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ABSTRACT

Cascade impactor samples of atmospheric sea salt particles have been collected at a
tower site on the east coast of Hawaii. In an-attempt to differentiate between surf-
produced particles and particles produced by bubble bursting on the open sea, samples
were collected simultaneously near the tower base and at the top of the tower, 24 meters
above sea level. Analyses of the samples by neutron activation for iodine, bromine,
and chlorine showed that the total bromine and chlorine coneentration was 20-50
times higher at the tower base than at the tower top, whereas total iodine was only
twice as high. The I/Cl ratio was a factor of 3-30 higher for samples collected at the
tower top. Concentration per cubic meter vs particle size curves for all three halogens
were considerably different for samples collected at the two elevations. This vertical
gradient shows the large differences between spray particles from waves breaking on
the shore and spray particles from waves breaking at sea. Great care must be exercized
in selecting coastal sampling sites for the collection of atmospheric sea salt particles
which are intended to be representative of particles present in the atmosphere over the

open ocean.

Introduction

‘When marine winds pass over coastal regions
and blow inland they carry salt spray particles
from the open sea as well as spray added during
passage over the shore-line surf. The purpose of
this paper is to compare and contrast certain
physical-chemical characteristics of the open-
sea spray particles and the particles present
after the air passes over the local surf. The
study should prove useful in planning coastal
observations aimed at understanding airborne
particles from the open sea and in evaluating
earlier coastal observations of this nature.
Unfortunately, very little attention has been
given in the past to the possibility that particles
collected behind the surf zone may be chemically
different from particles formed on the open sea.

In experimental studies of breaking waves,
Boyce (1951) showed that relatively few salt
particles were produced by the mechanical
disintegration of the water but that a much
greater number of particles were produced a few
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seconds later when the air bubbles resulting
from the wave action burst at the sea surface.
Jacobs (1937) had suggested earlier that burst-
ing bubbles were the source of the airborne
salt particles he found over the coast of southern
California.

High speed photography, by Kientzler et al.
(1954), has shown that bubbles bursting at a
sea water surface form jets which eject droplets
into the air. Droplet size was found to be a
function of bubble size. Blanchard & Woodcock
(1957) investigated various processes of bubble
formation in the sea and concluded that most
bubbles were probably formed by breaking
waves but that bubbles formed in the sea by
falling rain or snow could also be significant.

Several complicating factors arise when
particulate matter is produced in a heavy surf
zone near shore. Waves breaking on a rocky and
irregular shoreline may undergo considerable
mechanical disintegration. It is probable that a
significant fraction of the mass of sea salt
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particles in the air immediately downwind from
the heavy surf are formed by this process as
well as by normal bubble breaking. In addition,
along coastlines with onshore winds, organic
films of surface-active materials, both of naural
and pollution origin, can be blown into the shore
area and may pile up several molecular layers
thick. This abnormal amount of organic material
may alter the chemistry and the mechanical
bubble-fractionation processes of the local sur-
face sea water significantly (Blanchard, 1963)
and effect the relative amounts of trace elements
present in the sea salt particles formed in the
surf zone.

River, stream, and seepage effluents, ship
operations, and sewerage outfalls may all com-
bine to make the chemical composition of near
shore waters considerably different from that on
the open ocean, especially among trace elements.
Thus the trace element chemical composition of
sea salt particles collected at ground level near
the surf zone may be different from particles
produced on the open sea, due to different
particle production mechanisms as well as to
changes in the trace element composition of the
near shore bulk and surface water.

It has been known for a number of years that
the I/CI ratio in sea salt particles and rain
collected from marine air at various locations is
10 to 1 000 times that in sea water (Duce et al.,
1963; Miyake and Tsunogai, 1963; Dean, 1963;
Duce et al., 1965; Duce et al., 1967). Since both
the iodine and chlorine in these samples are
almost certainly from the sea, some chemical
fractionation process must be taking place at
the air-sea interface. The possible processes
responsible for the iodine enrichment are dis-
cussed in the papers above. Since the enrich-
ment of iodine in the atmospheric particles has
been found to be so large in many cases previ-
ously, it was believed that a simultaneous study
of the I/CI ratio in particles produced by bubbles
breaking on the open sea as well as particles
produced in the surf zone would be most likely
to show any effect of the different production
mechanisms or different chemical composition
of the sea water on this ratio. At the same time,
a study of the Br/Cl ratio on the particles would
indicate the effect of the different source areas
on an element which is apparently not normally
enriched in sea salt particles. Previous studies
of the Br/Cl ratio on bubble-produced particles
formed on the open ocean have shown Br/Cl
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ratios only slightly less than those found in sea
water (Duce et al., 1965; Duce et al., 1967).

Sampling location and methods

In order to avoid locally-surf-produced
particles, a walk-up aluminum tower was con-
structed on the windward coast of Hawaii
approximately 9 km east of Hilo during the fall
of 1967. The tower location has been described
previously (Duce et al., 1967). The present tower
was approximately 20 meters high and was
located on the end of a lava headland which was
itself about 4 meters above mean sea level. At a
height of 24 meters above the sea, no spray
particles from the waves breaking against the
headland reached the top of the tower under
normal sea and tradewind conditions. On the
other hand, the base of the tower was inter-
mittently bathed in sea spray particles produced
by waves breaking against the lava headland.

Particulate samples were collected using two
six-stage in-line cascade impactors manufac-
tured by Scientific Advances Co., Columbus,
Ohio. One impactor was located at the top of
the tower and the other was on the ground
approximately 4 meters shoreward from the base
of the tower, partially shielded by the lava
headland. This type of cascade impactor has
been described by Mitchell & Pilcher (1959) and
problems relating to its use in the marine
environment have been discussed by Duce et al.
(1967), especially with regard to changes in
collection efficiencies for various impactor stages
with change in ambient relative humidity. The
first stage slide (slide A) collects sea salt par-
ticles with a radius>10 um at a relative
humidity of 909 with an efficiency of approxi-
mately 1009%,. The radius of particles which are
collected with 1009, efficiency (r,q,) decreases
by a factor of 2 on each succeeding stage. Thus
7100 for stages B, C, D, E, and F are approxi-
mately 5 ym, 2.5 ym, 1.2 ym, 0.6 um, and 0.3
pm, respectively.

When in use, the intake orifice of the impac-
tor opened vertically upward. Isokinetic sam-
pling was not attempted, since the elemental
ratios were of primary interest. Thus there was
undoubtedly some discrimination by the impac-
tor against the largest particles, as shown
earlier by May (1945). In addition, the impactor
at ground level was shielded from direct fallout
of the largest of the surf spray droplets by
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Fig. 1. Chlorine, bromine, and iodine concentrations for two sets of cascade impactor samples collected

simultaneously at the top of the tower.

placing it under a 30 x50 cm shelter. No
shelter was required for the impactor at the top
of the tower.

Air was drawn through the impactors at a
rate of 0.75 m3¥/hr using vacuum pumps powered
by a gasoline motor-generator located approxi-
mately 20 meters downwind from the base of
the tower. For samples collected near the base
of the tower, the sampling duration was gener-
ally 1-2 hours, whereas sampling at the top of
the tower took 4-6 hours.

Care was taken to sample only when the trade
winds were blowing from the sea. Under normal
wind conditions the movement of surface air on
the east side of Hawaii shifts from generally
easterly during the day to westerly at night.
This wind shift is caused by the cooling and
sinking of air during the evening hours on the
upper slopes of the volecanoes Mauna Kea and
Mauna Loa, located in the center of the island
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(Mendonca, 1969). Usually by mid-morning
solar heating of the land allows the trade wind
regime to again be dominant along the east
coast of the island. The downslope winds,
which are rather shallow (see ESSA Weather
Bureau noon GMT soundings, Lyman Field,
Hilo, Hawaii) often extend as far as 15 miles to
gea off the east coast of Hawaii (Woodcock,
1969). As the air passes out to sea it carries with
it particulate matter from the land, and when
the wind reverses direction the next morning
some of the particulate matter is brought back
to the island for a brief time prior to the arrival
of the unmodified oceanic air (Blanchard, 1968).
We did not begin collecting sea salt particles in
this work until the condensation nucleus count
at the top of the tower dropped to 100-300
particles/cc, its usual level in uncontaminated
marine air (Blanchard, 1969).

The sea salt was removed from the impactor



430

R. A. DUCE AND A. H. WOODCOCK

103
F Top Bottom F Top Bottom [ Top Bottom Bottom
L I, | i
102} = o [}
E o s %,
d K 2 tE : Y
0 F [} i - AN \
€ L \ B i s N
~ [ A\ 1 I\
> \ \ L \
R Y \ \I \ 1\ 1\
~10' k- = o s
S E = - F ¥ 1
g C i C \I 3 \ \
E L |31 L
z i } \I [ i b
3 [ Y
gloo_— /}’}\ - \ -
© :Y/I d :H/f\
w o [ § a 1 R
= q i S
s | \ I \ N
) f o
T
107 = I -
|O“2111LJ;. U U0 W0 NS WS WA N YN T N Y S T W A YN0 TN TN G ST G SN AN TN SN0 WA T G A W A S ST WOOF VOO YO W AN S N S Y
ABCDEF T ABCDEFTtl ABCDEFTt!l ABCDEFTW! ABCDEFTot! ABCODEFTotl ABCDEF Tot.
2 21 22 23 25 26

SAMPLE NUMBER AND

STAGE DESIGNATION

Fig. 2. Chlorine concentration for cascade impactor samples collected at the top and near the bottom of

the tower.

slides in the same manner as that described by
Duce et al. (1967). The samples were analyzed
for iodine, bromine, and chlorine by neutron
activation analysis using the procedure of Duce
& Winchester (1965). The nuclear reactor and
laboratory facilities at the Massachusetts
Institute of Technology, Cambridge, Mass. were
used.

Results and Discussion

Sixteen impactor samples were collected
during November, 1967. Five of these samples
were taken with only a single impactor operating
at the top of the tower. They show halogen
concentrations and ratios similar to the samples
reported by Duce et al.,, (1967) and are not
reported here to conserve space. These data will,
however, be supplied to any interested reader

on request. On two different days, two impac-
tors were operated side by side at the top of the
tower in an attempt to assess the reproduci-
bility of the entire sampling and analytical
procedure. The results of the analyses of the
samples, Nos. 27-30, are presented in Fig. 1.
The uncertainty bars in this figure represent the
analytical precision of the analyses. Both the
shapes of the concentration vs particle size
curves and the concentrations themselves are
remarkably similar in all cases. Occasional
discrepanicies in the concentration (i.e., no
overlap of the analytical uncertainty bars)
occur only on slide F, where the concentration
of all these elements is very low.

Since the atmospheric concentration of sea
salt particles was much higher at the base than
at the top of the tower, simultaneous sampling
throughout the duration of a sample collection

Tellus XXIII (1971), 4-5
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Fig. 3. Bromine concentrations for cascade impactor samples collected at the top and near the bottom of

the tower.

at both locations was not possible. A minimum
of 4 hours was required for adequate sample col-
lection at the top of the tower, but after
approximately 2 hours of collection at the tower
base, the slides would become practically
saturated with sea salt and there was danger of
salt blow-off from the glass slides. Thus bottom
samples were collected at some 1-2 hour interval
during the longer collection period for samples
collected at the tower top. Sample 25, collected
at the top of the tower, was collected over a 2
day period due to interruption of collection by
rain during the first day. Bottom sample 24 was
collected on the first and bottom sample 26 was
collected on the second of the 2 days.

The results of the Cl, Br, and I analyses for
these top and bottom samples are presented in
Figs. 2, 3, and 4 respectively. The effect of the
different sampling location is immediately
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evident. The total Br and Cl concentration is a
factor of 20-50 lower on the tower top than at
the bottom. More important, however, since
the bottom samples were shielded, is the shape
of the concentration vs particle size plots. The
typical shape of the Cl and Br plots for samples
collected at the tower top indicates a low con-
centration of each element on the largest and
smallest particles with a maximum generally on
particles in the intermediate range. This can be
seen in the data of Duce et al. (1967), and in Fig.
1, and has been generally noted in the concen-
tration of salt particles in the lower air over the
open sea near Hawaii (Woodcock, 1953, Fig. 1).
It is also apparent in sample 20 and, to a certain
extent 22 and 25 in Figs. 2 and 3. However, all
the samples collected at the base of the tower
show the highest concentration for the largest
particles, with regularly decreasing concentra-
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Fig. 4. Todine concentrations for cascade impactor samples collected at the top and near the bottom of

the tower.

tions for decreasing particle size. In terms of
mass, it is apparent that the particles produced
in the surf zone far surpass particles already
present in the air blowing in over the surf zone
from the open sea, in all size ranges. It is quite
apparent that collection of particles behind a
surf zone of this type could give no information
on the number or size distribution of sea salt
particles over the open sea.

For iodine (Fig. 4) the situation is consider-
ably different. The concentration of the total
iodine at the top and bottom of the tower is
practically the same, with the iodine collected
at the bottom only a factor of approximately 2
greater than at the top. It appears that the
major portion of the increase in iodine at the
bottom of the tower comes on the largest
particles, although there are not sufficient
samples to be certain of this.

The variation of the I/Cl ratio with particle
size at the top and bottom of the tower is shown

in Fig. 5. The I/Cl ratio is generally a factor of
3-40 greater on the top than at the bottom,
reflecting the large production of Cl and small
production of I in the surf-zone. The general
shape of the I/Cl ratios vs particle size at the
top and bottom of the tower are similar, largely
due to the very great production of the largest
particles high in Cl in the surf zone. The sea
water I/Cl ratio varying from 3 to 6 x 107 is
also indicated on Fig. 5 (Duce et al., 1965). The
largest particles collected at the bottom of the
tower have I/Cl ratios very close to bulk sea
water, perhaps indicating that these giant
particles may be largely the result of mechanical
tearing of the waves striking the lava headland.
Blanchard (1968) has shown that mechanical
disintegration (atomization) of coastal waters
fails to transfer organic materials in the quanti-
ties to be found in the particles naturally
present in the air over the sea.

The shape of the Br/Cl ratio curves, presented

Tellus XXIII (1971), 4-5
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in Fig. 6, is different for samples taken at the
top and bottom of the tower. At the top, the
characteristic U shaped curve for this ratio is
observed and the ratio is somewhat lower than
the sea water ratio. This has been discussed by
Duce et al. (1967). At the bottom, however,
there is no significant variation of the ratio with
particle gize and the Br/Cl ratio has esgentially
the same value as in sea water.

Conclusions

It is quite apparent that, at least for the
halogens, there is considerable variation in the
relative chemical composition of sea salt
particles produced on the open sea and those
produced in this surf zone. In addition, the
number and size distribution of particles pro-
duced in these two areas are significantly
different. It seems quite likely that relative
concentration differences for other trace ele-
ments, which may undergo chemical fractiona-
tion during the normal bubble bursting process,
may be found on sea salt particles produced in
these two different areas. Certainly great care
must be taken in selecting coastal sampling sites
for the collection of atmospheric sea salt par-
ticles in any subsequent study attempting to
investigate the possible chemical fractionation
effects during bubble bursting on the open sea.

R. A. DUCE AND A. H. WOODCOCK

In addition, only enrichment values obtained
from such carefully selected sites should be used
in any calculations attempting to determine
atmospheric or total geochemical cycles for any
of the enriched trace elements on a global basis.
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PA3HUIA B XIMNYECKOM COCTABE YACTHI] COJIN B BO3AYXE B 30HE
NPUBOSA U B OTKPLITOM MOPE HA TABAWMAX

Ha 6amne Ha BocroyHoM OGepery Iamaiicknx
OCTPOBOB C IIOMOUIbI0 KAaCKajgHLIX 3a00pHBIX
DATYNKOB OHRIIM COGpaHH YacTHYKUM MODPCKOH
colM B BO3AyXe. B mNonbiTHe pasianyuTh 4ac-
THYKH, TOPOKASHHHE B 30He npuboA, u uac-
THYKH, MNOPOKIEHHBIE INPU paspylleHUH TYy-
3pipeil B OTKPHITOM MoOpe, MpoOHI 6pasinch OHO-
BpeMeHHO BOJM3M OCHOBAHHUA MA4THl M Ha €6
BepXy Ha BHICOTE 24 » HaJy ypoBHeM MOPHA.
HelTpoHHEIN aKTMBallUOHHBIA aHAAU3 HA UOA,
6pOM U XJIOp MOKa3al, YTO MOJHOEe COAepHaHue
6poma u xyopa Ob10 B 20-50 pas Bhlie y OCHO-
BAaHUA MAYTH, 4YeM HaBepXy, B TO BpeMA Kak
comep:kaHue uofga Oblio Jaumb BiBoe GoJblue.
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Ornowenue I/Cl 6v510 B 3-30 pas Goabuie gis
npo6, B3ATHX HaBepXy. 3aBHCHMOCTH KOH-
LEHTpaLuy Ha M3 OT pa3Mepa YacTHIl JJA BCEX
TPéX ralloTeHOB, 3HAYUTEJIbHO PAas3IM4YaNIUCh IJIA
npo6 ¢ pasHHX YpoOBHell. OTU BEPTHUKAIbHHIE
TPafiMeHTH YKAa3bIBAlOT Ha OOJBUIYI0 pasHUIY
MKy YaCTHIAMH MeHH OT 06pyIIeHNA BOJIH HA
Geper u oT OOpYlIeHUA BOJH B OTKPHTOM MOpe.
H BniGopy Mect nasa c6opa Ha Oepery 4acTui
MOPCKON COJIM, KOTOPHE IO NpefNoJOoKeHHIo
DOJHHBI [PENCTABIATh YACTUILL, IIOPOKISHHEE
B OTKpPHITOM MOpe, HaRO MOAXOAUTH ¢ Goabmoh
OCTOPOMKHOCTBIO.



