then gIven by Fquation 14. 

Listed in Table 2 

(Equation 14) I 0,-1 SWrUJdA Amperes 

World 
Ocean 

are the values of the various quantities raquired to evaluate a. 

The values tabulated in the QJ(r) column were calculated from 

Equation 10 for the smallest r value in each of the radius ran ges. 

If it is a ssumed that all of the droplets with radii less tha n 

1.5~m are film droplets, and all those with larger radii are jet 
2drops, then from Table 2 a a value of 3.58 ·x 10- 10 

C m-	 is obtained. 

If on the other hand, 0.75~m is taken as the radius tha t	 separat es 
- 10 - 2the two classes of drops, th en a a of mag ni t ud e 8.09 x 10 C m 

results. 

These a values can be combined with the whitecap de cay constan t, 

T, o{ 4.7 seconds found in Monahan (1979), and with the globally 

integrated whitecap areas g i ve n in Table I, to evaluate Equation ! ~ 

and thus obtain the global whitecap current values listed in Ta ble 

3 . 



CONCLUSIONS 

The estimates of global whitecap current listed in Tab le 3 

are all markedly higher, by a factor of two to five, than th e 160 

ampere current for all seasons arrived at by Blanchard (1963) via 

his more indirect approach. Yet the seasonal global whitecap 

coverage estimates of the prssent paper are typically only 36 % 

of the estimates of Blanchard. Since the charge-per-droplet values 

assumed were the same in both studies, it must be concluded that the 

marine aerosol productivity coefficient, E(r), implicit in Blanchard's 

work is approximately an order of magnitude smaller than that found 

in the whitecap simulation tank experiments of Monahan and O'Re gan 

(1980), and used in the present calculations. That this is indeed 

the case is apparent from a consideration of Figure 3, where values 

of 6F o' the incremental rate of whitecap aerosol production per 

unit area of SGa surface, are plotted against wind speed. Equation 

IS shows the simple relationship between 6F o and 6E(r). Curve B, 

-1 -2 -1
(Equation IS) 6F o = 6E(r) W(U)T m sec 

which was obtained from Blanchard (1963), and which was deduced by 

assuming a jet drop productiD~ rate that would equal a calculated 

sea-salt fall-out rate, falls well below the 6F o curves which have 

been obtained in the present study by combining the 6E(r) values for 

several radius ranges with the W(U) expression of Equation 3 and the 

T value of 4.7 seconds. Since the marine aerosol size distribution 

function can be expected to decrease rapidly with increasing droplet 

radius within each of the siz8 ranges represented on Figure 3, the 

small droplet end of each radius range should effectively determine 

the amplitude of the particular 6F o curve. Thus, if all else had 

been equal, Blanchard's 6F o curve for droplets with radii ranging 

down to 2.S~m sh8uld have fallen between the two curves based on the 

present work, since one of these represents a radius range extending 

down to 1.S~m and the other a range whose small end is at 3.7S~m. 

It might be suggested that the discrepancy between Blanchard's 

6F o results and the estimates of the present study is due in part 

or in whole to the fact that the low elevation sampling over the 



whitecap simulation tank assures the collection of some of the larger 

droplets which would in nature shortly fall back into the sea, and 

which were by the very nature of Bl anchard's sea salt fall-out and 

wash-out approach excluded from his consideration. In this regard 

it is appropriate to consider the values for ~Fo determined by Toba 

(1964, 1965) fro m a consideration of Woodcock's (1 95 3) obs erva tions 

at considerable elevation of sea-salt aerosol concentrations under 

a variety of wind conditions, since Toba's indirect approach is 

similar to that of Blanchard. 

Toba's values of ~Fo' appropriate for a droplet radius ran ge 

e xtending from 2.7 5~m to 40.5~m, for a variety of wind speeds, are 

o 

plotted as curve T on Figure 3. While this radius r a ng e also does 

not correspond to a particular range used in the aerosol measurements 

over the whitecap simulation tank, it would be e xpected, for the 

reasons given in the discussion of Blanchard's ~F curve, that if all 

else were equ al Toba's ~Fo curve would have fallen between the two 

curves derived f r om the present work. Since, for the signific ant 

wind speed range of 4 to 10 m sec-I, Toba's ~Fo curv e is above both 

of the curves arising from the present work, and since the whit ecap 

observations of Toba and Cha en (197 3) are in good a greement (Wu , 1979) 

with those of Monahan (1971) from which Equation 3 was derived, it 

must be inferred that the marine aerosol productivity coefficient, E(r ), 

implicit in Toba's indirectly determined ~Fo values is considerably 

higher than the E(r) based on the whitec ap simulation tank e xp eriments. 

Th us while the value of I determined indirectly by Blanchard from a 

consideration of sea-salt fall-out implies a smaller E(r) value than 

was obtained from the tank r esults, Toba's ~Fo valu es determin ed 

indirectly from similar considerations of sea-salt fall-out su ggest 

the contrary. 

The results of the present study su ggest a 12 % s8asonal variation 

in I, which is a g r e a t e r varia tion than would be deduced from Blan

chard 's resul t s , 

The results presented in Tabla 3 must be considered to be still 

imperfect estimates of the global whitec ap current, I. These estimat es 

would be more accurate if detailed time-series data describing the 

winds in each small region of the world ocean were available, which 



the optimal expression given by Equation 2, for each such region. 

These regions should be under nc circumstances larger than "5 degree 

squares", and they need to encompass those poleward p8rtions of the 

world ocean omitted from all estimates made to date. 

Planned direct determination of 0, the positive charge entering 

the atmosphere during the decay of a unit area of whitecap, making use 

of the whitecap simulation tank at University College, Galway, will be 

an improvement over 0 estimates based on 6E(r) measurements and 

assumptions about the average charge on film- and jet-drops based on 

measurements made by Blanchard (1963) during the rupture and collapse 

of isolated bubbles. It is quite probable that the number, size, and 

charge, of droplets produced by the bursting of one cf the large 

cluster of bubbles that comprises a whitecap will be markedly differerlt 

from the number, size, and charge, of droplets produced by the burst

ing of an isolated bubble. 
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Table I. Area, ln l012m2, of the Earth's Surface 

65 0Nbetween and BOoS Covered by Whitecaps. 

Treatment Season 

Dec.-Feb. June-Aug. 

Blanchard 11.1 11.9 

Present study 3.65 4.36 



Table 2. Aerosol Productivity Coefficients, Film- and Jet-Drop 

Charges, and Incremental a Values. 

tsr . 
1 

(um) 

0.25 - 0.75 

0.75 - 1.5 

1.5 - 3.75 

3.75 - 5 

5 - 00 

/;"E ( r-) 

( rn -2) 

72.26	 x 10 

75.29	 x 10 

67.73 x 10 

8.7	 x 10 5 

53.11 x 10 

[JF(r) [JJ(r) [JF(r) /;"E(r) [JJ(r) /;"E(r) 

( C) ( C) (C m 2) . (C m- 2) 

9.66 x 10- 19 

9.66 x 10- 19 

-

-

-

-

9.49 x 

2.33 x 

7.69 x 

1.12 x 

10- 18 

10- 17 

10- 17 

10- 16 

2.56 x 10- 11 

5.11 x 10- 11 

-

-

-

5.02 x 10- 10 

1.80 x 10- 10 

6.69 x 10- 11 

3.48 x 10- 11 



Table 3.	 Global Whitecap Current Estimates. in Amperes 

Radius taken as division between film and jet drops. 

Season 0.75]..1m 1.5).lm 

Dec. - Feb. 663 293 

June - Aug. 750 332 



Figure 1. Zonal mean whitecap coverage as a function of latitude 

and season. Curves mar ked B are from Blanchard, 1963. Curves 

marked M depict results of present study. 
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Figure 2. Whitecap coverage pe~ degree of latitude as a function 

of latitude and season. B. results from Blanchard. 1963. M, results 

of present study. 
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Figure 3. The rate of whitecap aerosol production per unit area 

of se a surface, for specified droplet radius range, versus 10m 

elevation wind speed. B, from Blanchard, 1963. T, from Tobe , 

1964 and 1965. MO'Ml and MO'M2, results of present study. See 

text for details. 

~E 
:1. '""E <11 a.n. ~ E or- IJ\ -N an ~ 
V a a Ea: ....,a::: V ~ 

:J 

a 

V 
E 

V v 
E a::: a::: 
~ V V 

~ an 
r--.. E E. 
M- ~ ~ 

an 0 - N t--, 1.0. 
~ 

N N 

'0'0 ~ m 
~ 

an 

:E 

~ 

lila M N

.-
~ 

I 
""0 O a-)( x .,u -x )( -
.-

Lf en 
<] N

IE 



Chapter 3 : G.K.S.S./U.C.G. Co-Operativ e study on the 

Feasibility of Automated Analysis of Whitecap Photo graphs 

by 

M.C. Spillane 

Introduction 

For the estimation of whitecap coverage from sea-surface 

photographs the time-honoured manual methods, though tedious, 

are quite reliable. An e xperienced operator can compensate 

for frame-to-frame variations in film e xposure a nd e xclude 

unwanted f eatures in the field of view (such as s ky area, 

sun glitt er, or ship-rails when the photogr3phs are taken 

from surface vessels). While the results are intrinsically 

subjective, inter-operator differenc es are typically no 

greater th an the natural scatter f ound in compari ng phot o

graphs ta ken und er comparabl e field conditions. 

The manual technique is however time-consuming, and with 

large volumes of data (as for example from the recent STREX 

e xperiment, see Chapter 4), a reliable aut omated scheme is 

desirable. A quantitative analysis of sea-surface photo graphs 

mi ght, in addition, provide further insigh ts into the physics 

of the whitecap process. 

During the period Jan 20 - Feb 6, 1981, personn el from 

U.C.G. visited Dr. Roland Doerffer at G.K.S.S. Forschungs

zentrum, Geesthacht. This facility possess es both analo gue 

and digital equipment for photo-analysis, and the purpose 

of the visit was to examine the feasibility of its use in the 

study of whitecap images. For the study, s ample transparencies 

from three s e pa r a t e sources were used: 

1)	 Colour images from aircraft during the FLEX e xperiment 

C70mm) 



2)	 Negative black and white images from R.A.F. Air

craft (70mm) 

3)	 Colour images from surfac e vessels (35mm) 

The latt er set were drawn from th e U.C.G. archives, and 

have been previously analysed by the manual technique. 

THE	 ANALOGUE SYSTEM: 

The analogue system (marketed by Spatial Data Sy s t ems 

Inc.) consists of a Mod e l 700SV Eyecom Image Sc a n ne r with 

light table, a Model 401/704 Datacolor/Edge Enhancer anal

yser and both black and white and colour television monitors. 

Th e relevant system f eatures for our purposes are: 

1) Film density profil e along a transect of the image 

2) Digital readout proportional to film density at a 

selected image spot 

3)	 Variable rectangular window to exclude undesired 

image areas 

4)	 False colour imagery based on up to 12 grey lev els 

in film density, between sel ected upper and lower 

density levels 

5)	 Digital readout proportional to th e windowed ar ea 

6) Di gital readout of the contribution of selected 

gr e y levels to this area 

7) Image reversal, which facilitates th e analysis of 

ne gative transpar en cies. 

A vari ety of procedures were tested far consistency in 
I 

the estimation of whitecap coverage. At first the approach 

used was to s elect the maximum and minimum density settings 

for a set of image frames. Then 'defining' whitecap areas 

as those in a certain ran ge of g re y levels, an estimate of 

percent whitecap cover can be derived usin g featur8s 5) and 

6) above. This procedure proved unsatisfactory due to the 



large differences in film density and contrast from frame 

to frame. The scheme that proved most reliable might be 

described as 'semi-automated', sinc e it involves more 

subjective decisions on the part of the operator. For 

each frame the density limits are chosen to span the full 

range of density present, and to match the selected grey 

levels to th e operators conception of the whitecap cover. 

This decision is facilitated by alternately viewing the 

normal and fals e colour versions of the ima ge. 

For the photographs drawn from the U.C.G. archives the 

agreem ent with manual whit ecap coverag e e s t i ma t e s is quite 

good as seen in Figure 3.1. The standard manual technique 

(Monahan, 1969) has been performed by three operators: 

M. Lovett (open circles), M. McCann (filled circl es) and 

F. Cunnin gham ( crosses). Th e 's emi-automated' estimates 

of whitecap cover (denoted by the symbol A) were obtain ed 

by E. Monahan following the scheme outlined above. The 

data were drawn from observation intervals 470 (5 frames) 

and 471 (10 frames). Averages for each operator in these 

intervals are indicated in th e figure. It should be not ed 

that while the manual technique employs a triangular portion 

of the fram e (ape x-downward) to achieve geometrical co rrection 

in these surface obs ervations, the G.K.S.S. results were com

puted from a rectangular window area. The 'semi-automated' 

data thus favour unduly whitecaps in the near field. This 

may be seen in the case of Frame 1884. Estimate A resulted 

from the normal window orientation, where the longer dimen

sion parallels the photogra~hic horizon. Estimate 'A' on the 

other hand arose when the long dimension was vertical and 

gives undue weight to a large whitecap that occupied the near 

field-of-view. While the electronic window of the Spat ial 

Data system is rectan gular, possibly some mechanical mas king 
I 

of the light-table could be introduced to make these 'semi

automated' analyses directly comparable with the manual ones. 

Some problems of drift in the analo gue system were noted. 

Further, since it is based on film density, any information 



contained in the colour balance of the image cannot be 

utilised. The analogue system does however allow a frame 

to be analysed in somewhat less than five minutes, which 

would be quite an advance on the manual procedure. 

THE DIGITAL SYSTEM: 

Digital representati~ns of both photographic prints and 

transparencies may be produced at G.K.S.S. using the Color

mation System C-4500. This equipment is manufactured by 

Optronics International Inc., and is used in conjunction 

with an LSI-2 minicomputer and magnetic tape drive from 

Computer Automation Inc. (The system can also produce colour 

or black and white film from a digital image.) 

To produce a digital image, the selected portion of the 

film is scanned with pixels 25, 50 or 100 microns on a side. 

The film density (alternatively the transmissivity) ln each 

pixel for red, green or blue light is digitized on a 256 

step logarithmic or linear grey scale. The digitized image 

may be subjected to some on-line analyses (1-0 histograms or 

dumps of sub-areas), and may be written to magetic tape for 

subsequent analysis on a mainframe computer. A projected 

enhancement of the system will increase the suite of data 

products available on-line. 

Eight photographs from the FLEX data set were selected 

and digitized for their transmissivity to red, green and 

blue light. The pixel size chosen was 50 microns which is 

comparable to the resolution of the original film. Each 

digital image covers a 2 x 2 centimetre sub-area chosen to 

include some 'white-water' features of interest. Image areas 

No.1 and No.4 illustrate whitecaps, sun-glitter, spume lines 

and diffuse skylight glitter respectively. The remaining image 

areas, No.5 and No. B, have these features in combination 

and represent the conditions likely to be encountered in a 

routine analysis. Figure 3.2, which was produced on the C-4500 

with 2X magnification, shows each of the images in the red. 



The characteristics of each image are summarised in Table 

3 .1. 

We seek objective criteria to define 'white-water', and 

to sepaFate the various categories. To this end a measure 

of contrast is defined as follows: 

Let To bB the weighted average transmissivity of the 

darkest 5% of the digitized image. Then the contrast 

of a pixel, C, is the ratio of its transmissivity to 

To. 

In Figure 3.3. is plotted the distribution of contrast from 

the red, green and blue channels of image No.1. The quantity 

W*(C) is the percent of pixels whose contrast 1S greater than 

or equal to C. Also shown is the percent 'white-water' cover

age as determined using the analogue system. The red channel 

has the greatest range of contrast, and the curve has a 

pronounced shoulder that facilitates the estimation of 'white

water' cover. In Figure 3.4 the contrast distributions in 

the red are shown for images No.1 to No.8. Images No.2 

and No.6 in addition to image No.1 allow good estimates 

of percent coverage. The remaining images do not have a 

noticible shoulder and are unlikely to yield reliable estim

ates. These latter frames suffer from a narrow range of 

contrast, and the problem of defining an objective criterion 

for 'white-water' extent in such cases has yet to be addressed. 

Image No.6 has distinct whitecap and sun-glitter features. 

We now ask whether it is possible to discriminate one from 

the other. In Figure 3.5 profiles through the major whitecap 

and several glitter patches are shown in the red, green and 

blue channels. There is no obvious discriminant on the basis 

of a single channel. The situation is somewhat improved when 

thR ratio of red to blue and of red or blue to the total trans

missivity (red+green~blue) are computed. The evidence for a 

discriminant, based on colour balance, between whitecap and 

glitter is suggestive rather significant however. The FLEX 

data set is badly over-exposed from the point of view of 



whitecap study. It remains to be seen if further detailed 

analysis at U.C.G. of the FLEX images will provide more 

definite results. At present the G.K.S.S. software is 

being adapted to the U.C.G. computer system. Dr. Doerffer 

has provided the digital image on magnetic tape so that now 

the study can proceed at both institutions. 

A noticible differenre in Figure 3.5. is that the glitter 

patches are smaller in extent than the whitecap. If this 

were a general feature a simple discriminant based on area 

might be used. In Figure 3.6 the red profile of Figure 3.5 

has been smoothed with a running average. This amounts to 

degrading the image resolution and the -whitecap is now seen 

to stand above the glitter patches. To pursue the area 

option a program was written while at G.K.S.S. which produces 

a new channel for the digital image. For each pixel this 

channel gives the areas of the 'white-water' feature of which 

it is part. This channel will allow the colour characteristics 

to be studied as function of feoture area. Another applic

ation of the program will be to compute the area spectrum 

of whitecaps. The algorithm is based on a scheme of contin

uity tracing outlined by Preston, 1976. 

SUMMARY: 

While the analysis of the data resulting from the G.K.S.S./ 

U.C.G. co-operative effort is as yet incomplete the following 

conclusions may be drawn. A Qemi-automated analysis of sea

surface photographs, based on the analogue system, could prov

ide estimates of whitecap coverage with a considerable reduct

ion in operator effort. The digital system is suited to a 

more quantitative study. Used with a data set collected 

specifically for whitecap analysis, and not over-exposed in the 

white regions, it should be possible to distinguish the various 

types of 'white-water'. The area algorithm, devised during 

this joint venture, will allow further insights into the 

whitecapping process to be gained. Area spectra for white

caps may be formed and colour balance as a function of size. 



Implimentation of the image processing software on the 

Galway computer will lend flexibility to further co-oper

ative studies with Dr. Doerffer of G.K.S.S. 
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Table 3 .1 . Selected photo gra phs for digital a na l y s i s 

from the FLE X data set. 

Ima g e No . Descr i p t i o n F LEX I d e nt i fi e r 

1 Reference 
whi tecap 

for well - define d Series A, frame 44 

2 Sun-glitter reference 
f r ame 

Series A, fra me 55 

3 S pu me-lin e 
f rame 

referen ce Ca s s e t t e 1, f rame 7 

4 Diffuse sk y light 
reference 

g litte r Series B, f rame 50 

5 Glitter-whitecap 
ati on 

combin - Cassett e 2 , fra me 12 

6 Wh itecap , g l itte r 
cl o ud shado w 

and Series A, f rame 10 

7 Whi t e c a p, 
gl itte r 

sp ume and Ca sse t te 1, fr a me 2 8 

8 Glitter-whitecap 
ation 

comb in- Cassette 1 , frame 31 



Figure 3.1. Intercomparison of manual and 'semi-automated' 

estimates of apparent whitecap coverage. Manual data, from 

three different operators are indicated by open and closed 

circles, and by crosses. The symbol A denotes values obtain

ed using the analogue system as described in the text. 
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Figure 3.2 Dig ital images of selected aerial photo

graphs from the FLEX experiment. These frames 

illustrate the various sources of 'white-water' 

as summarized in Table 3.1 



Figure 3.3. Distribution of photographic contrast C 

(defined in text) for the red, green and blue channels 

of Image No.1. The arrow indicates the percent white

cap cover estimated using the analogue system. 
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Figure 3.4. Distribution of photographic contrast for 

the red channel in Images No.1 to No.8. Estimates of 

percent whitecap cover from the analogue system are 

indicated by the arrows. 
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Figure 3.5. Profiles through the major whitecap and 

several glitter patches in Image No.1 for the red, green 

and blue channels. 
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Figure 3.6. Low-pass filtered version of the red channel 

profile in Figure 3.5. 
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Chapter 4	 U.C.G. Participation in the 1960 STREX Exper

iment in the Gulf of Alaska 

by David M.	 Doyle 

Introduction: 

STREX is the acronyw for the "Storm transfer and 

response experiment' which took place in the Gulf of 

Alaska from mid-October to mid-December 1960. The over

all objectives of STREX are "to understand the physical 

processes of the boundary layers of the atmosphere and 

the ocean in mid-latitude storms, the ihteraction of the 

two boundary layers, and interaction with larger scale 

phenomena" (STREX draft operational plan). 

The field phase of the experiment involved intensive 

and detailed meteorological and physical oceanographic 

observations from a number of ships, aeroplanes and sat 

ellites. These observations were co-ordinated from the 

central STREX office in Seattle, Washington. 

The main shipboard work of the project was performed 

on board the NOAA (National Oceanic and Atmospheric 

Administration) ship R/V Oceanographer in two legs, the 

first from 3 to 24 November and the second from 26 Nov

ember to 15 oecBmber 1960. The U.C.G. investigations 

covered both of these legs and included a precruise stay 

at the Naval Postgraduate School (N.P.S.) Monterey, Cal

ifornia for the purpose of co-ordinating the allied 

experiments. 

U.C.G. Iwas involved in STREX for the purpose of obtain

ing supplementary data on the subject of "The effects of 

oceanic whitecaps on the marine atmosphere". This data, 

when processed, will be compared with the results already 

obtained from the JASIN (Monahan and Davidson, 1979) and 

Bomex (Monahan, 1971) experiments as well as with the on

£oinQ exoeriment at the Gort na ~Caoall field station 



(Chapter 6). All of these projects involve the photo

graphic observation of whitecaps and the determination 

of their relation to aerosol production and various 

meteorological parameters. 

Observations 

The author, with N.P.S. scientists Dr. G. Schacher 

and D. Spiel, joined the Oceanographer at Seattle several 

days before departure. This allowed ample time for the 

erection of the various N.P.S. sensors on the mast and the 

installation of the processors in the plotting room just 

aft of the bridge. Choosing a site for photographic 

observation of the sea surface was easier than anticipated 

as a suitable location was available in the shape of the 

forward watch space. This area, while protected from the wind, 

provided a convenient and stable platform for the camera, 

and an unobstructed forward view of the sea. The electrical 

connection was made to the power line of an adjacent e xper

iment (solar radiation measurement operated by Mr. D. Lind, 

University of Wash:i_ngton). This site which offered convenient 

sighting of the bow wind direction indicator. The cameras 

were stored in the nearby plotting room where they could ba 

easily transported to the operational location. 

The photographs were taken with two Beattie Varitron 

automatic sequence cameras from the flying bridge of the 

vessel at heights from 14.3 - 14.6m above the water line. 

Each camera was fitted with an automatic recording back which 

recorded the individual number and time of exposure of each 

frame. Four 100ft. reels of Ektachrome type 5256 film were 

used. All photographs were taken to windward with a vertical 

field of view from just above the horizon downward through 

an arc of 44 0 • Photographs were taken at hourly intervals, 

where possible, in seqwenC8s of ten at 3 different f stops, 

usually f5.6, f8, and fll. 



The U.C.G. experiment was performed in tandem with that 

of the N.P.S. The N.P.S. scientists (Dr. K. Davidson and 

D. Spiel) were measuring marine aerosol size distributions 

in the size range 0.1 - 15~m diameter (adverse operating 

conditions disabled the optical array probe with which it 

had been intended to measure particles in the range 10 

150~m diameter. All relevant meteorological conditions. 

wind speed. surface watEr temperature etc. were measured 

both by the N.P.S. (30 minute averages) and by the bridge 

(logged at 60 minute intervals). Each sequence of photo

graphs was synchronised with a 30 minute data averaging 

interval and the full range of meteorological data as well 

as photographic and any other relevant information wernnoted 

in the log book. A digital readout of accurate time (local 

and G.M.T.) and a satellite fix of position were available 

from the ship's computer. a D.E.C. P.D.P. 11/34. 

On the whole. weather conditions were milder than expect

ed and fewer storms than anticipated were encountered on the 

cruise. Average sea surface temperatures were above 100e 

20efor leg I dropping by about for leg II. Air temperat

ures also fell by an average of 10e on leg II. In general 

leg II had very mild conditions with long clear periods and 

quite calm seas. However. photographic data collecting 

intervals sometimes had to be cancelled due to adverse con

ditions e.g. excessive fog. rain. or insufficient light. 

Weather decks were secured during extremely rough conditions. 

Analysis of Results 

It is expected that the data will be analysed using the 

technique outlined by Monahan (1969). It is hoped that they 

can be critically compared with our present experiments and 

the previously published work of others as outlined by the 

author in the annual WhitEGap Project Report for 1960. 
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Chart 4.1. 

Cruise track for R/V Oceano grapher. Station PAPA (50 0N 

1450W) is central area for STREX investi gations. P II 

(50 0N, l40 030'W) is appro ximately 300 kms east of PAPA 

and is the centre point for the Oceano grapher activities. 

Ketchi kan, Alas ka was the stopover port betw een Legs I 

and II. 
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Table 4.1. 

Preliminary STREX results are herein presented. Appro x

imately 2600 whitecap photographs were taken at 87 stations 

over both legs of the project. These photographs will be 

developed in the near future. Wind fetch varied from a 

minimum of approximately 200kms, for the first five stations 

of Leg II, to a maximum Jf several thousand kilometers for 

southerly winds at all stations. 



Table 4.1. PRELI MI NARY TAOULATI ON OF STREX 1980 OATA 

observa ti onl 
No. 

li me ItO Ul'a 
Oay Mo n th 

No . o f 
photos 
t a l-- c n 

Wi nO speeLi 
me a s ur e d at 
28m e l ev. 

WlnLl ~ p e t1 L1 

a t 10mb 
~u rtace loI ater 

Te mpera ture 6 Tc Thermal 
Stabi l ity 

IM ~ -1 ) (M S- 1 ) (oC) (OCI 

480 1.1 . 07 (; Nov 30 Ll 9 . 7 9 .1 11. 37 0. 34 Neu tral e 

481 09. 33 7 Nov 30 17 .5 16. 2 11 . 62 1.30 un s t a b l e 

48 2 10.56 7 Nov 30 16 .6 15. 4 11 . 63 1. 26 un s t abl e 

483 12 . 37 7 Nov 30 14 . 3 13 .2 11 . 63 2 . 34 unst a bl e 

485 10. 56 8 Nov 30 10. 5 9. 8 11 . 68 3 . 22 unst abl e 

486 13.0 7 8 Nov 30 9. 8 9.2 9.9 2.1 unst able 

487 14. 50 8 Nov 30 10. 5 9. 8 11. 68 3 .22 unst able 

488 15. 55 8 Nov 32 10.4 9.7 11. 68 3.12 unstable 

489 10.39 9 Nov 30 11.2 10.4 11. 75 2 . 86 unstable 

490 10.10 10 Nov 30 6.8 6.3 11.34 2.6 2 unstable 

491 11.18 10 Nov 30 6.3 5. 9 11. 32 2 . 58 unstable 

492 14.07 10 Nov 30 2.9 2 . 7 11.29 2.46 unstable 

493 10.53 11 Nov 30 5.9 5. 5 11.29 0.84 un s table 

494 9.50 12 Nov 30 4.5 4. 2 11.34 1.79 unstable 

495 10.54 12 Nov 30 6 .8 6. 3 11. 32 0.78 unstab l e 

496 11. 35 12 Nov 30 6.5 6.0 11.33 1.11 un stable 

497 14. 35 12 Nov 30 11. 6 10.8 11. 28 0.8 7 un Btab l e 

498 10.35 13 Nov 30 6.3 5.9 11.11 2.37 unstable 

499 11.35 13 Nov 29 8.1 7.5 11. 17 1. 24 unstabl e 

500 12.30 13 Nov 30 8.5 7.9 11.17 1. 21 unstable 

501 10.17 14 Nov 30 12.9 12.0 11.06 -0.53 stable 

502 11.26 14 Nov 30 13. 2 12. 2 10.92 -0.96 stabl e 

503 12.35 14 Nov 30 12.4 11.5 10.87 -1.03 stable 

505 15.40 14 Nov 30 11. ::l 11.1 10.67 2.79 unstable 

506 11.06 16 Nov 30 6.2 5.8 10.69 2 .69 unstable 

507 14.07 16 Nov 30 6.5 6.0 10.71 1.29 unstab1u 

508 10.58 17 Nov 29 18.5 17. 2 9 .3 0.0 nuutra1 

509 13 .00 17 Nov 30 14.9 13.9 9.4 1.1 unstablu 

510 14.07 17 Nov 30 14.9 13.9 9. 2 0.3 neutral 

511 9.4 4 18 Nov 30 12. 9 11.9 9 . 2 0 .6 nau t r-e I 

512 12.10 18 Nov 30 7 . 9 7.3 9. 2 0.1 neu t r-e I 

513 13. 35 18 Nov 30 8 . 5 7 .9 10.43 0 .69 unstab le 

514 16.10 18 Nov 30 5.5 5.1 9.2 0.3 ne ut r lll 

515 17 . 05 18 Nov 20 5. 2 4. 9 9. 2 0.5 neutrlll 

516 10.10 19 Nov 30 11. 1 10. 3 10.42 0.66 unlltable 

517 11. 20 19 Nov 30 8. 3 7 .7 10.42 0. 25 neut rll1 

518 13.00 19 Nov 30 7 . 2 6.6 9.1 0.4 neutral 

519 15. 25 19 Nov 30 7 . 2 6 .6 10.45 0.66 unllt a b1& 

520 10.40 20 Nov 30 11. 5 10.7 10 .42 1.59 unatllble 

521 11. 33 20 Nov 30 7 . 8 7. 2 10.41 1. 56 unstable 

522 13.4 0 20 Nov 30 9 . 7 9.0 10.40 0 .41 n au t r-a I 



Tabl e 4 . 1 . (Con t in ued ) 

52 3 14. 15 20 Nov 30 ~" 9 5 .5 10 . 4 7 1. 99 unstabl e 

52 4 15. 20 20 Nov 3D 8 . 1 7 .5 10.44 1. 66 unsta ble 

525 16. 07 20 No v 30 8 .6 7 .9 10 .39 1. 64 u nstab l e 

5 26 10. 15 2 1 Nov 3D 3 . 7 3.4 10 .42 1. 84 unst abl e 

527 12.55 2 1 Nov 3D 7 .9 7 . 3 10.47 1.40 u ns t a b l e 

528 16. 11 2 1 No v 3D 7 .7 I 7. 1 10 . 32 1. 20 u ns t a b le 

529 11.1 2 29 Nov 30 I 
I 

16. 9 15.7 8.85 1. 4 1 unstab le 

530 12.18 29 Nov 30 14. 6 13. 5 8. 91 1. 38 u nstable 

531 13.35 29 Nov 30 14.5 13.4 8.96 1. 43 unst a ble 

53 2 15.05 29 Nov 3D 14.7 13. 6 8.88 1.77 unst able 

5 33 16.1 2 29 Nov 30 11.8 11.0 8.8 2. 8 unstabl e 

534 12.34 3D Nov 3D 9 . 0 8.4 8.51 2 . 71 u nst a b l e 

535 15 . 15 30 Nov 30 9 . 0 8.4 8.56 2.23 u nstabl e 

536 14.45 1 Dec 3D 11. 6 10.8 8 . 88 3 .4 7 un s t a b le 

537 11. 25 2 Dec 3D 13.8 12. 8 8.70 3. 53 uns table 

5 38 12. 30 2 Dec 30 15.4 14.3 8.68 3. 32 uns table 

540 16.55 2 Dec 30 15.5 14.4 8.5 3.2 unstable 

541 10.50 3 Dec 30 14.4 13.3 8.5 2.7 unstable 

54 2 11. 20 3 De c 30 13.1 12.2 6 . 9 9 -0.31 neutral 

543 12. 30 3 Dec 30 13.0 12.1 7 . 12 - 0 . 0 3 neutral 

544 13 .30 3 Dec 3D 12. 9 12.0 7.09 - 0 . 0 1 neutral 

545 14 .55 4 De c 30 10 . 9 10. 1 7 . 23 0.50 ne u t r a l 

546 15.50 4 Dec 30 11.0 10. 2 7 .2 1 0.26 neutral 

547 11.10 5 Dec 30 6.8 6 . 3 7.57 1. 62 unstable 

548 16.15 5 Dec 30 3.6 3.3 7.32 0.96 unstabl e 

549 10.25 6 Dec 30 13.9 12.9 7 . 2 0.7 unstable 

550 10 . 57 6 Dec 3D 13.0 12.1 7.23 I -0.78 stable 

551 11. 57 6 Dec 3D 13.4 12. 5 7.20 -1.03 s table 

552 13.08 6 Dec 30 13.1 12. 2 8.68 0.13 neutral 

553 14.50 7 De c 15 12 .6 11. 7 7.4 6 - 0 . 58 stable 

554 15.50 7 Dec 30 10.5 9.8 7.28 -1. 8 2 stable 

555 10.40 8 Dec 30 15 .2 14. 2 7.44 - 2.70 stable 

556 12.00 8 Dec 30 13.6 12 .6 7 . 4 2 -3.14 stable 

55 7 13.07 8 Dec 3D 15.0 14 . 0 7 . 39 -3 . 22 stab le 

558 14. 28 8 Dec 30 15. 6 14. 5 7.40 I -3.1 2 stable 

560 12 .03 11 Dec 30 14 .1 13.0 6 . 62 -2 .11 s tabl e 

561 13.03 11 Dec 3D 16.0 14.8 6 . 6 7 - 2.19 stable 

56 2 14.03 11 De c 3D 15.2 14.2 6.59 - 2 .4 2 s t a b l e 

56 3 15.0 7 11 Dec 3D 12. 5 11. 6 6 . 78 -2 . 29 stable 

56 6 15 . 10 12 De c 30 17 .8 16. 5 8.89 -1. 9 9 stab le 

a Pa cific S t a nda r d Time (G.M .T. - 8 h rs.J b Ex tra po l a t i o n b a s ed on Ro ll 19 65 
c Su r f a ce Water Tempe r a t u re Mi nus Air Temperat u r e. d at 3 f stops f 5. 6. f8 . and f l 1 
e Near Neut ral. - 0.4 0 C<6T < ' 0 . 6 0C 



Chapter 5	 Laboratory Determination of Characteristic 

Time associated with Exponential Decay of 

Whitecaps 

by E.C. Monahan 

In order to estimate the ·rate of marine aerosol prod

uction, per unit area of sea surface, per increment of 

droplet radius, i.e. dFo/dr, from measurements of oceanic 

whitecap coverage, W, it is necessary to know the time 

constant characterising the e xponential rate of decay of 

individual whitecaps, T. The dependence of dro/dr upon 

W, T, and dE/dr is shown in Equation 5.1 (F igure 5.1). The 

whitecap differential aerosol productivity coefficient, dEl 

dr, which appears in Equation 5.1 can be evaluated from 

measuremEnts made in the whitecap simulation tank, as is 

apparent from Equation 5.2 (Figure 5.2). 

A value for T of 3.85 seconds was ·obtained by Monahan and 

Zietlow (1969)* from the analysis of a sequence of still photo

graphs taken of whitecaps in an earlier, much smaller, white

cap simulation tank at Northern Michigan University. 

Analysis of stop-action video images obtained of whitecaps 

in the central well of the present, much larger, U.C.G. white

cap simulation tank led to a preliminary value for T of 4.7 

seconds. This treatment of the video records was discussed 

in Section 3C of the 1979 report to ONR (Monahan, 1979) ** 

and summarised in Monahan, O'Regan, and Davidson (1979) ** 

The latter paper was reproduced in full in the 1980 report to 

ONR (Monahan, O'Regan, and Doyle, 1980) ** 

*	 Monahan, E.C. and C.R. Zietlow, 1969. Laboratory 

Comparisons of Fresh-Water and Salt-Water Whitecaps, 

Journal of Geophysical Research, 74, pp. 6961-6966. 

* * See Table 1.1 for complete citation. 



The analysis of eight cine-film records, each depict

ing the decay of an individual whitecap in the U.C.G. sim

ulation tank, which was delayed for many months because 

the processor had misplaced the undeveloped films (Monahan, 

O'Regan, and Davidson, 1979), has now been completed. The 

results of the analysis of two such records are presented 

in Figures 5.3 and 5.4. The treatment of each of these film 

records required the determination on 26 individual 16 mm 

frames of the fraction of the water surface in the central 

well of the simulation tank covered by whitecaps. The 

technique used to determine W is essentially that used In 

the analysis of photographs of oceanic whitecaps (Monahan, 

1971)*. A straight line, which in such semi-logarithmic 

representations is the signature of an exponential oecay, 

is not apparent in either Figure 5.3 or 5.4~ 

On Figure 5.5, where the average of the W versus time 

plots from four breaking wave events is depicted, s8veral 

features can be identified. The portion of the grapb corr

esponding to whitecap coverage fractions greater than 0.01 

can be divided into two sub-regions, in each of which the W 

versus time trace can be approximated by a straight line 

segment with a distinct~ve slope. The strai ght line segment, 

A, associated with the first four seconds of the average 

records has a slope which corresponds to an exponential 

decay characteristic time of only 1.98 seconds. This feature 

of the average W versus ti~e plot probably reflects the fact 

that the waves moving out from behind the simulation tank 

gates have spilled before they reach the central well. This 

situation, which was clearly documented in Section 38 of the 

1979 report to DNR (Monahan, 1979), results in a large number 

of surface and near-surface bubbles being prcp811ed into the 

well region of the simulation tank just as the "breaking wave 

event", i.e. the strong interaction of the two waves coming 

*	 Monahan, E.C., 1971. Jceanic Whitecaps, Journal of
 

Physical Oceanography, 1, pp. 139-144.
 



from opposite directions, occurs. The quick decay of these 

surface bubbles can explain the rapid falloff in the W versus 

time plot in the region described by line segment A. 

In the sub-region of Figure 5.5 corresponding to a time 

interval stretching from 5 to 14 seconds after the breaking 

wave event, the W versus time trace is governed by the decay 

of the locally formed wi'itecap, a decay which proceeds via 

the bursting of bubbles after they have migrated upward to 

the surface from the depth to which the entrained air was 

drived by the breaking wave. In this sub-region the W versus 

time graph can be approximated by stright line segment B, 

whose slope corresponds to an exponential decay character

istic time of 3.53 seconds. It is to be noted that this 

value agrees to within 10% with the L value originally 

published by Monahan and Zietlow (1969). Figure 5.6 depicts 

the average of the W versus time-since-splash traces from 

three other breaking wave events, where the initial condit

ions resulted in slightly more energy being dissipated in 

the breaking waves than in the events summarised in Figure 

5.5. By fitting a linG segment to the portion of the trace 

in Figure 5.6 corresponding to sub-region B of Figure 5.5, 

an exponential decay characteristic time of 4.60 seconds is 

arrived at, a value similar to the one obtained from the 

analysis of the video recordings (Monahan, 1979). 

It now appears appropriate to suggest, as the next step 

in improving the estimate 8f L, that cine-film records of 

the formation and decay of whitecaps in the open ocean be 

obtained for a variety of sea and swell conditions, and 

that such records be subjected to the same analysis as has 

been carried out on the simulation tank films. 

The sev eral small peaks that appear in the average W 

versus time plot of Figure 5.5 are in all probability the 

result of minor breaking wave Events that occur when the 

two wave crests, reflecting back and forth between the end 

walls of the tank, interact as they pass through each other 

in the central well. The effect of these secondary splashes 



in slightly increasing the whitecap area in the central 

well is complemented by the tendency of the convergence 

associat ed with the positive interferenc e of th e two wave s 

to draw back into the central well (and thus into the fi81d 

of vi ew of the camera) bubbles that may have drifted into 

the side channels. Pea ks 1, 2 , and 3 shown on Figure 5.5 

occur at multiples of 4.86 seconds after th e initial break

ing wave event. This separation in time between instances 

of positive interference of the two wave crests is consider

ably longer than the periodicity of 3 . 72 seconds predicted 

from the application of simple shallow water wave theory. 



Figure 5.1. Equation defining the naviface differential 

aerosol source function, i.e. the rate of marine aerosol 

production, per unit area of sea surface, per increment 

of droplet radius. 



- -dFo dE	 (U)-dr	 dr 
• 

WHER.E,	 dFo RATE OF PRODUCTION OF MARINE AEROSOL 
= DROPLETS, PEP. UN IT AREA OF SEA SURFACE,

dr PER INCREMENT OF DROPLET RADIUS 

dE THE NUMBER OF AEROSOL DROPLETS PRODUCED, 
- PER INCREMENT OF DROPLET RADIUS, DUP,ING

dr THE DECAY OF A UNIT AREA OF WHITECAP 

THE FRACTION OF THE SEA SURFACE COVERED
W{U)=	 AT ANY INSTANT BY WHITECAPS WHEN THE 10 

MET REEL EVAT ION V I ~J D SPEE DIS U 

CHARACTERISTIC TIME CONSTANT DEFINING 
THE EXPONENTIAL RATE OF DECAY OF 
INDIVIDUAL WHITECAPS 

NOT E THAT W(U) THE RAT EAT \-l HJ CH WHIT ECAP ARE AS 0ECAY 
=(AND ARE GENERATED) PER UNIT AREA OF-r SEA SURFACE 



Figure 5.2. The whitecap differential aerosol productivity 

coefficient, dE/dr, in terms of quantities that can be 

evaluated from measurements made in the whitecap simul

ation tank. 



·vdE 
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WHERE,	 dE THE NUMBER OF AEROSOL DROPLETS PRODUCED, 
- -- PER INCREMENT DROPLET RADIUS, DURING THE
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IN THE SIMULATION TANK 
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THE COVERS OVER THE SIDE CHANNELS OF THE TANK 

INITIAL AREA OF THE WATER SURFACE COVERED
Ao - BY A vJ HIT ECAP \.! HEN 0 NE I S PRO DUCEDIN THE 

SIMULATION TANK BY A SPLASHING WAVE EVENT 



Figure 5.3. The fraction of the water surface covered 

by whitecaps. W. versus time since splash for breaking 

wave event 139. based on the analysis of 26 individual 

frames from a 16mm cine-film exposed at a rate of 24 

frames per second. The initial water level behind the 

simulation tank gates for event 139 was 27 to 28 centi

metres. 
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Figure 5.4. The fraction of the water surface covered by 

whitecaps, W, versus time since splash for breaking wave 

event 141, based on the analysis of 26 individual frames 

from a 16 mm cine-film e xposed at a rate of 24 frames per 

second. The initial water level behind the simulation tank 

gates for event 141 was 26.5 to 27 centimetres. 
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Figure 5.5. The averagE fraction of the water surface 

covered by whitecaps, W, as a function of time since 

splash, based on the analysis of cine-film recoras of 

simulation tank breaking wave events 139, 140, 141, 

and 142. The initial water level behind the tank gates 

for these events was between 26 and 28 centimetres. Line 

segments A and B, and peaks 1, 2, and 3, are described 

in the text. 



w
 

0·2 

0·1 

3 

2 

1 

0·01 

0·02 

0·05 

0·005
 

o 5 10 
Time (sec) 



Figure 5.6. The average fraction of the water surface 

covered by whitecaps, W, as a function of time since 

splash, based on the analysis of cine-film records of 

simulation tank breaking wave events 147, 149 and 150. 

The initial water level behind the tank gates for these 

events was between 26.5 and 29 centimetres. Note the 

small peak at approximately 5 seconds, corresponding to 

peak 1 on Figure 5.5. 
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Chapter 6 Aerosol Measurements at Gort na gCapall Field 

Station, Inishmore, Co. Galway, since 1 July 

1980. 

by Oavid M. Ooyle and Jan J. Taper 

Log of Prepatory Work 

14 - 17 July 1980. J. Tap er and D. Doyle sailed to 

Irlishmore on board the M.V. Galway Bay. To add stability 

to the 'wind generator' all five stay wir es were r eplaced 

with e» wire. Turnbuc kles e t c . were also replac ed with 

heavier duty fittings and secured with reinforcing wire 

restraints. The aerosol sampling tower was painted and 

its stay wires tightened. A ban k of batt eries were conn

ected to trickle charge from the 'wind generator' before 

the instrument shelter was secured. Mr. P. Hernon of the 

Island Co-Operative Society installed power cables to the 

University of Rhod e Island large volume air sampler but 

the final connection was not made. The scaffoldin g for 

erection of the wind generator was r eturn ed to Galway. 

19 - 20 July 1980. D. Doyle flew to Inishmor e as the 

'wind generator' had developed a fault. With the kind 

assistance of Mr. C. Fitzpatrick the generator was immob

ilised and the blades removed to be returned to Galway. 

27 - 30 August 1980. J. Taper and D. Doyle sailed to 

Inishmore with thermohygrograph screen and fittings. A 

suitable site was selected close to the instrument shelter 

and the based was laid for th e screen. The shelter was 
I 

cleaned and r eorganised. The thermolygrograph screen was 

erected and painted. 

26 October 1980. D. Doyl e fl ew to California, with 

equipment for photographing whitecaps, to take part in 

Storm Transfer Response Experiment (STREX) in the Gulf of 



26 - 29 October 1980. J. Taper and M. Phelan sailed to 

Inishmore. P. Hernon made final electrical connection for 

U.R.I. large volume sampler. Rusted stay wires on section 

five of the marine aerosol sampling tower replaced with new ,ant i - r us t 

treated wire and fittings. Old wires were cleaned and moved 

to section 4. Sections 3, 4, 5 are now stayed. Lister 

diesel generator was cleaned and started. Large volume 

sampler was also given a trial run. 

17 - 19 December 1980. J. Taper flew to Inishmore. 

Replaced interconnecting cable between pump and filtre 

mechanism on large volume air sampler. Sampler activated, 

first filtre sample collected 19 December. From then until 

late January 1981 filtres to be collected at 3 day intervals 

by Mr. C. Fitzpatrick. 

23 December 1980. D. Doyle arrived back in Dublin from 

STREX with 4 100 ft. rolls of exposed whitecap film. 

20 January 1981. J. Taper and D. Doyle drove to Shannon 

Airport to collect phutographic equipment returned~from Naval 

Postgraduate School, Monterey, California. 

26 January 1981. J. Taper and D. Doyle drove to Dublin 

to collect repaired Royco counter. 

27 - 30 January 1981. J. Taper and D. Doyle flew to 

Inishmore. Station overhauled after winter storms. Rusted 

parts replaced, tower and thermohygrograph screen repainted. 

All items in shelter reorganised and listed, and thermohy

grograph tested. Large volume filtres now being changed 

daily until end of February 1981. 

12 - 14 February 1981. J. Taper, D. Doyle and Dr. M. 

Spillane sailed to Inishmore. Replaced some electrical 

switches on large volume sampler and prepared Royco aerosul 

counter optical probe for mounting on tower. 13 February 



Dr. Monahan arrives to participate in data collection. 

Royco probe and Monro anemometer mounted on tower. Royco 

and Thermohygrograph activated. Began taking aerosol 

measurements at 1 minute intervals in the particle dia

meter ranges 0.5~m - 5~m, and greater than 5~m. Over 

two hundred reading were taken in a period of six hours. 

5 - 7 March 1981. J. Taper and o. Doyle few to Inish

more. As wi th previous trip Royco, anemometer etc. were 

set up. Slight problem with connector caused delay but 

this was rectified in the field. Over 350 aerosol read

ings were taken in a period of about eight hours. 



Figure 6.1. Outline map of Inishmore, Aran Islands, Co. 

Galway, Ireland. Showin~ location of U.C.G. aerosol samp

ling tower and field station. 
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Figure 6.2. Aerosol concentrations at 6m elevation on 

the aerosol sampling tower as indicated by N, the number 

of particles per cubic foot recorded on a Royco particle 

counter 225/241 versus time, on 6th March 1981. The 

counts were taken at one minute intervals betwe en 1627 and 

1725 hours, with the samplin g inta ke probe set, into the 

wind, at 250 0 from ma gnetic north. Channel one (CH1) 

indicates the number of rarticles recorded in the si ze 

range >5.0~m d l a me t e r whil e chann el two (CH2) indi cates 

particles recorded in the si ze range>0.5<5.0~m diameter. 
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Figure 6.3. Wind speed. U. at 10m elevation on the aerosol 

sampling tower. versus time in minutes. Readings were taken 

at one minute intervals between 1627 and 1725 on 6th March 

1981 i.e. concurrently with the readings represented graph

ically in Figure 6.2. 
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Chapter 7 Whitecaps. telltales of wave or winds? 

by E.C. Monahan. I.G. O'Muircheartaigh. 

and M.P. FitzGerald 
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WHITECAPS, TELLTALES OF WAVES OR WINDS?
 

by 

E.C. Monahan, I.G. O'Muircheartaigh and M.P. 

FitzGerald of University College, Galway. 
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Introduction 

Upon first consideration, the suggestion that oceanic whitecaps 
might be used as indicators of over-ocean wind speeds strikes one 
as being perverse. The alternative suggestion, that initially seems 
a more reasonable one, is that whitecap coverage could be used as a 
measure of sea state. After further thought, and in recognition of 
the fact that whitecaps are a manifestation of the saturation of the 
high frequency portion of the wave spectrum, the pertinent guestion 
appears to be; Is the high frequency portion of the wave spectrum 
that is involved in whitecap formation more closely related to the 
wave parameters used to ch ar-r.c t.e r i s e sea state, or to the instant
aneous (or recent) local winds? 

JASIN Data 

Given that all of the JASIN whitecap photographs associated 
with high wind and wave conditions were taken during the first 
fortnight of September 1978 (Monahan and O'Muircheartaigh, 1980), 
and that most systematic wave measuring efforts (including all 

·waverider measurements) had concluded during the first week of that 
month (see Figure 4.8.1, pp. 106-107, JASIN participants, 1979), 
it is unreasonable to expect that a definitive answer to the above 
question would be forthcoming from an application of the JASIN data. 

\ Fortunately, H.N.L.M.S. TYDEMAN continued to carry cut W.M.O. 
hourly visual wave observations up through 14 September, and these 
observations have since been determined to be quite representative 
(Stewart, 1980). The correlation of these wave observations, and 
of the TYDEMAN wind measurements, to the whitecap coverage values 
obtained from the analysis of sets of photographs taken aboard the 
R.R.S. CHALLENGER has been investigated. The TYDEMAN wind recordings 
were used in this instance, rather than the CHALLENGER ones, so 
that any degradation in the correlation of significant wave height 
(N) to whitecap coverage (W) that resulted from the at times con
siderable separation between the TYDEMAN and the CHALLENGER would 
be matched by a similar influence on the correlation of wind speed 
(U) to whitecap coverage. For the purposes of this exercise contin
uous wave height and wind speed files were generated from the actual 
hourly observations by the expedient of linear interpolation. 

Results 

Power-law expressions, in the form of Equation 1, for whitecap 
coverage (W), 

(Equation 1) w = = U or N 

in percent, in terms of wind speed (U), measured in knots, and in 
terms of wave height (N), measured in multiples of 0.5 metre, were 
then derived by the technique of ordinary least squares fitting. 
This was done using not only the U and N values corresponding to the 
times when the whitecap photographs were taken, but also using U 
and N values corresponding to various time intervals prior to each 
photographic observation. In this manner the idea that whitecap 
coverage might be found to be most closely correlated with wind speed 
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thus determined, and the associated correlation coefficients, 
are listed in Table I. The (W,U) and (W,N) 

Table 1 

Indep. Var. Time Lag A B Correl. Coeff. 

U None 3.79 x 10-4 2.68 0.656 

Optimal
U 1.95 x 10-6 4.25 0.731(1.08 hr.) 

N None 0.622 0.913 0.592 

Optimal
N 0.675 0.872 0.593(0.50 hr.) 

values used in this exercise, and the resulting power-law expressions, 
are shown in Figure 1. It should be noted that three null whitecap 
coverage observations were omitted from the calculations as well as 

' f r om the plot. 

A glance at Table 1, coupled with a recollection of the short
comings of the data, reinforces the previously expressed inpression 
that no firm conclusion can be drawn from this exercise. Nevertheless, 
the results given in Table 1 do suggest that whitecap coverage is more 
closely correlated with wind speed than with significant wave height, 
and indeed hint that whitecap coverage may in fact be more closely 
related not to simultaneous winds but to slightly earlier winds . . A 
consideration of the W(U) B-values listed in Table 1, and of the 
pertinent exponents given in the earlier note (Monahan and O'Huircheart
aight, 1980), engenders a recognition of the sensitivity of the 
derived W(U) power-law exponents to the data base selected and the 
statistical approach used. The nearly linear relationship between 
whitecap coverage and significant wave height implied by the tabulated 
WeN) B-values is also noted. These intriguing suggestions will be put 
to the test when the field observations from the STREX experiment 
become available. 
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Figure Caption 

Figure 1. CHALLENGER whitecap coverage versus (left) TYDEMAN 
wind speed and (right) TYDEMAN significant wave height. Crosses, 
(W,U) and (W,N) points corresponding to zero time lag. Open 
circles, points corresponding to optimal time lag. Dashed lines, 
W(U) and W(N) power-law expressions determined for zero time 
lag. Solid lines, power-law expressions associated with optimal 
ti~e lag. 
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Chapter 8	 A Tank study of Electrostatic Charge Production 

from Whitecaps 

by Peter A.	 Bowyer 

Introduction 

A positive current of 3 x 10- 12 Am- 2 has been measured(6) 

to flow to the earth through the atmosphere, and one of the 

fundamental problems of atmospheric electricity is to iden

tify the origin of this current. Thunderstorn,s(22) account 

for some of this global current, and other influences have 

been considered(16) (e.g. solar flares, etc.). Potentially 

one of the most important sources of the current is the decay 

of whitecaps. 

Previous Work 

Historically, the charging of water droplets is not a 

particularly new idea. Franklin postulated charged water 

droplets to explain lighting, Kelvin noted that the steam 

from locomotives was charged, and in 1898 Lenard(12) found 

that the spray from waterfalls was charged. Electrification 

of the marine atmosphere was investigated by Simpson and 

Wright(20) in 1911, measuring small ion concentration, and 

Wait(21) in 1929, measuring conductivity, and finding a 

sudden increase at force 3 (the onset of whitecapping). 

Alverti and Lovera(l) found that charge was produced by 

intense bubbling in the lab, and concluded that it may con

tribute significantly to the global current. In the 50's 

Bla~chard(3), Schaeffer(19), Mulheisen and Clarke(7) found 

positive sp~ce charge above the sea surfacej Mulheisen(17) 

explained this as a manifestation of the electrode effect, 

not charge separation at the sea surface. More recently 

Blanchard(S), Muir(16), Gathman and Hoppel(8) found that 

positive space charge was produced in surf zones, while 

Gathman and Trent(9) associated it with whitecaps in the 

nnpn nr.PAn. 



Possibly most quantitatively useful study of positive 

charge production is by Blanchard(4) (1963), who measured 

the charge on the droplets produced by the bursting of 

single bubbles. Amongst other things, he concluded that 

the jet droplets, as opposed to the smaller droplets prod

uced by the film of the bubble, were the main agents of 

charge separation, and he worked out the charge of these 

droplets as a function o~ their size and the age of their 

parent bubbles. Equating known figures of salt particle 

fall-out at a given wind speed with production, and using 

somewhat crude global windspeed data, he estimated a 

total global current of 150A, or some 10% of the total. 

Monahan(14) (19BO) used a lab-determined value for the 

production of particles from whitecaps, and a more recently 

determined relationship between whitecaps and wind speed, 

together with Blanchard(4) charge data to increase the 

estimate of the global current by 2 - 5 times. Due to 

the large number of particles in the size range 0.5 - 1.5~ 

(~90% of the number of size >0.5~), it is important to 

distinguish between larger, charge-carrying jet drops, and 

smaller, less charged film drops. Usually a size criterion 

is adopted. 

Mason(13) (1957) estimates the dividing size to be 0.5~, 

B1a nc hard ( 4) 2 u, Wo 0 dco c k ( 23) (1972), f 0 un dab re a kin 

the shipboard particle-size spectrum at 0.15 - 0.3~, and 

results from the Gametag experiment (Patterson et al)(lB) 

shows a similar effect in the airborne spectrum at 0.3~, 

which they conclude to be the transition from film to jet 

drops, but there seems no reason to suppose that the bound

ary is sharp. 

The Present'Study 

The present study aims to investigate charge production 

under controlled conditions in the whitecap simulation tank. 

A relationship between whitecap er8a and charge production 

will lead to an improved estimate of the global current, but 



external electric field. the presence of an organic film. 

and the nature of the whitecap m~st be elucidated. The 

relationship between the charge of a droplet and its size 

will also be investigated. and this cou ld help to distin

guish between film and jet drops. 

Apparatus and Preliminary Results 

An Obolensky(l, 10)filter has been made (see Fig. 8.1), 

56cm long. and 6cm in diameter, packed with steel wool. It 

has been calibrated to sample air at up to 601/min. The 

inner cylinder is connected to earth via a Ke i t h l ey 602 

electrometer (which can measure down to ~ 1 0 - 1 5 A or:IO 
3,elementary charges per cm although the lowest level of 

noise from the system achieved so far was 2-3 x 10-15A). 

A Faraday cage(19. 20) has also been produced (Fig. 8.2). 

The potential at the centre of the cage is measured at 

present using a 150~C (Microcurie) Americium source, calib

rated between two parallel plates. This method is not 

entirely satisfactory, and a field mill mounted in the side 

of the cage will be used in future. 

A cascade impactor, used in conjunction with the filter. 

will hopefully give an idea of the charge-size spectrum. 

while the use of a horizontal Millikan apparatus(ll) is 

contemplated. Charge measurements will be correlated with 

aerosol particle measurements as described by Monahan. 0' 

Regan and Oavidson(15). 

Preliminary results from the cage and filter. obtained 

using 8 month old seawater, were encouraging. After a 

splash the filter, drawing air to 401/min from the side of 

the hood, 90cm above the water surface. registered an 

increase in current of + 6~2 x 10-15A. or an increase in 

space charge of +60 elementary charges per cm3• The response 

of the cage suspended with its centre 73cms above the surface, 

to a similar splash is shown in Fig. 8.3. and the value so 

obtained a~rees well enou~h with the result from the fil t er. 



Radioactive probes are at present the subject of consid

erable controversy, so the above result is open to quest

ion. 

Assuming a whitecap area of 0.8m2 and the volume of 

air in the tank to be 1.7m3, and the space charge to be 

homogeneously distributed, a total space charge of 1 x 

10 8 elementary charges is obtained. This corresponds to 

an initial production rate of 3 x 104 elementary charges/ 
2cm of whitecap/second which compares well with the 2.5 x 

10 4 measured in surf zones by Blanchard(5) in Hawaii and 

Gathman and Hoppel(S) in Barbados(8). However, it is 

considerably less than one might expect )f Blanchard(4) 

charge data for individual bubbles dre ppplied to aerosol 

spectra previously obtained in the tank, but no firm con

clusion can yet be drawn. 
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Figure 8.1. Obolens ky Filter 
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Fig.1: Obolensky Filter 



Figure 8.2. Faraday Cage 
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Fig.2: Faraday Cage 



Figure B.3. Space Charge Density in the Whitecap Simulation 

Tank Tentatively Inferred from the Response of a Radioactive 

Probe at the Centre of the Faraday Cage. 
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The dependence of oceanic white
horse coverage, W, upon windspeed 
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"OBSERVED 

WHITECAP 

CORRELATIONS AMONG WINO SPEED, 

COVERAGE, AND SPRAY CONCENTRATION" 

by 

Edward C. Monahan, 

University College, 

Galway, 1reland. 

The optimal power-law dependence of oceanic whitecap coverage, W, 

upon 10-metre elevation wind speed, U, as defined by ordinary least 

squares and robust biweight fitting, has recently been described 

(Monahan and D'Muircheartaigh, 1980). The optimal expression based 

on the robust biweight fitting approach is W = 3.84 x 10- 6 U3.41. These 

results have been revised in light of the 55 W,U couplets obtained from 

the analysis of 599 sea surface photographs taken during the 1978 JASIN 

experiment. The JASIN data, along with the data bases [Monahan, 1971; Tob i 

and Chaen, 1973) considered in the previous study, have been re-analysed 

to ascertain the dependence of whitecap coverage upon water-air temperaturl 

difference, ~T, and upon surface water temperature, as well as uponTw' 
wind speed (Monahan, O'Muircheartaigh, and FitzGerald, 1981). Incorpor

ating the statistical approach of Box and Cox (1964) in the present 

study, insights into the validity of the concept of a "critical wind 

velocity" for the onset of whitecapping have been obtained. 

Estimates of dE/dr, the number of spray droplets per increment drop

let radius produced during the decay of a unit area of whitecap, have 

been determined from the results of experiments conducted with the U.C.G. 

whitecap simulation ,tank (Monahan, Davidson, and Spiel, 1981). Combining 

these estimates with other tank and in situ results has yielded and esti 

m~te for dFo/dr, the sea spray production per increment droplet radius 

per unit time per unit area of ocean, as a function of W(U, ~T, Tw)' 
At present the JASIN aerosol data, obtained co-incident with the W, U 

observations, are being investigated to see if the radius-dependence of 

the aerosol-Wand aerosol-U correlation coefficients is consistent with 



Abstract of paper to be presented at Workshop pn Humidity 

Flux Experiment, Halifax, Nova Scotia, 28 April - 1 May 1981. 


