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SUMMARY
The aerosol production in the surfzone, as determined from
measurements, at two sites along the Califomia coast is pre-

sented. The data used were collected during three EOPACE
(Electro-Optical Propagation Assessment in Coastal Envi-
ronments) measurement campaigns in 1996 and 7997. Particle
counters were deployed at both the end and the base of two
piers which extended into the ocean, beyond the surf zone.

For winds from the sea, a clear increase in aerosol concentra-

tion was measured, between the particle counters at the end

and the base of the piers. Aerosol concentrations were meas-

ured at the base of the piers at three heights, which a.llowed

for the estimation of the aerosol production in the surf zone.

Taking into account the different whitecap ratios, the surf
zone aerosol source function derived from the data compares
well with previously reported open-ocean source functions, in
agreement with the common bubble (film and jet drops) ori-
gin. V/ind speeds measured during the experiments were up to
about 9 m/s; therefore, the sou¡ce function presented here ap-
plies to the bubble part of the source spectrum only. Infra-red
extinction coefficients were computed f¡om the aerosol con-
centrations, using a Mie scattering code. Extinction values

may be up to two orders of magnitude larger than in the un-
perturbed oceanic air mass; the vertical gradients in extinction
are also much stronger than those reported for open-ocean

conditions. A simple aerosol dispersion model, using ob-
served surf zone aerosol production rates, predicts that air
masses up to several km from the surf zone may be signifi-
cantly affected by the surf-produced aerosol. For winds from
land, this proves the importance ofthe surfzone in assessing

the performance of electro-optical systems in coastal areas.

l.INTRODUCTION
Aerosols in the marine atmospheric boundary layer and their
effects on a variety of processes have been investigated in the
past decades by various resea¡ch groups. One of the effects of
the maritime aerosol that has attracted attention was their in-
fluence on the propagation ofelectro-magnetic radiation at

wavelengths in the atmospheric transmission windows in the

IR/, both for military applications and, more recently, also for
climate. Until the 1990's, the open ocean was considered
most important. However, many experiments were conducted
with the instrumentation ashore. The effect of the nearby surf
zone was considered negligible. Experiments where aerosols

were measured both ashore and on a ship to assess the influ-
ence of the surf on the aerosol concentrations close to the

shoreline indicated that the surf was unimportant2.

However, during the ONR (Office of Naval Research) aerosol

workshop in Monterey, in May 1994, a simple calculation by
Monahan (UCONN), showed the possible impact of the aero-

sol produced in the surfzoner. This calculation was based on

aerosol production by a whitecap, and a realistic assumption

as regards the equivalent whitecap coverage of the surfzone
and its horizontal extent. The importance ofthis (then hypo-
thetical) effect was recognised and included as an applied re-

search topic into EOPACE (Electro-Optical Propagation As-
sessment in Coastal Environment), the work programme of
which was formulated in the followin g yeat4 .EOPACE
started in October 1995. Three Surfexperiments (Surf-1, 2

and 3) were conducted as part of EOPACE to determine the

production of aerosol over the surf, in a variety of environ-
mental conditions at coastal sites in California: La Jolla, near

San Diego, in JanuaryÆebruary 7996 (Surf-1) and in March
1997 (Surf-3), and in Moss Landing, Monterey Bay (March

1996, Surf-2). The final goal of these experiments was to pro-
vide an assessment of the effect of the surf on electro-optical
propagation in a coastal environment. It was a common effort
of several ¡esearch groups from the USA, the UK and The
Netherlands involving measurements of aerosols, bubbles and

meteorological parameters including turbulence and visibility,
as well as laser visualisation of the aerosol plumes over the

surf and spectral transmission measurements4.

In this paper, results are presented from the analysis of data

collected by TNO Physics and Electronics Laboratory (TNO-
FEL) and the University of Sunderland (CMAS) in the three

EOPACE Surf experiments, extending the work presented by
de Leeuw et a1.5. Other results were presented by Gathman &
Smithó.

The present analysis shows that, over the surf, the aerosol

concentrations may increase by up to two orders of magni-
tude, depending on the height above sea level and aerosol

size. The largest increase is observed for ae¡osols with di-
ameters of about 10 pm (the largest aerosol in the present,

corrected data set).

The vertical aerosol concentration gradients observed during
the surf experiments provided the necessary data to measure

the aerosol production in the surf zone. A clear dependence
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on wind speed was observed, with higher fluxes observed at

higher wind speeds, probably resulting from more efficient
upward turbulent transport. Taking into account the different
whitecap area between the surf zone and the open ocean, the

aerosol source function derived here agrees well with previ-

ously reported source functions for open-ocean conditions,
for aerosol sizes up to about l0 ¡rm, in agreement with the

common origin, i.e., breaking waves. The present data set

does not cover the spume domain, as the wind speeds did not
exceed 9 m/s.

The infrared (IR) extinction coefficients calculated from the

ae¡osol size distributions similarly show an increase ofup to
two orders of magnitude over the surf zone. Extinction gradi-

ents are presented and compared with results for open-ocean

conditions. Estimates of the effect of the increased extinction
on transmission across the surf are presented for on-shore
winds. For off-shore winds, an extensive shrdy, involving ad-

vection of the surf-produced aerosol and size-dependent dis-
persion and deposition, is necessary for the assessment of the

surf effect on the performance of EO systems, along lines of
sight that intersect the surf zone. Estimates of the horizontal
extent of the surf produced aerosol in off-shore winds are de-

rived with a simple dispersion model. In future work, a more
comprehensive model will be applied to this problem.

2. EXPERIMENTAL SETUP

2.L Experiment sites

The measurements were performed at the piers of the Scripps

Institute of Oceanography (SIO), La Jolla, San Diego (Surf-l
and Surf-3) and Moss Landing, Monterey (Surf-2). At both
locations, sea breeze conditions govem the wind pattern:

winds from land during the night and early moming, light
winds from sea during the afternoon. Aerosol probes were in-
stalled at both ends ofthe piers to exploit these conditions.
For winds from sea, data from one of three particle counters

at the end of the piers provided background size distribution
in the well-mixed air mass before it entered the surf zone. At
the base ofthe piers, three particle counters measured the in-
crease in aerosol concentration due to production in the surf
zone, at different heights above sea level. The production in
the surf zone can be estimated from the vertical gradient

measured by the three counters. Standard meteorological pa-

rameters (temperature, humidity, pressure, wind speed and di-
rection) were recorded at various positions on the piers. Table
1 lists the most important instruments and their locations.

Instrument Type Position Average height Parameter measured
above mean sea

surlace

PMSI ASAS-3004 and Base of Pier 12 m (Surf-1,3) Aerosol size distribution
CSAS-IOO-HV 7 m (Surf-2) 0.16-32 pm

PMS2 CSASP-200 Base of Pier 15 m (Surf- I ,3) Aerosol size distribution
11.2 m (Surf-2) 0.2-20 pm

PMS3 CSASP-1OO-HV Base of Pier 7 m (Surf-l,3) Aerosol size distribution
5 m (Surf-2) 0.5-47 pm

PMS4 FSSP-100 End of Pier I I m (Surf-1,3) Aerosol size distribution
6 m (Surf-2) 0.5-47 ¡rm

Rotorod - Variable l-9 m (Surf-l,3) Aerosol size distribution
1-6 m (Surf-2) D>13 pm

BMS - Variable -0.36 m Bubble size distribution
D>30 pm

Sonic anemometer Solent research type various various Wind speed and direction (20 Hz) &
turbulence;
Turbulence profiles & wave effects on
air flow

Cup anemometer Thies Base of Pier 12.5 m (Surf-l,3) Wind speed

ll.5 m (Surf-2)

Wind vane Thies Base of Pier 12.8 m (Surf-l,3) Wind direction
1 1.5 m (Surf-2)

Rotronic MP440 Base of Pier 12 m (Surf-I,3) Air tempelature & RH
7 m (Surf-2)

Rotronic MP440 Base of Pier 13.2 m (Surf- 1 ,3) Air temperature & RH
1 1.2 m (Surf-2)

Nephelometer - Base of Pier 12 m (Surf-I,3) Aerosol scattering
7 m (Surf-2)

Pyranometer Kipp Base of Pier 12 m (Surf-I,3) Irradiation
6.6 m (Surf-2)

Rain detector - Base of Pier Rain occurrence

Barometer Honeywell 142PC30A Base of Pier 11 m Atmospheri

Table 1. Instrumentation used during the Surf experiments. Aerosol sizes refer to the diameters measured.



2.2 Particle counter (inter)calibration
All particle counters were size calibrated with particles with
well-defined diameters. To remove any remaining differences
among the instruments, a instrument comparison test was

performed prior to the Surf-l and Surf-3 experiments. During
the test, all particle counters were operated for several days at

the same location. The size distributions measured during this
period were averaged to obtain a common mean, and inter-
instrument correction curves were defined as the deviation of
each instrument from this common mean. These correction
curves were applied to the data of the subsequent experi-
ments.

Unfortunately, there was no such instrument comparison pe-

riod prior to the Surf-2 experiment. Instead, correction curves

were obtained from the Surf-2 data directly. It was assumed

that the data from the counters at the base of Moss Landing
represent the true size distributions (these counters had been

calibrated at the laboratory with aerosol of known size distri-
butions). The difference between the data from pms4 (at the

end of the pier) and pmsl (at the pier base, at comparable
height) is then equal to the pms4 instrument correclion minus
the surf effect for onshore winds, while for winds from land
this difference equals the instrument correction plus the surf
effect. Hence, the instrument conection factor for pms4 can

be obtained from the average difference between pms 1 and
pms4, for both onshore and offshore winds. Correction curves

for pms4 that were obtained in this way showed a smooth de-

pendence on aerosol size.

3. AEROSOL CONCENTRATIONS
Figure 1 presents part ofthe data set, showing clearly the ef-
fect ofthe surfzone on the aerosol concentrations. The lower
part in figure 1 shows concentrations ofparticles with a di-
amete¡ of 5 pm, during the first four days of the Surf-1 ex-
periment (January 24 throtgh 27 , 1996). These concentrations
are relative to the concentrations measured by the particle
counter at the pier end which, for westerly (onshore) winds,
represent the background aerosol. Also presented in figure I
are meteorological parameters such as air temperature, rela-
tive humidity, wind speed, wind direction and wave height
and period.

Wind speed was generally low, usually less than 2 m/s with
occasional short periods of higher wind speeds of up to 4 m/s.

These wind speeds are still too small to cause significant pro-
duction of sea spray aerosol ove¡ the open ocean. The wind
direction followed the general sea breeze pattem, with off-
shore winds (easterly wind directions) during the night and

morning, quite suddenly changing to onshore flow late in the

morning and back to offshore before sunset. Relative humid-
ity varied between 'l0%o and 700Vo, whtle air temperatures

were between 8 
oC and l7 oC. Significant wave height varied

between 0.5 and 1.5 m, and the wave period slowly decreased

from 11 s in the first few days, to 5 s around day 28 (after

which it increased to more than 15 s).

As expected, an obvious cor¡elation is observed between the
aerosol concentration and wind direction. During westerly
winds, a strong increase in aerosol content with respect to the

background was observed. The concentrations varied signifi-
cantly among the three probes, the highest concentrations
measured by pms3 which was situated closest to the sea sur-
face. When the wind was from land, the three probes at the
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pier base measured similar aerosol concentrations (as ex-

pected) and the surf generation was visible as an enhancement

of the concentrations measured with pms4.

No clear dependence of the aerosol concentration on mete-

orological parameters other than wind direction and wind
speed are apparent from figure l. It is expected that signifi-
cant wave height and wave period are key elements in the

aerosol production, but no clear correlation has been found.
Although variations in these parameters were relatively small
during the experiments, significant variations in the width and

activity in the wave breaking zone were observed. The text in
the middle panel in figure 1 gives a rough indication of the

rigour or activity in the surf zone. The hrst two days of the

Surf-1 experiment a 'normal' surfzone was observed of about

100 m wide. During day 26 the surfzone gradually narrowed
and whitecapping decreased, but, due to a simultaneous in-
crease in wind speed and concurrent enhanced transport, this

is not readily visible in the aerosol concentrations at the pier's

base.

The aerosol gradients, as derived from the data presented in
figure 1, show a peculiar feature. The concentrations are

highest at the lowest sampling point of about 7 m above sea

level (pms3), and then decrease with height. However, in on-

shore winds, the concentrations at 12 m were often observed

to be somewhat lower than at l5 m. The particle counters at

12 m were mounted above the deck of the pier (pmsl).
In contrast, the more detailed profiles of giant particles
(D>13 pm), measured with the Rotorod rotating impaction
samplers, do not show a decrease in aerosol concentration
near the pier deck. The Rotorod samples were taken at height
intervals of I m, requiring about 20 minutes for a complete
profile. It is noted that the Rotorod profiles were measured at

some distance from the Pier (upwind), whereas the data pre-

sented in hgure 1 for the 12 m level were measured with
pmsl mounted at about 1.5 m above the pier deck on a

wooden box, near the railing.
It is presumed that heating of the Pier deck by solar radiation
resulted in the observed reduction in relative humidities,
which in turn induced a shift in the particle size distribution
to smaller diameters. Hence, the observed concent¡ations will
have been smaller, thus causing the dip in the concentration
profile at 12 m. This view is supported by the observation that

during offshore winds the concentrations showed the ex-
pected decrease with height (cf. figure l, usually between 8

p.m. and 1l a.m.). The kink was observed only during the af-

ternoon, when the Pier deck was warm. Indeed, the humidity
and temperature sensors mounted close to the box at heights

of l2 and 13.2 m above sea level, showed significant differ-
ences (in fact the relatively low humidities and high tem-

peratures near the box were the reason for having a second

sensor somewhat further away from the pier surface).

4. SURF ZONE AEROSOL SOURCE FUNCTION
The data presented in the previous section can be used to es-

timate the aerosol production in the surf zone. Combining the

data from the three surf experiments, wind speeds up to about

9 m/s are covered.

An example of the effect of the surf on the aerosol size distri-
butions is presented in figure 2, showing aerosol size distri-
butions measured simultaneously with all four aerosol count-
e¡s in on-shore wind. The difference between the data from
pms4 (representing the background concentration) and the
data from the counters downwind from the surf can be
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Figure 1. Relative aerosol concentrations (diameter 5 ¡rm) and relevant meteorological parameters during the first four days of the

Surf-1 experiment. The bottom panel shows aerosol concentrations (in r0log format) at the base of the Scripps Pier relative to

those from the particle counter at the end of the Pier (pms4): tlog(pms 
1 ,2,3) - 

tlog(pms4). For onshore winds (westerly

winds, during the aftemoons), pms4 measured the aerosol concentration in the well-mixed air mass before it enters the surf

zone. The upper panels show the various meteorological and wave parameters measured during the campaign. Parameters

plotted on the left hand side axes are plotted as solid lines, those on the right hand side axes are plotted as dotted lines. There is

a strong correlation of aerosol concentration with wind direction. During winds from sea, aerosol concentration may be up to

100 times higher than in the air mass unaffected by the surf zone. In the middle panel (showing tide, or distance to the water

line) the rigour of the surf is indicated. The declining activity in the surf zone on day 26 cannot be readily correlated with a de-

c¡ease in aerosol concentrations at the pier's base, due to a simultaneous increase in wind speed.
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attributed entirely to generation in the surf zone. The surf ef-

fect on the aerosol content is largest for large diameters, as

can be seen in figure 2.

To obtain an estimate of the overall production in the su¡f, the

surf contributions to the aerosol concent¡ations were averaged

for all periods of on-shore winds during three surf experi-

ments. The results for the Surf- 1 and Surf-3 experiments are

shown in figure 3, for diameters of l, 5 and l0 ¡rm and wind

speeds up to 2 m/s. The data clearly show the variation of the

aerosol concentration with height, with gradients increasing

with particle size. The concentrations ¡ear 12 m are not

shown, for reasons discussed above. The results in figure 3
suggest that at the base of the pier the surf-produced aerosol

extends to heights of about 30 m. This height compares well
with lidar observations of the surf-produced aerosol plumes

(R. Philbrick, unpublished results). It should be stressed that
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Figure 2. Typical aerosol size distribution (cm-3/¡rm) meas-

ured during onshore winds. The surf-produced aerosol

causes higher concentrations at pmsl-3. This effect is larger

for larger diameters.

5101520
Height above sea (m)

Figure 3. Average increase in aerosol concentrations, for wind
speeds up to 2 m/s during the Surf-l and Surf-3 experi-

ments. Shown are averages of concentrations at two heights

at the base of the Scripps pier, relative to the background

concentration. Aerosol concentration increases sharply to-

wards sea level, with gradients increasing with particle

size.. The shaded area corresponds with the numbe¡ of lpm
particles generated in the surf zone, Data shown are from
pms2 (7 m height) and pms3 (15 m height).

figure 3 shows the enhancement of the aerosol concentrations

downwind from the surf zone.

Data like those in figure 3 ate used to estimate the total num-

ber of aerosol produced by the surf, as a function of aerosol

size, It is assumed that the aerosol height profile is logarith-
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mic, which is expected for an equilibrium situationT. Obvi-
ously, close to the source there will be no equilibrium be-

tween production and removal. However, the limited data that

are presently available do not allow for a more sophisticated

approach.

The horizontal aerosol flux downwind from the surf zone

dF/dD is given by the expression

lLrot= !
dD' L

'^i. ( !!,r.,,- lY r¡rl oz
ä l¿o dDbs )

!
I

È

è¡)

Ê

o

O

where dN/dD is the aerosol concentration as a function of
height z and aerosol diameter D, dN/dDbs the concentration in
the well-mixed air before it enters the surf zone, u the wind
speed at the base of the pier and I the width of the wave

breaking zone. The background concentration, for onshore

winds, is measured with the particle counter at the pier's end,

pms4. dN/dD(z,Z) is obtained by fìtting a logarithmic profile

to the data measured at the base of the pier, as explained

above. The aerosol numbers are integrated between sea level

and the height at which the concentrations have returned to

the background value (2,,o).ln figure 3 the area over which

the 1 ¡rm particles are integrated is indicated by the shaded

area. The horizontal flux over the beach near the base of the

pier is obtained by multiplying the aerosol number by the

wind speed ø. The additional assumption is made that this

flux is due completely to production in the surf zone, and,

therefore, that the vertically integrated horizontal flux over

the beach equals the vertical flux integrated over the whole

surf zone. Thus, particle deposition between the surf zone and

the pier base is ignored. A division by the width of the surf
zone Z normalises the surface flux to a value independent of
L (unitsrn-zr-tum-t).

Figure 4 shows the aerosol numbe¡ and volume fluxes, ob-

tained from data from the Surf-1 and Surf-3 experiments at

wind speeds up to about 9 m/s. The aerosol sizes represent the

size upon formation derived from the relation between r¿¿

(radius at 807o humidity) and r¿ (radius upon formation),

2r¿e = ¡o(p.s¡.8). The humidity during the Surf experiments

was never significantly diffe¡ent from 80Vo during onshore

winds.
Figure 4 shows that the surface flux of particles of 0.8 ¡rm in

diameter increases by about a factor of 10 between the lowest

and the highest wind speeds. For larger particles the wind
speed effect appears to be smaller. Since the suspension is

more efficient at higher wind speeds, i.e. larger particles re-

main airborne longere, this finding suggests that fewer larger

particles would be produced at higher winds. This suggestion

seems unlikely and hence the observed wind speed effect on

the surface flux of the largest particles is probably an artefact

which may be caused by the statistics in the measurements of
the largest particles. Wave height (and, hence, surf activity) is

assumed independent of wind speed, which is a reasonable

assumption for the relatively low wind speeds encountered

during the experiments and the sea-breeze conditions at La

Jolla.
The volume flux shows a clear maximum at a diameter of just

over l0 ¡rm. This finding is consistent with the bubble origin
of the aerosol since the peak concentration ofjet drops is ex-

pected near 10 pm/0. The data in figure 4 (top) do not show a

clear wind speed dependence of the position ofthis
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O 5.0 mu
a 10.0 mu
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u
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A.erosol volume

I 0-2mls
O 2-4mls

^ 4-6mls
a >6 m/s

Aerosol number

I 0-2mls
O 2-4¡nls

^ 4-6mls
a >6 m/s

01
log(Diameter) (mu)

Figure 4. Aerosol fTuxes dF/dD(D) from Surf-l and Surf-3
data. Top: aerosol volume (m3/m2ls/pm); bottom: aerosol

numbe¡ (lm2lslpm) produced in the surf zone. The data have

been arranged as a function ofwind speed. The diameter
refers to the diameter upon production.

maximum, in accordance with the assumed bubble origin of
the aerosol.

The aerosol sou¡ce function as presented in figure 4 is valid
for the surf conditions near the SIO Pier. Extrapolation to

other locations requires knowledge on the physical mecha-

nisms determining the surf characteristics and their effects on

the production of sea spray aerosol. Efforts are underway to

describe these effects (see below).
Assuming a l00Vo whitecap cover in the surf zonerr, the surf
data can be related to open ocean conditions and compared

with published results on the surface source function. Such

data were compiled by Andreas et a1./2. These data are repro-
duced in figure 5. All source functions in figure 5 apply to a
wind speed of 20 rnJs; comparison with the surf aerosol

source function in Figure 4 requires a correction for the dif-
ference in whitecap coverage between the surf and open
ocean at a wind speed of 20 m/s. Monahan &

O'Muircheartaigh// give an empirical relation between the

open-ocean whitecap coverage and wind speed

A(W)=:.S+'rO-6 U,3fl

with A(\il) the fraction of sea surface covered by whitecaps,

and Ut0 the wind speed at 10 m height. According to this re-

lation, the whitecap coverage al 20 tttls wind speed is about

lÙVa. For a proper comparison between the open-ocean and

surf aerosol source functions, the source function found in
this study is divided by a factor of 10. The results are shown
in figure 5, together with the aerosol source function obtained
from the Surf-2 (Monterey) data. For the Surf-2 experiment, a

surf width of 30 m was assumed. Error bars for the Surf-2
source function are larger, due to the smaller data set.

The two surf source functions obtained in the present study

compare well with the open-ocean source of Miller/r. The
bubble part of the Monahan eT al.ta source function also

agrees well with the Surf-1,2,3 source functions. The sharp

increase in the source function of Monahan et al.'a near a di-
ameter of 20 ¡rm is due to spume drops. The fluxes predicted
by the source function of Smith et al.ir, also shown in figure
5, are too low in the size range considered here.

Recent studies by Petelski & Chomka'ó and Chomka & Petel-

ski/7 provide a comparison with aerosol production in the surf
zone at a location on the Baltic coast; their fluxes (several

- 

Miller
- - - -' Monahan et al.
" " " Smith et al,

o Surf-l+3

^ Surl'-2

-l 012
log( radius at formation ) (mu)

Figure 5. Aerosol source functions. The surf zone aerosol

source function, corrected for whitecap ratio of lOVo (wind
speed 20 m/s), as derived from the Surf-1,3 and Surf-2 ex-
periments have been inserted. There is good agreement with
the source function of Miller/r and Monahan et al. 

/4. Also
shown is the source function of Smith et al.i 
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Figure 6. Extinction coefficients (cr in km-r) computed from the aerosol data in figure 1, for wavelengths 0.69, 1.06 and 10.6 ¡rm.
Not shown are data from pms1, for reasons discussed in the text.
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hundreds of ¡rglm2ls) are of the same order of magnitude as

those presented here, integrated over the size range in the fig-
ures.

5. IR EXTINCTION PROFILES
Extinction coefficients at f,ive wavelengths in the visible and
infra-red (IR) atmospheric transmission windows were com-
puted from the aerosol size distributions using a Mie/8 code.
Results for wavelengths of 10.6, 1.064 and 0.69 pm are

shown in figure 6, for the same period as in figure 1. The data
from pmsl are not shown, because they were affected by the
hot pier su¡face. The su¡feffect is obvious in figure 6, with
significant vertical gradients during the aftemoons, when the
extinction behind the surf zone was up to two orde¡s of mag-
nitude larger than over the open ocean. This effect is most
pronounced for the longer wavelengths. Note that the effect of
the surf on the extinction is present not only for winds from
sea (during the afternoons), but also for winds from land.
During the nights and mornings, the extinction at 7 and 15 m
above sea level was similar, but the extinction at the end of
the pier (pms4) was consistently higher. Effects of water va-
pour are not included in these calculations. Due to evapora-

tion, the water vapour concentrations may also have been en-
hanced over the surf, thus increasing the IR absorption.
Extinction profiles for open-ocean conditions, show an

(expected) inc¡ease of extinction coefficients towards the sea

surfacele. Whereas at the open-ocean almost zero gradients

were observed for the lowest wind speeds, stronger gradients

occurred for moderate (4-7 n/s) winds, while at high winds
the aerosols were well-mixed throughout the surface layer, re-
sulting in negligible extinction gradients. Data such as those
shown in figure 6 allow the estimation of the average extinc-

tion gradient in the surf zone, as a function of both wave-
length and wind speed.

Figure 7 shows the mean extinction profiles derived from the
Surf-l and Su¡f-3 data, as a function of wind speed. The ex-
tinction profiles in fìgure 7 are shown up to the height where
the background extinction is attained (between 20 - 40 m
above mean sea level). The background extinction coeffi-
cients vary between 0.1 and 0.01 km-l. The profiles do not
show that this background extinction value increases with in-
creasing wind speed, as would be expected.
In contrast with the open ocean, whe¡e aerosol production is
more directly related to wind speed, surf zone production may
be high, even for low wind speeds, resulting in significant ex-
tinction gradients to heights of20 to 40 m above sea level.
Whereas Gathmanle found a ratio between the extinction at 10

m and 1 m above mean sea level of only about a factor of 1.5,

in these data this ratio ranges from 2 (6-8 m/s wind speed) to
almost 10 (0-2 m/s wind speed) just downwind from the surf
zone. At 5 m above mean sea level, the extinction coefficient
in the air just downwind from the surf zone is about a factor
of 60 (0-2 m/s winds) to 6 (6-8 m/s winds) higher than just
upwind from the surfzone (derived from the data from pms4).

The data show little dependence of the extinction gradient on
wavelength. The strong correlation with wind speed is further
emphasised in figure 8, which presents the average extinction
gradient versus wind speed. The values show the behaviour
expected for the case of a strong, nearby surface source of
aerosol, with increasing dilution for higher wind speeds.
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Figure 7. Profiles of log(extinction) versus height above mean

sea level; the unit of extinction is km-1. Curves are shown

for four wind speed intervals; the wavelength is 4.0 pm.

Data used are from the Surf-l and Surf-3 experiments, for
winds from sea only.
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Figure 8. Extinction profile slope as function of wind speed.

Shown are the slopes of the profiles from figure 7.

6. AEROSOL DISPERSION
The extinction coefficients in figures 6,7 and 8 apply only to
the base of the pier. For an assessment of the effect of surf-
generated aerosol on the performance of electro-optical sys-

tems for lines of sight intersecting the surf zone, path-

integrated (and range-dependent) extinction or transmission
needs to be taken into account.

Two examples are presented which show the effect of the

surf-produced aerosol on the transmission for both on-shore

winds and winds from land.

6.1 Winds from sea

In this case, only the aerosol produced in the surfzone and

transported across the shoreline up to the point where the

electro-optical sensor system is situated needs to be taken into
account. Consider a transmission path of 10 km length,

crossing a surf zone with an effective width of 300 m
obliquely. Assume that the background extinction coefficient
is 0.05 km-r (the average background value in figure 7), while
the extinction over the effective surfis enhanced by a factor
that varies between 3 and 300. Transmission losses, ¡elative to
the situation where the surf has no influence of the extinction,
were calculated as a function of the angle of incidence of the
path through the surfzone. The results are shown in figure 9.

The curves are labelled with the enhancement factor of the

extinction coefficient in the surfzone: '10' corresponds to a

surf zone in which the extinction is 10 times higher than in
the unperturbed air mass. The hgure shows that the increase

of the aerosol extinction over only the surf zone, by realistic
values of about 2 orders of magnitude (see figure 6), causes

rather dramatic losses in transmission.

6.2 Off-shore winds
In off-shore winds, the effect of the surf on the transmission

may be much mo¡e serious, as the surf-produced aerosol may
be transported over considerable distances. Hence they may
influence the extinction along the entire transmission path. In
the following, a simple aerosol model is applied in a first at-

tempt to estimate the down-wind dispersion of the surf-
produced aerosol and the resulting effect on extinction.
As a first approximation of the dispersion of aerosol produced

in the surfzone, the diffusion equation for a line source in a

simplified atmosphere is solved analytically. The application
of a line source model is justified by considering the surf as a

source with a relatively small vertical extent (maximum 30 m,

as derived from data as displayed in fìgure 7, situated along

the coast line. With this hypothesis, the model was formulated
for aerosols emitted from a continuous crosswind line source

located at the land-sea transition. Tbe mean concentration
downwind from a line source at a height lr is given by

a
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where x is the downwind distance from the source, z the

measurìng height, ø the mean wind speed, q the source

strength, I.r. is the modified Bessel function of the first kind
of order -Vz. or2=)yo¡u, where q is the vertical dispersion
coefficient and Kuis the vertical turbulence coefficient. The
wind speed and the vertical turbulence coefficient are as-

sumed constant with height2o.

Particle deposition is taken into account by modifying the

source sÍength q(x) with a reduction term which is dependent

on the distance from the source"

I
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Figure 9. Path-integrated extinction losses in on-shore wind,

plotted as function of the angle between the transmission
path and the normal to the shore line. The total length of the

transmission path is 10 km, the effective width of the surf

zone is 300 m. The labels indicate the extinction in the surf

zone: '10' represents a surf zone in which the extinction is
l0 times higher than the background value. Background

extinction is set to 0.05 km-t.
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measured at an average distance of 50 m downwind from the

surf, in wind speeds that usually did not exceed 2 m/s. Hence,

the su¡f was mainly due to swell. Also, the data in figure 1

show that, in off-shore winds, the concentrations of the aero-

sols at the end of the pier are appreciably enhanced over those

measured at the base of the pier , which in fact is due to the

enhancement of the concentrations by the surf production.

The model was derived with the assumption that the wind
speed and the vertical turbulence coefficient are constant with

height. Although thìs leads to errors only at short distances

(up to about 500 m) from the source2r, this caÌculation should

only be regarded as a fi¡st attempt to estimate the influence of
surf-produced aerosol. In the future, more comprehensive

models will be applied to take into account the vertical extent

of the aerosol, the wind profile and associated vertical mixing,

as well as other potential processes in the marine boundary

layer that may affect the aerosol, other than advection, disper-

sion and deposition.
The effect on extinction can be found with this model, as the

concentrations as a function of height and distance from the

surf zone can be computed. In general, it can be expected that

the strong extinction gradients observed near the surf zone

gradually disappear as the air.rtt ,nòu"t away from the surf

zone and becomes better mixed. Figure l0 shows that at a

distance of 25 km, concentrations may be as high as 10Vo of
the concentrations measured just downwind from the surf

zone.

or"*v(n2 r zo!)

where v¿ is the wind speed dependent particle deposition ve-

locity. The model applies only in neutral conditions. Deposi-

tion velocities were calculated using the expression of Slinn
and Slinn22.

The average concentrations derived from the Surf-1 data were

used as input to the model. To account for the vertical extent

of the surf, these concentrations were extrapolated to heights

of 1-30 m, and the model was applied for a series of release

heights, with the receptor point fixed at a single level of 10 m.

The concentrations arriving at the receptor point from the

various release heights were then integrated to obtain the ac-

tual concentrations of the surf-produced aerosol at the recep-

tor point. The distance between the source and the receptor

point was varied from 10 m up to 25 km. The calculations

were made for aerosols with diameters of 1-10 pm, and wind

speeds of 2 and l0 m/s. An example of the results for wind

speed of 2 m,/s is shown in figure 10. Close to the source the

concentrations increase somewhat due to mixing of the parti-

cles from several heights to the receptor height, then a gradual

decrease is observed. Even at 25 km from the source, the con-

centrations are decreased only by about one order of magni-

tude. This implies that the su¡f-induced enhancement of the

aerosol concentrations in off-shore winds may have serious

consequences for the transmission over sea.

It may be argued, that in off-shore winds the surf production

of aerosol may be much lower than in on-shore winds. How-

ever, in this calculation concentrations were used which were
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Figure 10. Aerosol concentrations for particles of 10 ¡lm in
diameter, calculated as a function of distance from the surf

using the aerosol transport model described in the text.
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7. DISCUSSION AND CONCLUSIONS
The analysis of the aerosol measurements obtained during the
EOPACE Surf experiments show that, in the diameter range
between 0.5 and 10 ¡rm, the aerosol concentrations increase
by up to two o¡de¡s of magnitude due to production in the
surf zone. A clear correlation is observed between wind speed

and the aerosol flux downwind from the surf zone. The data
from the three particle counters that were used in the height
interval between about 7 and 15 m above mean sea level sug-
gest that at an average distance of 50 m from the surf the
maximum height attained by the surf produced aerosol is be-
tween 20 and 30 m.

The aerosol source functions which were derived from the
th¡ee data sets not only agree well between the La Jolla and
Monterey sites, but also compare well with surface fluxes
previously reported for open-ocean conditions. All source
functions used in the comparison apply to aerosol produced
from bubbles (film andjet drops). Prior to the comparison
with open-ocean aerosol surface fluxes, the only scaling ap-
plied to the su¡f source functions is a correction for whitecap
ratio, which is considerably higher in the surf zone than at the
open ocean, even at wind speeds of20 m/s. The good agree-
ment among the surf and open-ocean aerosol source functions
suggests the existence of a single, well-defined bubble source
function, expressed in ae¡osol produced per unit white cap.

This ¡esult indicates that the whitecap ratio is an important
parameter controlling the aerosol flux from the sea surface.
Application to different conditions and locations is then a

matter of measuring the local whitecap ratio. On the open
ocean, wind speed is most likely to cont¡ol the whitecapping
ratio, while in surf zones the swell is probably more important
than the local wind speed and direction. This is especially true
for the sites of the Surf experiments, where winds follow a sea

breeze pattern and are generally too low to significantly affect
wave breaking.
This study is continuing to derive a model describing the ef-
fect of the su¡f on the aerosol production. The relation be-
tween the incoming wave field (direction of arrival, spectral
content) and the rigour of the surfzone will be considered.
Currently available software predicts the wave energy dissi-
pation in the su¡f zone, which is the key parameter controlling
aerosol production/7. Preliminary results suggest that such an

approach is viable, as the aerosol production is similar at very
different surf zones, for comparable levels of wave energy
dissipation.
The effect of surf-produced aerosol on IR extinction has been
shown to be considerable. Not only do the data suggest a

large effective width of the surf zone, but they also show that
the extinction coefficients over the surf may be two or three
orders of magnitude larger than in the unperturbed oceanic
air. A more complete description of the surf effect on IR
propagation requires detailed modelling of the size-dependent
aerosol dispersion. Examples of the first attempts to apply
such an aerosol t¡anspoft model we¡e presented. It is realised
that this model may be an oversimplification of the real situa-
tion with developing wind and wave fields in off-shore winds,
as well as temperature and humidity gradients that will affect
the aerosol physics. Fo¡ future application, more comprehen-
sive models will be developed.
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