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Strnnary
Tt¡e work performed ln 1990 in the framework of EUROTRAC and related research is
st¡mmarized. Thfs includes the analysls of the CLUSE data to derive Èhe aerosol
source functions speciflc for the CLUSE experirnent.s in fresh and salt water, a
study on the source functlon for che narLne aerosol, and comparison of aerosolproffles ln laboratory and fleld situatlons. Partlcle deposltfon on \raÈer
surfaces was studled durlng the TI.IO-PIE expertments ln June 1990 ín Harsellle.

Alns of the research
The aln of the research ls to yield a description of the factors determining rhe
production, Èhe dynamfcs and Èhe deposltlon of the aerosol ln the marfne
atmospheric surface layer through experiroental work in an air/water tunnel and
nunerlcal nodeling. Addictonal data wiII be used fron prevlous fteld experlmen¡s
for the interprecatlon of the resul-ts to oceanic condltions. Specific goals for
1990 were:

- che deÈerrnlnacion of Èhe source functlon ln che CLUSE speciflc
experlnental conflgurations for fresh and sart lraEer

- investlgaÈions on oceanic source functfons for marlne aerosols
- aPPtlcatlon of the l-agrangtan CLUSE nodell for aerosol Eransport over

water ltaves

- parÈicfpaÈfon in Èhe 11.t0'PIE experf.rnenE on parÈicle depositlon veloclÈles
on broken water surfaces.

Actlvltfes durlng 1990

The analysis has been conÈlnued of the aerosol measurenents during Ehe lggg 6LUSE

experlments in uhe l-arge Air-Sea InÈeraction Sinulatlon tunnel of IMST in Luminy,
Marsellle (France) and the Peclt-cLUSE 3 (Ocrober 1988) and 4 (Aprfl 19g9)
experimencs in the tlhitecap Sfnulation Tank aÈ the Harlne Sclences Institute of
the Universfcy of ConnecLlcuE at Avery Polnt, Groton (cT, USA). During these
experirnents, a whlEecaP ltas sfmulated wfth an array of submerged aquarlu-n frlts.
Source functlons for Jeg droplets produced fro¡o thls whltecap were deternlned
wtth MgO-coaÈed glass slides thaÈ were kept horf2ontally aÈ dlfferent levels
between 2 cn and 16 cn above the waÈer surface. The upward fluxes of the freshly
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produced Jet droplets ltere deterrulned fron the slze dlsErtbutlons of the droplecs

frnpacted on Èhe botEom sfde of the glass slldes' ltre surface flux was deternlned

by extrapolatlon. The bubble fluxes, and Èhus also the droplet fluxes' from

dlfferent frlts varled due to, e.E ' Pore sLze, Therefore Èhe surface flux

neasurements were nade aÈ several locations over Èhe whitecap and averaged to

obÈaln a represencative mean value for the experlmental configuraÈlon' The

resulÈs fron Èhe MgO lmpactlon neÈhod compare favorably wlth the estlnates nade

by Edsonl. The lacter were based on assunptlons lnvolvlng Ehe bubble spectra and

data on bubble rlse speed and bubble rnedlated producülon' The parameters \{ere

Èuned to yleld agreenenË of nodel proflles wlth experl-nental data ln non-

evaporactng condltions. In vlew of these assr:mptlons, Èhe results are

surprlsingly good, see, e.g., Larsen et al.2 ¡¿¿tttonal dropleE flux measurenents

r¡ere made wlth an Optlcal Array Probe (Partlcle Heasurlng Systens' Boulder' C0)

during the TI.IO-PIE experinents ln June 1990 tn Marseille (see below) '

For lnterpretacfon of Èhe laboratory experlnents and the nodels resuLElng frorn

Èhese, over-sea and laboratory aerosol proflles have been compared'3 Dlff"'""""'

resulc from advectlon, nlxlng properÈles, productlon, rerooval and chenlcal

composltlon.InthelaboraEorynodelfreshgateraerosollsconElnuouslyproduced
over the whole lengch of the slnulatlon Èunne1. The dropleÈs evaPorate conpletely

when relative hunidlty is lower than 100t. In the reEurn flow channel they are

removed by funpaction on che fan, heat exchangers and oEher surfaces' over Ehe

ocean the aerosol conslsEs of a nixture of hunan'nade' biological and natural

aerosol of conElnenEal and narine orlgln, conEaining a large varfety of

hygroscoplc and non-hygroscoplc species whlch strongly lnfluence Ehe dependence

on relaElve hurnidlty. The aerosol concenErations resulC from Èhe balance beEween

local productfon and renoval and the advectlon of aerosol produced elsewhere' The

advecÈed concentrations depend on the ueÈeorological condlEions Ehat deÈer:mlne

boththecraJectoryofcheairnassandchefateoftheaerosol.The
meteorologlcal condltlons also deÈermine the local productlon and removal of

aerosol. In partlcular Èhe producÈion of sea spray is dlfferent from the

laboratory sltuatl-on. sea sPray is produced from alr bubbles ÈhaÈ are forned by

breaklng waves. The bubbles rlse due to buoyancy and when they procrude Èhe

surface they produce Jet, drops and flln drops.4 I¡"t" breaking is an internitten.

process resulting ln a whitecaP. In contrast to the conÈinuous laboratory

whiEecap, the whlÈecaps due Èo breaking waves evolve through several sÈages

durlng whtch the bubble sPectra and the bubble fluxes through the surface change

also.5 A" " consequence, also the sea sPray productlon rate varies with tlne'

An estlnate of the effect of intermiÈtent and time-dependenE productlon races has

been uade, based on a comPllaÈion of publlshed bubble size dlstributlons ' The

data fron acoustLc measurements by Medwln and Breitz6 gltr" quantitaElve
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lnformaÈlon on che bubble concentratlons at dlfferenË tfmes afEer wave breaklng.
Dlfferences ere nore than one order of nagnltude. ltre aerosol fh¡<es derlved fron
Èhese bubble data were compared wlEh aerosol source funcÈlon esÈlmates published
by Ml1ler and FalrallT and Monahan eÈ aI.8 rh" dlfferences between Ehe Mtller and

Falrall daÈa and our results nay be an lndfcatlon for Èhe productlon rate of
sPume droplets. The IaËter are produced by dlrecc tearlng fron the cresEs aÈ wind
speeds over 9 n/s.
IniÈial conputatlons have been roade by Edsong on the influence of waves on the
droplec proflle. Ihe results show Ehat the wave rotor Èhat was tnltfally proposed
by De Leeuw,lo 

""rr.rot be solely responsible for the rnaxl-mu.m in the profile near
\{ave-crest heights. However, lf spatlal dlsÈrlbutlon of the droplet source
funcÈlon ls included, an elevated naxfunum is reproduced. It ls not clear aÈ this
moment to þhlch exEent sptune dropleÈs contrlbute to thls naxl-num. Spume droplets
rrere not yet consldered ln Èhe calculations.
An fnteresting dlfference between proflles measured over the ocean and Èhe

resulÈs fron both Ehe CLUSE experiments and the CLUSE numerical nodels is the
droplet gradient. The CLUSE results show very strong decreases ln Èhe droplet
concentratlons wlth hefghÈ,1'9 whereas the field daËa show that the gradlents for
slmllar droplet sfzes are usually much snaller.l0 Oblliously this is due to the
differences between laboratory and fteld conditlons that were outlined above. In
particular, we conJeccure that che sÈrongLy dffferenÈ gradfents are due Eo Èhe

advecEion of aerosol.3 The advecËed aerosol ls tn effecË a ,background, ÈhaE adds
to Ehe proffle due to the locally produced aerosol. In view of che long nixlng
tines, the latÈer consÈltuEes only a small fracÈion of the total aerosol
concentraÈlon measured.

The serles of CLUSE experlnents was concluded with the workshop ,ModeLllng che

faÈe and lnfluence of rnarfne spray', held 6-8 June 1990 ac IllST, l,aboragofre de

Lurniny, Marsellle (France). Results fron Ehe cLUsE laboratory experfnents and
nodeling efforts and fron HÐ(OS fleld experinents ÌÌere presenÈed and discussed.
They are described ln the Workshop proceedl-ng".11
The advected aerosol ls parÈfcularly importan! as regards atnospherlc lnput of
polluÈants inEo Ëhe North Sea. lratge uncerEalntles exlst concernlng the
deposltion velocity of the sub-nicron aerosol fracEion on water surfaces, vhlch
contalns Lndustrial, agrlculEural and other man-nade pollutants such as sulphuric
and nitrogeneous compounds. The reductf.on of the uncertaintfes in'these
deposltlon velocltsies roere the objecÈive of the TWO-PIE experlnents that were
conducÈed ln June 1990 Ín Ëhe l^arge Air-Sea Interactlon Slmulatlon Tunnel of IHST

ln Marsellle. Íhe experLrnenÈs were al-med at the sÈudy of the lnfluence of broken
!¡acer surfaces and aerosol producLlon rates, due to bubbles protrudfng che
surface layer and thus dlsrupclng Ëhe vLscous sublayer. Thls effecttvely reduces
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the reslstence for deposlElon, resulEfng ln an enhanced deposfElon veloclcy.

Resulrs fron a feasiblllÈy experfuoent, durlng the 1988 CLUSE experlments Ln

Harsellle lndeed show hlgher deposltlon velocltles ln the Presence of burstlng

bubbles as compared to a sÈlll vraÈer surface.2 Btsed on our experlence durlng the

19BB feastblltty experinent, lre rnodlfied the procedures for the June 1990 flnal
experlnent T't{O-PIE. Tracer aerosol partlcles were generated and lnJected lnto the

tunnel durtng a shorÈ tfune. Partlcle sfze dfstributions of the tracer aerosol

were ¡¡¡easured wlth several opclcal partlcle counters. Tlne series were

conÈlnuously neasured at one flxed level. Profiles were measured fron close to

Èhe surface to the top of the tunnel boundary layer. Since about four proflles

nere Ereasured during each run, these proflle treasureuenÈs yleld addlLional tlne-

serlal fnformacfon at a range of levels. 1'he measuremencs were nade both wich and

without burstlng bubbles, at three different bubble rates, each of these aE Èhree

differenÈ hunfdftfes fron 70t to 100t and aÈ four differenE wfnd speeds fron 1.5

n/s to 9 ø/s. The Elne-serial neasuremenEs dlreccly yteld Èhe decay rates as a

funcÈfon of partlcle size, after correctLon for the background aerosol. lhe

proflle nethod ylelds the deposltlon velocitles from the gradlenÈs of the

particle concentraÈlons. From comparison of the decay råEes for dtfferenÈ bubble

raCes, the lnfluence of bubble burstlng can be deternined slnce the experlnental

condltfons were oEherulse unchanged.

Results fron Èhese experimenÈs are noE yec available. Prelfmlnary analysls shows

that, as expecEed, Èhe removal of Ehe tracer aerosol lncreases as wlnd speed

lncreases. To deterroine the lnfluence of the bubble raÈe, deEalled analyses need

to be nade. This ts Èhe principle effort planned for nexÈ year, provfded chac

fundlng r¡ill become avallable.

Prlnclpal results
I'lre research sr¡¡n¡natlzed above ytelded the following results:
-measuremenEs of droplet source funcEions wlth HgO-coated glass slldes are

feasible ln the typtcal CLUSE laboratory siÈuation where droplets are only

produced fron whlcecaps slnulated by uslng aquariun aerators; care must be Eaken

however wlth Èhe callbratton of Èhe raElo of the dropleË inpacË diameter Eo Èhe

Èrue droplet dlaneter

-the mean dropler source functions for Èhe CLUSE specific laboratory conditlons

have been experimenÈally deEermlned for fresh and salt water; these data wlll
later be comblned with the slrnultaneously measured bubble sPectra

-over-ocean Jet droplet source funcÈlons have been esÈimated fron data available

from the llÈerature on oceanlc bubble sPecÈra, bubble rf.se Èfunes, and

bubble/droplet relaElons

-effecÈs of spurne droplets on the source function st.lll need to be deterroined
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-couparlson of aerosol proffles shows Ehat the concentraElon gradients ln Èhe

CLUSE experlmental and numerlcal laboratory nodels, whlch neglecÈ advectLon

effecÈs, are ¡nuch stronger than over Èhe ocean

-laboracory data have been collected co determine Ehe lnfluence of bubbles and

spray on the deposltlon velocity of sub-mfcron partlcles on waÈer surfaces.

llaln conclusfons

The work described above was made as part of a collaboration beEween several
LnsÈltutes (see list of authors). Conclusl.ons reached fron Ehe experfunenEal and

numerical sÈudies have been published in varlous papers. Cornprehenslve overvierrs

of the present state-of-the-art of our research can be found ln the recenEly
publlshed proceedlngs of the workshop on 'Modelfng the fate and lnfluence of

tl 
Ttr" result.s fro¡n the experLnental efforts of the TNO Physlcs andmarine spray' .'

Electronics Laboratory were used for nodel testlng and as inpuEs to the models,

e.8., the aerosol source functlon. Concluslons fron Èhese analyses concern the

experimenÈal nethods to measure aerosols, Ehe aerosol. source functions and che

shape of the profiles:
-impactfon and opÈical methods yfeld slmllar resulEs provided thaÈ the proper

callbratlons are used

'calibraÈlon of MgO funpactton slldes lnvolves the thickness of the MgO layer
-RoËorod rotatfng lmpactlon sarnplers can be used to deternlne che dropleÈ sLze

disErtbutlons provided thaÈ the dropleE concentratlons and the sample tiroes can

be natched such Èhat coincidence of che droplets ls negligible
-droplet surface fluxes can be ¡neasured ln the CLUSE laboratory sltuatlon wlth
MgO-coated glass slldes; resulcs compare favorably with data derived by ocher

nethods

-Ëhe aerosol surface flux over the ocean 1s tlme-dependenE due to the
lnÈernlttent nature of r¿ave breaking
-profiles are not solely due to the balance between productlon and removal,
advectfon effects must be considered as r¿ell Eo understand the gradient of the
proflle
-the observed shape of che proflle, and in partÍcular the maxluum near \rave-crest
hefght,l0 h"" started rnany discusslons whlch Èhus far have not been

conclusfv e.9,L2, 13, 14

Af¡os for the coroing year

ltre alms for the conlng year are:
-to finlsh the analysls of the CLUSE and petiE-CLUSE 3 and 4 data concernlng
aerosol proflles, the relatfon between bubble spectra and aerosol source
functlons ln fresh and salc water, the lnfluence of waves on aerosol proflles and
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che spectra of temperature, hr:nldlty and alr flow.

-Ehe anaÌysls of Èhe Tl.lO-PIE depositlon daca

-co deterrnlne over-ocean aerosol source functlons fron Ehe analysls of fleld'

experlmencal data on aerosol proflles

Acla¡ovledgetrent

Itre work descrlbed fn thts paper ls supporced by the US Offlce of Naval Research,

Granr NOO0L4-87-J-L2L2, and by the Royal Dutch Nag, asslgnment L86/1K]4/L06.

References

1. J.B. Edson, Lagranglan rnodel slnulatlon of the turbulent transPorE of

evaporating Jet droplets. Ph.D. ThesIs, The PennsyTvania l|niversiË|, USA (1989).

2. S.E. Larsen, J.B. Edson, C.W. Fairall, G. de Leeuw and P.G. Mestayer, Ï,n: P.G.

ìlestayer, E.C, Honahan and P.A. BeeÈhan (Eds.), Ìlodeling the fate end inf Tuence

of marine spray. Proc. of a vorkshop held 6-8 Jtne 1990, Luminy, HarseiTTe,

France, 155-167 (1990).

3. G. de L¿euw, fD.' P,G. Hestayer, E.C. Honahan and P.A. Beetham (Eds.), HodeTing

the fete and lnfluence of marlne sprdy. Proc. of a workshop held 6'8 June 7990,

LunÍny, Harsell7e, France, L7'28 (f990) .

4. D.C. Blanchard, fn.' P.S. Llss and l'l.G.N. Sllnn (Eds.), Air-sea exchange of

Bases and partlcles, RetdeT, 407 -454 (1983).

5. E.C. Monahan, In: E.C. Honahan and 11.A. Van PaË,ten (Eds.), Cllnace artd health

Ínplicacions of bubbTe-mediaÈed sea-air exchange, Conn. Sea GranË CoTTege

Program, Cf-SG-89'06, 43-63 (1988).

6. H. Medwln and N.D. BreLtz, J. Geophys. Res.94, L275L-L2759 (1989).

7. H.A. llfller and C.i.l. Falrall , 7ch Conf . on Ocean-AËmos. Int., Attaheim, CA, Jan

37-Feb. 5, An. lleÈeot. Soc. L74'L77 (1988).

8. E.C. Monahan, D.E. Splel and K.L. Davidson,

HacNiocailT (Eds. ) , Oceanic Vhitecaps , ReideT,

9. J. B. Edson, In: P.G. Hestayer, E.C. llonahan

the fate and Influence of marine sPray. Proc.

Luminy, HarseiTle, France, 84-94 (1990) .

10. c. de Leeuw, IeIIus 388, 51-61 (f986).

11. p.G. Mesgayer, E.C. Monahan and P.A. Beetham (Eds.), Modellng the fate and

lnfluence of narine spray. Proc. of a workshop held 6-8 June 1990, Luniny,

Marsellle, France (1990).

L2. c. de Leeur¡, Tel7us 42F--,342'354' (1990).

13. J. Wu, J. Geophys. Res. 95, 9175'9778 (1990)'

14. C. de Leeuw, J. Geophys. Res. 95, 9779-9782 (1990)'

In: E.C. Honahan end G.

L67 -L74 (1983) .

and P.A. Beethaa (Eds.), Hodeling

of a vorkshop held 6-8 Jttne 7990,

61



PublicaÈlons llsÈ:

S.E. L¿rsen, J.B. Edson, P.G. Hestayer, C.W. Falrall and G. de L¿euw: n,

Sea spray and partlcle dqposltlon , aLr/w'dcer tunnel exPerlment and Jcs relaÈion *'

to over-ocean condltlons.
ln: P. Borrell et al. (Eds.), Proc. of EIJROTRAC Symposlum'90. Acadenlc Publ.,
Ttre Hague, pp. 7L-75 (1990).

G. de Leeuw, J.B. Edson, C.W. Falrall, S.E. Larsen, M. Rouault and P.Gj' Mestayer:
CLUSE nurnerlcal nodels: fate and lnfluence of aerosol droplets near water
surfaces.
ln: G. Truscy and P. Roney (Eds.), WorkshoP on lnfrared Propagatlon ln the
naritlne aerosol layer, Aprll 30 - May 2, 1990, Naval Research kb., I{ashlngton
D.C., USA (1990).

G. de Leeuw:
Spray droplet source funcËlon: frorn laboratory tso open ocean.
ln: P.G. Mestayer, E.C. Honahan and P.A. BeeÈham (Eds.), Modellng the fate and
lnfluence of marine spray. Proc. of a workshop held 6-8 June 1990, Lrrminy,
llarsellle, France. pp. L7 -28 (1990) .

S.E. I-arsen, J.B. Edson, C.W.Falrall, G. de Leeuw and P.G. Mestayer:
Depositlon veloclty for submicron particles deÈermined in Èhe II{ST Ëunnel as a

functlon of the surface aerosol produccion rate and its relatlon Èo over-ocean
condltlons.
ln: P.G. l{estayer, E.C. Monahan and P.A. BeeEhan (Eds.), Modeling the fate and
lnfluence of marlne spray. Proc. of a workshop held 6-8 June 1990, Lunlny,
Harsellle, France. pp. 155-167 (1990).

CLUSE-HEXIST Gang (P.C.Hestayer, J.B. Edson, l{.P. RouaulE, C.W.Falrall, S.E.
I-arsen, G. de Leeuw, D.E. SpleI, J. DeÇosmo, K.B. Katsaros, E.C. l{onahan,
R. Schlescel) :

CLUSE sluulatlons of vapor flux transforroaÈfons by dropleÈ evaPoraÈlon.
ln: P.G. MesÈayer, E.C. Monahan and P.A. Beeth¡'¡ (Eds. ), Modellng Ehe fate and
influence of ¡narlne spray. Proc. of a workshop held 6-8 June 1990, Ltrmlny,
Harsellle, France. pp. 100-105 (1990).

o-



W,

RAO

EX

!AC
junc

PAS
rR
rAeT

1

I
\
i
¡

I
I

¡r ffitt*Ac
ASE

TRACT

HIGH ALPINE AEROSOL AND SNOW CHEMISTRY STUDY
AIR-SEA EXCHANGE

TRANSPORT OF POLLUTANTS OVER COMPLEX TERRAIN

fr 0)Á
0 VctFI

i--,'+-;;-¡>'


