Virus Transfer from Surf to Wind

Surf bubbles adsorb and carry virus to the surface

where bursting bubbles propel virus into the wind.

E. R. Baylor, M. B. Baylor, Duncan C. Blanchard,
Lawrence D. Syzdek, Curtis Appel

Early in this century, Horrocks (1) re-
ported that bacteria could be injected in-
to the air by bursting bubbles. He seeded
identifiable bacteria (Bacillus prodig-
iosus, now called Serratia marcescens)
into waste waters of the sewers of Gi-
braltar and recovered the seeding orga-
nisms on agar settling plates in ventilla-
tion risers upstream of the seeding point.
In 1970, Blanchard and Syzdek (2) found
that the concentration of bacteria in the
drops produced by the bubbles was far
higher than that in the water when the

was first suggested by Woodcock (7),
and later by Sorber et al. (8), and was
demonstrated by Katzenelson et al. (5)
who showed a high correlation between
the incidence of disease and the use of
waste water for spray irrigation in cer-
tain Israeli agricultural communities.

To make use of the aerosol generating
properties of the sea surf, Dimmick (9)
injected Bacillus subtilis spores into the
ocean and recovered the spores 3 Kki-
lometers downwind of the injection site.
The public health aspect of aerosol-car-

Summary. Bubbles in the sea surf adsorb and carry viruses to the surface where
they are propelled into the air on tiny jets of seawater when the bubble bursts. The
ejected jets become tiny drops of aerosol. The bubble adsorption and virus concentra-
tion in the surf is analagous to industrial bubble levitation processes that concentrate
metallic ores, enzymes, and finely divided organic crystals. Bubble levitation of virus-
es deliberately injected into the surf produced 200 times more virus per milliliter in the
aerosol than were present in samples from the surf. Some aerosol drops created by
the surf and carried by the wind fall out on the beach. The frequency of virus-bearing
drops, that is, the number of plaques on seeded plates exposed on the beach, de-
creased exponentially with the distance downwind from the surf.

bubbles burst. Morrow (3) concentrated
foot-and-mouth disease viruses tenfold
by foaming but he ignored the probably
higher concentrations of viruses in the
aerosols produced by the foaming proc-
ess. Blanchard and Syzdek (2) suggested
that aerosols from rivers and lakes could
account for the airborne spread of foot-
and-mouth disease. Aerosols formed
from waste water, whether this water is
from a treatment plant subjected to aera-
tion and agitation, or from the spray irri-
gation of agricultural fields, contain bac-
teria 4, 5).

Field studies of airborne viruses have
not been undertaken according to Clark
and Kabler, although these authors have
abundantly documented the presence of
viruses in waste water (6). The transfer
of viruses from waste water to aerosol
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ried microbial agents from the sea has
been widely neglected, although Gruft et
al. (10) recently demonstrated that My-
cobacterium intracellulare, the causa-
tive organism of Battey infection, can
become airborne from the sea.

The purpose of this article is to dem-
onstrate that viruses in seawater become
absorbed on air bubbles which, on burst-
ing, eject concentrated virus particles in-
to the air in the form of jet droplets in the
manner described for bacteria 2, 11).
The virus-containing droplets may be
carried for considerable distances by the
wind. This distance depends on, among
other things, wind speed and the survival
time of the airborne virus. Viruses with
appropriately short survival times were
used in this study. Our work suggests
that viruses are carried by the aerosol

created by the surf as well as the open
ocean, and suggests that seawater in
which raw sewage is present may pro-
duce an airborne health hazard.

Sampling Virus Fallout on the Beach

A network of sampling stations on the
beach was designed to provide the fol-
lowing information: (i) whether aerosol
drops falling on the beach contained the
virus we had injected into the surf, (ii)
whether the concentration of virus was
greater in the aerosol than it was in the
surf, and (iii) a rough estimate of the sur-
vival time of and distance traveled by the
airborne virus.

Aerosol samples were collected by al-
lowing the droplets to fall on settling
plates that were arranged in a Latin
square of three or more columns parallel
to the wind direction and three or more
rows parallel to the water’s edge. Each
row or column was 10 meters from its
nearest neighbor and the bottom row
was 2 m above the swash zone.

Each sampling station within the net-
work had three different kinds of settling
plates: (i) a clean disposable plastic petri
dish for size measurements of fallen
drops, (ii) an agar plate seeded with the
appropriate host cells for counting the
number of virus-bearing drops per unit
area, and (iii) a liquid surface for estimat-
ing the total number of virus particles
contained in the drops falling on each
unit area. Each of these plates was
placed in the bottom of a bucket 15 cen-
timeters in diameter and 22 c¢cm high to
prevent contamination with blowing
sand. At the time of dye and virus re-
lease in the surf, the plates were uncov-
ered. They were covered again and col-
lected either after the dye patch injected
with the virus was carried away by the
alongshore currents, or after some speci-
fied time if no alongshore currents exist-
ed. When the wind blew at an angle to
the shoreline and currents flowed along-
shore at 0.2 to 1.0 m per second, we re-
leased the dye and virus 100 m upstream
in the surf. Under these circumstances,
the water mass containing the dye and
virus moved past the sampling network
within 3 to 10 minutes.

At each injection, 2 liters of lysate
containing 10'? viruses per milliliter and
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Table 1. Plating characteristics of phages MS-2, T2, and T4 on different strains of E. coli. Sym-
bols: +, clear plaques; —, no plaques; %, turbid plaques (implies that only one of two host cell
strains was lysed); B + B/2 — B/4 means velvet transfer from B + B/2 to B/4.

Host cell strain

Phage ) 4 ) B +
P4X6 B B/ B/ B + B/ B2 - B/4
MS-2 + - - - - -
T2 + + - + + +
T4 + + + - + -
T2 + T4 + + + + + +

1 liter of fluorescein (200 grams per liter)
were carried into the breaking surf to a
wave-trough depth of 1.5 m and were re-
leased simultaneously. Mixing occurred
rapidly in a surf of 2-m waves, but the
dye was visible in all instances for 30
minutes or longer.

Seawater in the surf was sampled be-
fore and during the experiments by open-
ing sterile culture tubes under water.
Sand and foam samples were put into
sterile culture tubes with a sterile spat-
ula. Five milliliters of 0.1M acetate buf-
fer, pH 5.6 (routinely used to protect and
preserve high titers of virus) were added
to the sand and foam samples and the
fluid was assayed by the standard plate
method.

We chose relatively unpopulated
beaches that had a surf as well as a
breeze blowing from the sea to the shore.
Kismet Beach, Fire Island, New York,
where most of our experiments were
conducted, had a 2-m surf on the days
we worked. For a low surf beach (0.5-m
waves) with slow mixing, long residence
time of the dye and virus, and a greatly
reduced rate of aerosol production, we
chose Orient Point Park Beach.

Because of the currents flowing paral-
lel and perpendicular to the shoreline
(I2), we chose our beach location by
dropping small quantities of dye into the
surf to observe the direction and speed
of the current. After we determined that
we were not in the area of a rip current
that would carry dye and viruses away
from the surf, we set out the network of
sampling stations. Since these were
downstream of the dye and virus in-
jection point, all the dye- and virus-laden
water eventually moved past and upwind
of the network of sampling stations.
Bubbles in the surf created the aerosol
droplets that we tested for the presence
of virus.

Bacteria and Bacteriophages Used

Strain B of the common colon bacillus,
Escherichia coli, which is sensitive to
and, therefore, lysed by the coliphages
T2 Hershey and T4 Doerman, was used
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both to assay and to grow high-titer
stocks of these phages. The use of both
strains of phage simultaneously in our
experiments required us to be able to dis-
tinguish between them. For this purpose,
we used two additional strains of E. coli
(see Table 1). The bacterial strain B/2 is
resistant to (not lysed by) phage T2 Her-
shey, and the bacterial strain B/4 is
resistant to phage T4 Doerman. Thus,
when aerosol drops that contained only
T4 fell upon a settling plate seeded with a
mixture of the bacterial strains B and B/
2, then, T4 lysed both B and B/2 and
gave clear plaques. By contrast, aerosol
drops that contained only T2 produced
turbid plaques because the T2 lysed the
B strain of bacteria but left the B/2 un-
touched. On the other hand, aerosol
drops that contained both T2 and T4
gave clear plaques upon the mixture of B
and B/2. Thus the presence of T2 phages
in the drop would go undetected unless
the clear plaque were transferred to a
test plate containing only the bacterial
strain B/4. In practice (I13) all plaques
were transferred simultaneously by suc-
cessively pressing upon a piece of clean
sterile velvet, first the plate bearing the
plaques to be tested and, second, the
plate bearing the sheet of B/4 upon which
T4 does not grow and T2 forms clear
plaques. The use of fiducial marks upon
the velvet and upon both plates per-
mitted exact identification of all plaques
by their location. Thus the number of
clear plaques that transferred is the num-
ber of drops that contained both T2 and
T4. The use of two or more strains of
phage simultaneously in experiments
provides checks for internal consistency
of data and permits the use of Poisson
statistical techniques (14).

In addition to the DNA phages T2 and
T4, we used an RNA phage called MS-2
that was grown on and assayed with the
male strain of E. coli designated P4X6.
This RNA phage was used alone in a
single experiment. The relations be-
tween all the strains of phages and bac-
teria used in our experiments are shown
in Table 1. High-titer stocks of MS-2
were grown on P4X6 in 500 milliliters of
tryptone broth (Difco) containing 0.5

percent NaCl at 37°C in shaker baths.
The titers of the lysates reached 1 x 102
to 5 X 10'2 phages per milliliter.

The DNA phages T2 and T4 were
grown to titers of 102 per milliliter on E.
coli strain B in M9 synthetic medium
(I14). All phages were assayed by dilution
and plated on the proper host cell on agar
plates (1.1 percent agar, 0.5 percent
NadCl, 1 percent tryptone, and 0.5 per-
cent glucose) (I15).

Plates for detecting the presence of vi-
rus in aerosol were prepared in the labo-
ratory before departure to the field. Pre-
poured agar plates were overlaid with
soft (0.7 percent) agar containing 0.2 ml
of appropriate host cells from an over-
night culture in 2 ml of agar. Such plates,
held at ambient temperature and ex-
posed to virus containing aerosol fallout
up to 5 hours after preparation gave
countable plaques.

Control Measurements

Control samples of seawater and
beach sand that were obtained from Kis-
met Beach before the phages were re-
leased in the surf contained no phage.
Control samples from a public bathing
beach 1 km east of Kismet contained
RNA and DNA phages (approximately
10> per milliliter) genetically distinct
from the phages used in our experiments.

To determine the persistence of phage
in the environment, we sampled water
and sand at Orient Park Beach 1 day after
the release of 3 liters of T4 phages con-
taining 102 phages per milliliter. On the
day after release, the phage concentra-
tion in the water was about 102 per mil-
liliter and about 10* per milliliter in the
wet sand. Two days after release, no
phages were found. The low surf charac-
teristic of Orient Point Park Beach pro-
duced aerosol very slowly so that some
virus persisted the following day. By
contrast, the high surf of Kismet Beach
left no phages after the dye had dis-
appeared.

Settling Plates

Our experiments showed that viruses
present in the surf were incorporated in-
to aerosol drops created by the surf and
that these drops were carried by the
wind for distances of greater than 30 m.
Plaque-forming units in the aerosol drop-
lets were cultured and identified as T2
and T4 by their plating characteristics on
the B/2 and B/4 strains of E. coli.

Representative results are shown in
Fig. 1. The number of virus-containing
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aerosol drops found on the settling plates
decreased as a function of the logarithm
of the distance from the surf. The abso-
lute quantities of virus-containing drops,
as well as their decrement rates within
the sampling network, were consistent
for any one day. The conspicuous day-
to-day variation in virus fallout was pri-
marily related to the speed of the along-
shore current which controlled how long
the virus and dye remained downwind of
the collecting network on the beach.

In addition to releasing the DNA
phages, in one experiment, we released
the RNA phage MS-2 in the surf. Al-
though MS-2 was abundant in the seawa-
ter we nevertheless found few MS-2
plaques on the settling plates. The con-
spicuous shift from a high ratio of MS-2
to T2 in the seawater to a low ratio on the
settling plates probably indicates poor
adsorption of MS-2 to air bubbles. We do
not believe that this apparent loss of MS-
2 was due to ultraviolet inactivation be-
cause plates held normal to the wind di-
rection at the water’s edge failed to show
MS-2. On some occasions the host cell
used to detect MS-2 did not grow well
under field conditions. MS-2 is an inter-
esting virus because it closely resembles
pathogenic viruses of animals, but it re-
mains to be seen whether it is adaptable
to field experimentation. Because of the
poor results with MS-2, we experiment-
ed chiefly with T2 and T4.

Dye and Phage Dispersion in the Surf

The dispersion and sampling accessi-
bility of the dye and phage in the surf de-
pended on the wave height and direction
of the surf and the wind speed and wind
direction relative to the beach. In the
quiet waters of Orient Point Park, in the
shelter of Peconic Bay, the diffusing and
mixing dye patch elongated parallel to
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Fig. 1. Decrement of phage fallout in aerosol
drops expressed as percentage of fallout at
water’s edge plotted against distance from
water’s edge. These data show the means and
standard deviations for three rows of collect-
ing sites in a 3 by 5 matrix sampling array.

the beach and by 30 minutes after its re-
lease had expanded to an area more than
100 m long and 3 to 4 m wide with clearly
visible fluorescence. Phage sampled
from the most concentrated dye area in
the water showed a dilution factor of ap-
proximately 10%, and that from the trail-
ing edge of the moving dye patch showed
a dilution of approximately 10°. Con-
trasted with this was the rapid initial dis-
persion of dye and virus in the 2-m-high
surf on Kismet Beach facing the Atlantic
Ocean. Moreover, the motion of the dye
patch away from the shore, although main-
taining the dye in the breaking waves,
nevertheless made sampling difficult and
occasionally hazardous. Depending on
the wave height and the wind, the dye
spot spread out parallel to the beach and
maintained its color longer than 1 hour,
although most often the dye patches mi-
grated downwind. On several occasions
the dye patch was seen and reported to
us by beach strollers after it had moved
more than 1.5 km down the beach. That

the dye and phage remained together is
clearly shown where seeded plates held
normal to the wind direction and down-
wind of the injection site collected phage
only when downwind of the visible patch
of dye. Separation of the phage from the
dye is achieved only by foaming action
of the surf.

Aerosol Drop Diameter

Filar micrometer measurements of the
size of dried drops on clean settling
plates had a range of 9 to 400 micro-
meters with a mean of 60 = 80 um stan-
dard deviation (S.D.) when the settling
plates were near the water’s edge. Ten
meters from the shore, at the location of
the Andersen sampler, the mean drop
diameter was 21 =22 um S.D. The
means of the droplet sizes are not signif-
icantly different. Data on the diameter
of droplets from the settling plates
near the water’s edge contain some
spuriously large numbers that confer
a distinct bimodal distribution on the
data. When the spuriously large numbers
are removed the mean is 35 = 27 um
S.D. According to Blanchard and Syz-
dek (2), the ejected droplets from burst-
ing bubbles are approximately 0.1 of the
diameter of the bubble. Hence, the mean
size of the bubbles in the surf was 350
mm, in good agreement with the data of
Blanchard and Woodcock (16).

The performance of the Andersen
sampler (I7) was less reliable than that of
the horizontal settling plates. On some
days we obtained less than 20 plaques on
all six plates, while settling plates col-
lecting at the same time showed many
hundreds of plaques. On two occasions
we obtained 300 and 700 plaques, respec-
tively, on the Andersen plates. These
data, when plotted on log normal proba-
bility paper, fell on straight lines, with

Table 2. Data from the Andersen viable sampler. The sampler, with all six stages loaded with seeded agar plates, was turned on when the settling
plates were uncovered and turned off when the plates were covered again.

Injec- Date Median diameter of particles Distance Time
tion during captured on each of six stages of sampler (um) from sampled
num- 1976 water (minutes)
ber 7 4.7 3.3 2.1 1.1 0.65 (m)

1 9 June* 19 4 0 6 0 0 50 45

2 9 June* 6 17 2 2 8 1 50 45

1 10 June* 14 6 11 34 8 3 50 45

2 10 June* 7 3 8 3 3 0 50 45

1 2 Julyt 14 1 3 0 0 0 8 15

1 8 Julyt 23 0 0 0 0 0 8 15

2 8 Julyt 2 0 0 0 0 0 8 15

1 15 July# 459 182 27 39 16 5 8 15

2 15 Julyt 318 119 4 13 4 0 8 15

1 22 July 10 3 7 2 0 0 8 15

2 22 July 4 1 2 1 0 0 8 15

*Other types of sampling not used.
plates.
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he results were considered positive but not quantitative.

fPlates were seeded with the cell P4X6 which grew very poorly so that plaques were detected only by velvet transfer to new
$Each hole of the top plate of the Andersen sampler had one or more plaques beneath it.
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the exception of the first stage data
where the drops of all sizes greater than
7 wm impacted and skewed the other-
wise logarithmic density of the fre-
quency of drop diameters. Particle diam-
eter data obtained with the Andersen
sampler showed a range of 1 um to great-
er than 7 um as shown in Table 2. The
data of Table 2 have an uneven quality
and an unusual number of zeros. The un-
even quality reflects the fact that we col-
lected the data on many different days
and had no control over such variables
as wind speed and alongshore current
speed. The number of zeros reflects the
decreasing probability of one phage per
drop when the drop size decreases. In
addition, the number of zeros must result
from the dilution of the phage-bearing
aerosol as it moves from the surf to the
sampler.

When the volume of the aerosol drop
decreases, the number of phages ex-
pected in a drop decreases and the num-
ber of drops containing no phage increas-
es. If, for example, each drop that was 35
um in diameter contained two phages,
then a drop that was 3 to 4 um in diame-
ter would be expected to carry 0.004
phage and 99.6 percent of the drops
would carry no phage. In a 30-minute
collection of the Andersen sampler, 1
cubic meter of air passed through the
sampler. The number of drops having a
diameter of 3 to 4 um in this volume of
marine aerosal is 5 x 10° per cubic
meter according to Blanchard and Wood-
cock (16). If there were no mixing of the
phage-bearing aerosol with uncontami-
nated marine aerosal, then we would
expect 4 X 107 x 5 x 10°> or 2 x 10?
plaques per 30-minute sampling on the
third stage of the Andersen sampler.
When we correct for the dilution and
mixing that occurred between the surf
and the sampler we expect about 1/20 of
the original concentration of viruses
emitted by the surf, or approximately
100 plaques. Because the alongshore
currents carried the virus-dye patch
rapidly past our sampling array we never
found the expected number of plaques
but, instead, found as many as 27 and
frequently found none at all, as Table
2 shows. It is clear in retrospect that
not only the Andersen sampler but the en-
tire sampling array should have been
moved along the beach to remain continu-
ously downwind of the virus-dye patch.

Concentration Factor

The T2 and T4 phages become ad-
sorbed on bubbles and appeared in the
drops formed from bursting bubbles (18).
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Table 3. Analysis of the data from release No.
2 of 15 July 1976. Data show the windborne
aerosol fallout from a mixed injection of T2
and T4 in the surf, and are expressed as num-
bers of plaque-forming units. A single column
of the collecting matrix was analyzed for the
relative numbers of pure and mixed plaques
present in rows 1, 2, and 3 at 1, 11, and 22 m,
respectively, from the water’s edge.

Row number Row

Phage
type 1 2 3 total
T4 135 171 184 490
T2 36 68 27 131
T2 + T4 24 52 33 109
Total number of plaques counted 730

The virus concentration was enhanced in
the same manner as was observed by
Blanchard and Syzdek (/7) for bacteria
and other organic substances. The con-
centration of virus on such drops was 50
times greater than in the bulk fluid from
which the drops were ejected. Our re-
sults confirm that the same phenomenon
occurs in the ocean.

The concentration factor is the ratio of
virus concentration in the drop formed
from a bubble to the concentration of vi-
rus in the seawater. The concentration of
virus in the surf (number per milliliter)
was sampled directly from the most con-
centrated dye spot whenever possible.
The concentration of virus in the drops
was determined from the settling plates,
where we measured the number of virus
particles per unit area of collecting liquid
surface, the number of drops per unit
area of the seeded plates, and the volume
of drops on the clean plates. We as-
sumed in these calculations that the sev-
eral measurements made on different
drops sampled about a half a meter apart
were made on identical samples.

A critically important number in calcu-
lating the concentration factor is the total
number of phages per drop. There are
two ways to find this number. In the first
method, the number of phages per
square centimeter of impact area on the
liquid settling plates is divided by the
volume of drops falling per square cen-
timeter of surface on seeded plates. This
method gave satisfactory results only
when iced tryptone broth was used as
the liquid impact surface. The second
method involves the simultaneous in-
jection of both T2 and T4. The distribu-
tion of the two strains in the drops after a
simultaneous injection of T2 and T4 per-
mitted us to determine the total number
of phages per drop by Poisson statistics.
Analysis of the data in Table 3 is based
on the following assumptions: (i) pure
plaques of T2 are zero counts of T4; (ii)
pure plaques of T4 are zero counts of T2;
and (iii) plaques of T2 plus T4 contain at

least one or more than one of each type
of phage. Table 3 shows that the number
of plaques containing no T2 was 490
which, divided by the total number, 730,
gives 0.67. If we substituted this number
in the zeroth term of the Poisson expan-
sion, we see that the expression reduces
to e* = 0.67, from which we see that
x = 0.4 T2 phages per drop. Similarly,
for zero counts of T4, we have 131/
730 = 0.18 and, again, substituting we
find the probability of zero counts of T4
is e=* = 0.18, from which we see that
x = 1.7 T4 phages per drop. The sum of
the T2 per drop and the T4 per drop is 2.1
phages per drop, the combined dosage of
phage per drop.

The total number of plaques counted
on the same day as that shown in Table 3
was 3922, of which 722 were pure T2.
Using these additional data, we find the
number of T4 per drop is 1.78, which is
in agreement with the 1.7 per drop deter-
mined from the subset that was analyzed
for mixed drops. Extension of the Pois-
son analysis to include more than one,
more than two, and so on, phages per
drop shows good internal consistency of
the data and excellent agreement of
calculated with observed numbers per
drop. For example, the Poisson calcu-
lation predicts that 45 percent of the
plaques containing a T2 particle should
also contain a T4 particle. The observed
number, in excellent agreement with the
predicted number, was 45.2 percent.

To facilitate the calculation of the con-
centration factor, we shall assume there
are two phages per drop and that the vol-
ume of each drop is 2 x 10* um?®, thus
giving a phage concentration of 1 x 108
per milliliter. For phage concentration in
the surf we are assuming 10° per milliliter
and this gives us a calculated concentra-
tion factor of 100. As we shall see, this
concentration factor is extremely con-
servative. The actual measurements of
phage concentration in the surf were 2 x
10* and 2 x 10° phages per milliliter of
seawater. We do not use these lower
concentrations of phage in the surf for
the concentration factor calculation be-
cause we cannot be certain that we have
measured the surf phage concentration
at the most concentrated location. Lo-
cating and sampling the area of highest
dye concentration is difficult without lev-
itation.

Estimates of the concentration factor
made from aerosol fallout into iced tryp-
tone broth on these different releases on
one day gave average phage concentra-
tions per drop of 500. Again, assuming a
drop volume of 2 x 10* um?® we find a
phage concentration of 2.5 x 10'° per
milliliter. The concentration of phage in
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the surf again suffers from the same un-
certainty that we have not measured the
most concentrated area. On the day of
this experiment, the wind speed was 25
to 35 km per hour. The sampling began
2 minutes after injection before the dye
patch had dispersed and continued at 30-
second intervals for the 2 minutes that
the dye was in line with the sampling net-
work on the beach. The phage concen-
tration in the surf was 10® per milliliter
which gives a concentration factor of
250. We believe that the concentration
factors of 100 to 250 found in our beach
experiments are probably low, certainly
conservative, and show beyond doubt that
viruses are concentrated in the drops pro-
pelled into the air by breaking bubbles.

Discussion

Sampling the fallout of virus-con-
taining aerosols confirmed and extended
earlier observations on the wide range of
sizes of drops generated by the surf (76).

We did not corroborate the particle
fallout rates found by Perkins and
Vaughn (79). These authors have given a
calculation for the gravitational fallout of
aerosol drops moving in a 16 km/hour
breeze. Terminal velocities calculated
from their equation are slow and make it
unlikely in our experiments that such
particles would fall within the confines of
our sampling array. Yet, they did fall
within it and the only explanation we can
offer is that aerosol drops trapped inside
the buckets of the sampling array were
not carried away by the wind and fell
freely to the sample collecting surface.
The sharply decreasing rates of fallout
shown by the data in Fig. 1 are probably
due to the dilution of virus-containing
aerosol with uncontaminated aerosol in
the turbulent vertical mixing created by
the sea breeze. The observed loss rates
of virus-containing aerosol drops cannot
be ascribed to drying or the effects of ul-
traviolet light because the exposure
times of 3 to 6 seconds are too short.

Indeed, viruses caught in sea-foam
survive more than 3 hours of drying and
sunlight. Bacteria, viruses, and algae
(20) are not alone when they are ad-
sorbed to bubbles in seawater. Naturally
occurring surface active materials in
seawater also adsorb to bubbles (27).
These materials may confer protection to
the living entities against drying and in-
activation caused by ultraviolet light.

Field experiments frequently suffer
from a lack of control of some of the ex-
perimental variables. Ours are no excep-
tion. The least predictable and most vex-
ing environmental variable of these ex-
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periments was the direction and speed of
the alongshore current. The direction of-
ten changed between two consecutive vi-
rus injections, and in several cases we
were forced to move the entire sampling
array in an effort to maintain it down-
wind of the virus-emitting area in the
surf. When the wind speed exceeded 27
km/hour, it was impossible to keep the
sampling array in the airflow downwind
from the virus sufficiently long to com-
plete the desired sampling. Under these
circumstances, the Andersen samples
gave few or no plaques even when set-
tling plates gave good results. Clearly,
the sampling rate of the Andersen sam-
pler is too low for the rates encountered
in our experiments.

Another uncertainty in our experi-
ments was the virus concentration in the
surf which differed greatly between ex-
periments depending on wind speed, wa-
ter turbulence, and wave height. Be-
cause we could not control these vari-
ables, and could not be certain we were
sampling virus concentration from the
area of most intense fluorescence, we
used our most conservative data for cal-
culating the concentration factor. The
real number doubtlessly exceeds the 100-
fold enrichment we calculated. Whether
or not we have been overcautious in cal-
culating the concentration factor, it is in
good agreement with concentration fac-
tors for phages (I18) and bacteria (2)
found in laboratory experiments. The
significance of the concentration factor is
that aerosol drops from low virus con-
centrations in natural waters may carry
not one but many infective particles and
thereby greatly increase the exposure of
people or animals breathing the aerosol.

It remains to be seen whether all virus-
es and bacteria will show similarly high
concentration factors. Some, such as the
tubercle bacillus with its waxy coat, will
probably have greater concentration fac-
tors. Others, such as the bacterial virus
MS-2 used in some of our preliminary
experiments, will have concentration
factors of less than 100.

In considering the implications of our
data to public health problems, we are
able to make certain predictions. People
living near large population centers on
the seashore have been exposed to aero-
sol-carried infections for as long as the
surf has been contaminated by sewage.
Although we know of no epidemics in
which marine aerosol has been a proven
vector, nevertheless, the potential prob-
lem remains and increasing populations
on the seaboard means increasing sew-
age and increasing exposure to airborne
organisms. Fortunately, exposure to air-
borne viruses or other microorganisms

may not be harmful if they occur normal-
ly and benignly, or if they occur repeat-
edly at very low levels so that immunity
is built up without a full-blown clinical
infection developing. It seems likely that
people resident on the seacoast already
have some immunities from repeated
low-level exposures to the ambient mi-
crobial population in aerosols from sew-
age-contaminated surf. The pattern of
built-up immunities along the seashore is
of great interest and has been demon-
strated by the work of Gruft et al. (10)
relating marine aerosols and skin sensi-
tivity to Mycobacterium intracellulare
(Battey infection) in U.S. Naval recruits
born and raised on the southeastern
seaboard. The real danger to people in-
habiting a coastline comes in the case of
epidemics for which no previous immu-
nity has been developed.

Occasionally, a coastline is subjected
to a sudden intrusion of untreated sew-
age, as, for example, when several days
of southwesterly winds blow the Hudson
River plume 100 km east along the shore
of Fire Island. When this happens, many
human cultural artifacts commonly asso-
ciated with sewage litter the beaches but,
surprisingly enough, few coliform bac-
teria are found in the surf. This apparent
paradox may be explained partly by mix-
ing and partly by the bacteria adsorbing
to bubbles from whitecaps and being
ejected from the water into the wind.
The surf alone produces 3 x 10° bubbles
per square meter per second (I6) and if
we assume that the surf is 25 m wide and
100 km long we have 2.5 X 10° m? emit-
ting 7.5 x 10 bubbles per second. If
each bubble ejects a single bacterium
from the water there will be 7.5 x 10!
bacteria lofted into the wind every sec-
ond. That is an impressive removal rate,
especially when compared with the input
of the Hudson River. The average sum-
mer flow of the Hudson is approximately
5 X 10?2 m® per second according to Bow-
man (22), and the average bacterial count
of New York Harbor water at The Nar-
rows is approximately 102 per cubic me-
ter according to Cassin (23). Hence,
there are 5 x 10 bacteria per second
flowing along the south shore. If this out-
flowing water were evenly distributed
along the 100 km of surf, then at a rate of
removal of 7.5 X 10 bacteria per sec-
ond, the surf would be clean in less than
12 minutes.

Conclusions

Not only can virus be transferred from
the sea to the atmosphere, but its con-
centration in the aerosol can be many
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times higher than that in the main body
of seawater. This is caused by the ad-
sorption of virus to air bubbles as they
rise through the water. When they burst
at the surface the bubble skin strips the
virus-rich layer of water from the bubble
surface and ejects it into the air as small
droplets. This mechanism of virus en-
richment in the aerosol is, no doubt, the
same as that which has been found for
bacteria (I1).

This work has implications for the
field of public health, especially because
viruses have been found in sewage (6),
and because the dumping of sewage into
the coastal regions of the sea is common-
place.
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Humanity in Science:
A Perspective and a Plea

It is an honor and a pleasure to be
asked to give the Phi Beta Kappa lecture
to the American Association for the Ad-
vancement of Science, and after nearly a
century and a half of a remarkable tradi-
tion in both America and England, it is a
good opportunity to take stock. Here in

June Goodfield

goes back some 146 years to 1831, when
the British Association for the Advance-
ment of Science held its first meeting in
York, and thus started these annual cele-
brations of worthy endeavor and high
purpose.

Now if we look around, both at this

Summary. The phrase “humanity in science” encompasses several problems of
various dimensions, which have been present for a long period. Their particular force
can be most clearly appreciated by seeing the historical circumstances in which they
arose and by examining the changing nature of the social contract between the scien-
tific profession and society. The new ethical imperatives presently operating within
society call for new responses. In addition, new ways must be found of mirroring
scientific activity so as to more faithfully reflect its real nature to and incorporate it into

our culture.

Denver, representatives of the scientific
profession, the media, and the enlight-
ened citizenry of the town meet in an at-
mosphere if not of complacency, at least
one that shows a tendency toward mu-
tual admiration. We are the heirs of a
very worthy tradition, which in England
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University, New York 10021. This article was origi-
nally presented as the Phi Beta Kappa lecture at the
AAAS annual meeting in Denver, Colorado, on 24
February 1977.
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present gathering and retrospectively at
history, we are tempted to deduce that
all is indeed well with the relationship of
science and society, and that 146 years
earlier all, indeed, was well; that from
the beginning the public and the scientif-
ic profession together have enjoyed a
persistently happy partnership. Both de-
ductions are quite wrong. All is not well
with the present relationship between
science and society, and in the early
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years too, when the scientific profession
was born in Europe, all was not well.
The golden days for the mutual in-
volvement of science and society came
much later. At the beginning there were,
in fact, great tensions as the profession
emerged, and equally there are some
now. And I want to argue that at least
one problem which lies at the root of
some of our present troubles was a spec-
ter at these feasts from the very start and
has haunted the profession ever since. If
I may change my metaphor; it has been
like the Cheshire cat, taking on firm out-
lines at one period, fading at another,
and then returning to sneer at us once
more. This problem is the theme of my
article and it is the problem of humanity
in science.

Now this phrase can have several
meanings. Marie Curie once said, ‘‘Sci-
ence deals with things not people.’” The
problem arises if, and when, scientists
and technologists are tempted to deal
with people as things. One of the prob-
lems in and around science arises
through the inevitable stance of detached
objectivity whereby a scientist must ap-
proach the natural world. It can be no
problem—but as recent work in the bio-
medical sciences or genetic engineering
demonstrates, it can be a serious prob-
lem. And at a time when the social con-
tract between this profession and society
is in the process of being renegotiated, as
it is now, humanity in science considered
in these terms becomes deeply signifi-
cant.

The second interpretation of this
phrase means a consideration of the hu-
man beings who do science; those re-
markable people who come to us in an
assemblage infinitely varied. It is diffi-
cult to reach out and touch the humanity,
or the humaneness, in the people who do
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