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1. INTRODUCTION

Only sparse material is to be found in literature so far on the
occurrence mercury in the sea and the atmosphere. In particular, there
is very little on the question of mercury present in the air above sea
water areas. This is one of the aspects concerning the general budget of
mercury circulation between the atmosphere and the sea. In this bugdet,
apart from the mercury influx into this environment by natural geochem-
ical processes, there is a rising share of pollution components [10] due to
the activities of Man.

One can assume that the natural background for the presence of
mercury in sea waters, caused by the rock weathering processes, is equal
to the mean Hg concentration in the world ocean which is at present
about 0.03 n-g/1 [10], The data that are of particular interest to us are
those on the mercury concentrations obtained by Fitzgerald and Hunt
[4] for the north-western Atlantic. These concentrations in the surface
layer of the ocean in the Long Island nearshore zone are 0.032 txg/l for
sthe organic and 0.026 n-g/l for the inorganic Hg compounds. On an aver-
age, mercury concentrations in the atmospheric air above the large
industrial centres, such as Osaka and Chicago are 2.2 and 4.8 ng/m3
respectively [2, 11], For the agricultural areas the concentrations of
mercury in the air, recorded in the USA so far are from 1.4 ng/m3in
Willamette [14] to 1.9 ng/m3in the Chicago area [2],

* Preliminary results of this study were presented at the X Scientific Session
of Physical Oceanography of the Polish National SCOR and published in ”Studia
i Materiaty Oceanologiczne”, No. 14, 1976.



We did not succeed in finding any exact figures on the dry fallout
of mercury passing into the sea, in literature. The present study aims
at obtaining such data for the Gulf of Gdansk region, which — similar
to the whole of the Baltic — is almost unexplored as yet in this respect.
Our knowledge does not go far beyond the statement that the share of
aerosol component in the process of exchange of matter between the
atmosphere and the sea is quite essential. Its magnitude is confirmed,
for instance, by the fact, well known from literature [9], that the amount
of strontium 90 passing from the atmosphere directly into the Baltic
during the past fifteen years was found to be four time higher than the
share of this radioactive element entering the marine environment with
the river discharges. In the case of mercury of course, the data can be
expected to be different. Therefore the problem requires special studies.

2. THEORY OF TURBULENT FLUX OF ADMIXTURES

If we assume that aerosols are sprayed in the atmosphere up to height
H and the self-cleaning process occurs by dry sedimentation only, then
assuming their homogeneous concentration, the fallout velocity of par-
ticles can be determined from the expression

v = - (1

where « — is the particle residence time in air. It is the eddy diffusion
that decides on the effective fallout velocity of the airborne particulate
matter. The intensity of diffusive spreading of the aerosol particles and
of the air self-cleaning process due to the transfer of the atmospheric
admixtures into the sea can be investigated through the semi-empirical
equation of eddy diffusion. Upon this assumption, the formula for the
spreading of passive aerosol particles in air under non-stationary condi-
tions, and with the horizontal diffusion component neglected in our
considerations, will read

<M, (Ha . ~

dt _ z 0z2 —Aqa (2)
where: ga — particle concentration in the near-water atmospheric layer,
Kz — vertical eddy diffusivity, A — self-cleaning constant, z — vertical
distance in the atmosphere. Dealing with the process in the near-water
atmospheric layer we multiply equation (2) by H, which is the height of
the turbulent mixing over the sea surface and has been defined by D.L.
Laichtman [12] as

H= - . Cl*G S (3)
2 m0zV Ci(q/TO0) (aT/®z) (Ya— YY)+ m /4 cl



where: ci — dimensionless coefficient, equal to 2.3, x — the Karman
constant, G — geostrophic wind velocity, c@ — vertical component of the
Earth’s angular velocity TO & temperature, aT — the Prandtl number,

Ya and y — the dry adiabatic and mean actual vertical temperature
gradient, m — constant defined by the energy dissipation rate. The
expression thus obtained will describe the vertical flux of airborne parti-
culate matter, in which the mixing height is the parameter defining the
development scale of the turbulent exchange process. Hence, the rate
of transfer of particulate matter towards the sea surface at the height
at which measurements were taken, equal to about 10 m a.s.l., can be
given by

FI0O= H(Aga_K z 4

In order to carry out these calculations we had to assume that the
aerosol concentrations were homogeneous in the horizontal plane and
that the wvertical distribution of ga was linear. The magnitude of the

self-cleaning constant, A= — , was obtainable from the investigations

on the airborne salt nuclei in the near-water atmospheric layer over the
Baltic. Such investigations were carried out by one of the authors [5]
of the present report. The self-cleaning constant obtained therefrom for
the Baltic area is A= 1. 12 x 10-5s_1. This value was determined by two

different methods, 1. an analysis of the transistory fluctuations of

— time dependent changes in salt nuclei concentrations in the near-
water atmosphere, and 2. by examining the particle size distribution of
the airborne particulate matter The above value for A was obtained
for the western air circulation conditions over the Baltic. It is somewhat
less under the local circulation in the investigated water area (A=
— 0.91 x 10-5—9). Since in the area of measurements the western circula-
tion dominates, it appears reasonable to use the former value, A=
= 112 x 10_5s—1 instead.

3. THE MIXING HEIGHT

It is only in rare cases that direct measurement results of mixing
height in the atmosphere are obtainable. Still, there is a number of
methods to determine the mixing height indirectly, either by theory
[13] or basing on the practice used in applied meteorology including
synoptic practice [7]. The range of applicability for each of the indirect
methods will depend on a large extent on the atmospheric and morpho-
logical conditions for which this height is determined.



In order to assess the value of mixing height H in the present study,
two methods were primarily used. Whenever Yiooo — the mean vertical

temperature gradient up to 100 m above the ground did not exceed Ywa —
the wet-adiabatic gradient value — or did so to an insignificant extent
only, with high wind velocities occurring at the same time, we generally
used the methods basing on formulae of general applicability in dynamic
meteorology [6, 12].

In the cases of higher gradients, approximating the dry adiabatic or
super — adiabatic ones, the mixing height was determined from aerological
diagrams [7]. Certain modifications were also introduced for the condi-
tions not covered by the methods that were used by various authors
[7, 12]. This refers, in particular, to the cases when there was a front
with a low cloud layer or a continuous precipitation zone in the sampling
area. The character of the sampling area was also considered being ge-
nerally a coastal land or sea region, i.e. very much disturbed with respect
to the unhomogeneity of their surface conditions.

The following meteorological data were determined and used as
parameters for assessment of H in typical cases:

— vertical stability of air mass, determined from the aerological dia-
grams of the radio-sounding coastal station in teba (taken at 00.00
and 12.00 hours GMT),

— the direction of air mass advection, from the synoptic charts,

— water temperature at sea surface, from shipborne measurements or
measured at the Wiadystawowo coastal station,

— maximal air temperature over land,

— minimal air temperature over land,

— the geostrophic wind velocity, G, according to the synoptic charts,
averaged from three hours of observation for the cool” part of the day
(00.00, 03.00 and 06.00 hours GMT) and from four hours of observation
for the “warm™” one (09.00, 12.00, 15.00 and 18.00 hours GMT),

— value of u — wind velocity taken from the radio-sounding data, from
teba, averaged for 0, 100, 300, 500 and 1000 m above the ground,

— height of the cloud layer and the character of precipitation, if any,

— inversion height wind speed and direction.

It was comparatively cool and windy at the time the investigations
were carried out. The thermodynamic equilibrium was fairly highly
differentiated, and the mixing height was very unstable. The values
obtained for H reach from a few metres in the cases of negative vertical
temperature gradients in the lowest air layers at low wind velocities,
up to about 2000 m, in cases of unstable conditions. For certain summer
seasons having a distinct diurnal temperature course, the diurnal course



of H had inversion of extreme H values above the sea regions as compared
with the land areas. The results of the analysis as applied to H and Fio
calculations are listed in Table 1.

4. MEASURING TECHNIQUES

Marine aerosol and surface water samples were taken in the Gulf of
Gdansk (Fig. 1) during the exploratory cruises of the research vessel
“Hydromet”. Air was filtered by means of a water filter (air washer).
Equipment of that type was exposed in conjunction with a one-stage

Fig. 1. Hg measurement stations in the Gulf of Gdansk area
Rye. 1. Rozmieszczenie stacji pomiaréw rteci na Zatoce Gdanskiej

cascade impactor to check the effectiveness of capturing the airborne
particulate matter by the air washer. A scheme of the equipment is
found in Fig. 2. Air drawn by a pump entered the washer through a glass
pipe placed 1—2 cm above the water surface. Immersion of the pipe end
in water was avoided to prevent the blowout effect of collected substan-
ces that might be passing from the water during the bursting of air bub-
bles at the water surface.

The portion of the particulate matter that was not captured by water
was collected on the surface of a glass plate in the impactor. To achieve
this, the glass plate was treated with a vaseline in petroleum solution.
After exposure of the plate a Pulfrich photometer was used and the
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fraction collected on the glass plate was measured
by employing the light dispersion principle. To check
the particle capture effectiveness of the air washer,
glass plates were exposed afterwards without the use
of any water filter. The effectiveness of capturing
aerosol particles in the filter was slightly above 90
per cent on the average. The equipment was de-
signed to sample airborn particulate matter from
practically unlimited air volumes per sample. An air
washer was filled with up to 20 ml bidistilled water
and sampling was conducted under strict control of
the water level during the exposition. The air washer
was made of glass. Even so, the intense water move-
ment during exposure of the equipment, the small
surface of the vessel and the relatively short samp-
ling time resulted in Hg losses, due to the absorption
possibility of this element on the washer walls, if
any, being practically imperceptible. Immediately af-
ter exposure water taken with the sample was
poured into a polyethylene can with concentrated
nitric acid and stored deep frozen in a refrigerator.

Fig. 2. Scheme of
aerosol sampling
equipment
Rye. 2. Schemat
urzadzenia zastoso-
wanego do pobiera-

The sample was thus secured against Hg losses du-
ring storage.
Air filtering took place on the highest deck of

nia probek aerozolu
Z powietrza atmo»
sferycznego

the vessel, 6 m high a.s.l. Care was taken that the

filtration took place far from the exhaust pipes on the ship, with fresh
air passing from the outside. The effect of the vessel on the pollution
level of air at the filtration site was actually negligible, as can be inferred
from the open sea measurements. In the open Baltic the mercury con-
centrations in air were frequently found to equal or approximate zero.
Parallel with the measurements in the open Gulf area, analogical filtration
was carried out in Gdynia, at the point on the Gulf coast, where the
described equipment was exposed 12 m above sea level. The sampling,
storage procedure, and the capture control weref the same as at sea.

W ater samples from the sea surface water layer were collected by
means of plastic bottles. It was possible to sample water from a layer
practically 0.5 m beneath the sea surface. From the very moment of
sampling, water samples in polyethylene cans were stored in a refriger-
ator down to — 20°C. Moreover, to avoid losses during storage samples
were treated with a concentrated nitric acid, 10 ml per litre of sampled
water.



Mercury concentrations in the samples collected from the atmosphere
and the sea water were measured by means of the Beckman (model 448)
atomic absorption spectrophotometer. Samples were cold-mineralized with
potassium permanganate and potassium persulphate. A flameless tech-
nique was used in the measurements and records were made at the 253.4
nm wavelength. The detection limit of about 4 ng was adequate to mea-
sure Hg concentrations higher than 0.1 n-g/l with a precision of 5 per cent.
The coefficient of variations increased up to 50 per cent at low concen-
trations approximating the detection limit.

5. DISCUSSION OF RESULTS

The applied method enabled us to examine the flux of airborne mer-
cury passing into the sea with other particulate matter suspended in air.
The mercury fraction present in the atmosphere (predominantly the ga-
seous form in methyl or dimethyl mercury), theoretically would dissolve
in water until the dinamic equilibrium was achieved. Our measurements
have proved that, on the average, the amount of organic mercury com-
pounds present in aerosols and atmospheric precipitations reaches 45 to
95 per cent of their total mercury content, probably depending on the
degree of industrial pollution of the atmosphere. It is thus concluded that
some organic mercury compounds are not gaseous. Part of them are appa-
rently linked with the aerosols. It must not be excluded that the aerosol
particles can act as effective Hg sorbents, among these particularly the
carbon particles.

The total mercury concentrations per unit volume measured in the
near-water atmospheric layer in the Gulf of Gdansk are listed in Table
2. These values are compared against the magnitude of Hg flux directed
from the air towards the Gulf surface, as calculated on their basis. The
values of Fio and qa varied during the measurement period within one
order of magnitude, and so did qw — the mercury concentration in the
Gulf of Gdansk surface water layer (Table 2). The mercury concentra-
tion in sea water is approximately one million times higher than in the
atmosphere.

Table 3 lists separately the mean qw values for the Gulf of Gdansk
coastal zone in the Three Towns Complex (Gdansk—Sopot—Gdynia)
(Fig. 1, Stations Nos. 1. ZN2, ZN3, NP, GD). The average mercury
concentrations at these stations during the measurement period were
one and a half times higher than those recorded for the remote stations
in the Gulf area. Such a difference in mercury concentrations is even



Table 2
Tabela 2

Total mercury concentration and vertical flux of mercury over the Gulf of Gdansk
Catkowite stezenie i pionowy strumien rteci nad Zatokg Gdanska

. . Measured Hg Calculated
Data on aerosol sampling Wind velocity, Concentration Flux FI0
(water filter) mis in air, ng/m3 ng/m2 hour

ia Open Gdynia  Open Gdynia
Sampling time Air volume Gulf Gdynia Op y p y

. of Gulf nearshore Gulf nearshore
1974 m Gdansk area area

May 318.7 6.4 0.25 + 0.02 <54

68.0 75 2.13 + 0.18 31.9
August 38.7 29 1.03 + 0.09 185
October 6.1 8.0 1.09 + 0.29 10.8

59.7 4.8 221+ 0.18 29.0

Table 3

Tabela 3

Total mercury concentration in the surface water layer of the Gulf of Gdansk and
the sedimentation of particulate matter in air and the sea water
Catkowite stezenie rteci w powierzchniowej warstwie Zatoki Gdanskiej
i predko$¢ sedymentacji czastek w powietrzu i wodzie

Data on Sea Hg Concentrations, Calculated Hg
Water sampling gl sedimentation velocity, cm/s
. . Open Nearshore .
Sampling time No. of — ¢, ¢ (Three Towns !N @ In water
1974 samples
Complex) area
May 3 137+ 0.04 0.65 0.01.10-5
2 1.01 £ 0.04 0.42 0.09.10-5
August 3 067+ 0.04 0.50 0.08.10-5
4 1.81 + 0.05
October 4 0.05* 0.04 0.27 0.06.10-5
4 0.12 + 0.04 0.37 0.68.10-5

more clear from Table 2 for the airborne mercury compounds. The va-
lues for Gdynia in this respect are three times higher than the respective
data obtained for the open Gulf area. These data might also be
indicative of the source of pollution and of the direction in which it is
spreading from land towards the sea. Nothing definite however, can be
asserted on the share of airborne mercury in its circulation budget in

6 — Oceanologia nr 7



the water area itself. One would have to compare these data with the
rate of the mercury passing with river inflow into the Gulf waters
while this amount still remains unknown.

The mercury flux into the Gulf of Gdansk waters with the airborne
particulate matter during the measurement period was within 5.4—31.9
ng/m2 per hour. All the same, even when assessing much higher mer-
cury concentrations in the nearshore atmosphere, one should not rush
to the conclusion that air is the main source of water pollution in the
Gulf of Gdansk. As may be inferred from previous investigations
[1], the emission of water droplets into the air from the ocean surface
is of the order of 100 droplets/cm2 s. Hence, the mercury emission from
water into the atmosphere with the marine aerosols can be quite sub-
stantial. On the other hand, the mercury methyl (or dimethyl) volati-
lization can have quite a different mechanism. The process of particle
emission into the atmosphere in general is particularly intense in the
surf zone, as explained, for instance, on the example of DDT spreading
in the Baltic [13]. This fact is due to the peculiar dynamics of the sea
in its nearshore zone, adding to the emission of droplets passing into the
air. The mechanism of this emission should be effective, above all, for
the components collecting in the surface film of sea water. The concen-
tration distribution of microelements in the sea surface layer, and
especially in its film, has not yet been sufficiently explored; one might
expect that higher concentrations will be found in that very film.

It will be seen from the data listed in Table 3 that Va — transfer
velocity of airborne particulate matter towards the Gulf waters — ran-
ged during the measurement period between 0.3 and 0.7 cm/s on aver-
age. This is a velocity comparable with the sedimentantion velocity of,
say, smoke particles in windless air, within the radius of the order of
10-4 cm [3], i.e. for the giant particle sizes, to which the airborne sea
salt nuclei fractions, examined in the study [5], also belong. Still, in our
case the velocities obtained do not refer to the sedimentation in calm
weather, but rather to the particle transfer under the eddy diffusion
conditions. Therefore its magnitude depends on the mixing height and
on the self-cleaning constant A, determined previously [5] for the
turbulent conditions over the Baltic sea. Hence, the values obtained may
not be referred to the giant particles only. The air-to-water transfer
velocities obtained, for instance, for C02 at the average wind speeds of
about 5—7 m/s were of the order of (0.1-70.3) «10-2 cm/s [8] and with
the wind velocity increase the value for the C02 exchange quickly rose
These are values by approximately two orders of magnitude lower than
the ones obtained by us - being what could be expected. All the same, if
we consider the turbulence conditions during the measurement period,



by comparing the above values we can also substantiate our conclusions
as to the share of submicron particles in the aerosol samples tested.

The extreme Fio values for airborne mercury were obtained by open
air exposure of polyvinyl trays of 800 cm2 collection area, filled with
bidistilled water. The exposure was accomplished during the research
vessel cruises in the Gulf of Gdansk and also at the coastal station in
Gdynia. To assess the possible losses of Hg due to the adsorption on the
tray walls parallel exposure of polyvinyl trays and polythylene cans
was effectuated.

Differences in the losses however, escaped any evaluation. An ana-
lysis of dry sediment has proved that Fio may vary within a wide range
of magnitudes (Fig. 3) also covering the scope of calculated values. The
considerable deviations of measured values, found to be in excess of the
mean ones, can undoubtedly be attributed to the maximum of total
mercury concentrations in air in February, coinciding with the meas-
urement period. Apart from these, it should be stressed that exper-
imental methods of dry sediment testing are not devoid of difficulties,
and under such circumstances errors occur.

Generally, an equilibrium between the diffusive Hg transfer from the
atmosphere into sea and the diffusive Hg sedimentation should exist
in water. Otherwise, we could only speak of the tendency of continuous
rise or drop in the mercury concentrations in the sea surface layer, as
caused by different velocities of mere vertical transfer. If we therefore
assume that such an equilibrium does exist, we conclude that

Fio— Fw

i.e. that the vertical turbulent flux of mercury transferred into water
from the atmosphere is equal in its magnitude to the Hg flux directed
towards the bottom of the sea. Hence on the basis of the values obtained
for qa, qw and Va, we can also calculate Vw, being the diffusive sedimen-
tation velocity of particles in the sea water surface layer. This value as
shown in Table 3 is on average five to six orders of magnitude lower
than Va, i.e. too low indeed to correspond to the velocities of Hg spread-
ing in the sea, as might be expected upon consideration of the intense
turbulent diffusion taking place in the near-surface water layer. This
conclusion coincides rather well with the fact that the atmosphere can-
not be the only source of mercury pollution in the Gulf of Gdansk basin.
At any rate, there is no doubt about the actual occurrence of sudden
change in the vertical transfer velocity at the air-sea interface. If this is
so, we arrive at the effect of inertia in the process of Hg transfer through
the air-sea interface, and this in turn should considerably obscure
the difference between the Hg content fluctuations in the air and



Fig. 3. Variations in total mercury cencentration in air, from the measurements
in Gdynia (solid line, dashed during the period of longer breaks in measure-
ments) and above the Gulf of Gdansk (points with a dash, its length corresponding
to the number of observation days) and FI values (dashes for Gdynia dotted lines
for the Gulf of Gdansk area; their length corresponding to the number of obser-
vation days; dashes with zeros at their ends refer to the calculated F10 values)

Rye. 3. Przebieg czasowy wahan ga — stezenia catkowitej rteci w powietrzu
wedtug pomiaréw w Gdyni (linia ciggta, w okresie z dtuzszg przerwa w pomia-
rach — przerywana) oraz na Zatoce Gdanskiej (punkty z pozioma kreska o dtugosci
odpowiadajacej liczbie dni obserwacji) a takze wielko$¢ FI10 (kreski ciagte dla
Gdyni, kropkowane — dla Zatoki Gdanskiej; dtugos¢ kresek odpowiada liczbie dni
obserwacji, zera na koncach odnoszg sie do obliczonych wartosci F10)

water respectively. The question of this relationship is complicated and
will need further clarification. When investigating the problem, one
should rely on the measurements to be taken in the surface film of the
sea. Such measurements actually were carried out.

Film water samples were taken to check whether the surface film
favours Hg accumulation. The method consisted in vertically immersing



a glass plate into the water surface layer; the test plate was 30 by 40 cm,
4 mm thick. When taken out of water, the film sample present on the
glass was scraped off with a polyethylene knife. Samples were collected
into a polyethylene storage can, and the method to prevent Hg losses
was in general as described above. The surface film samples thus col-
lected during the exploration cruises in February 1975 enabled us to
determine the total mercury content present there; this was 258 n-g/l in
the Gulf of Gdansk. The analysis showed that there were one hundred
per cent in organic mercury compounds. By contrasting this value against
the data in Table 3 we conclude that the Hg concentration in the surface
film is much higher — by two or three orders of magnitude on average
— than in the surface water layer. Still, the contribution of the turbulent
flux of airborne particulate matter to the mechanism of mercury accumu-
lation in the sea surface film is far from being elucidated and further
investigations are necessary to explain its significance.
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BADANIA WIELKOSCI TURBULENCYJNEGO STRUMIENIA RTECI
AEROZOLOWEJ PRZENOSZONEJ Z ATMOSFERY DO MORZA

Streszczenie

Turbulencyjny strumien rteci przenoszonej z czastkami aerozolu do morza ba-
dano na przyktadzie Zatoki Gdanskiej. W tym celu zorganizowano pomiary steze-
nia rteci w powietrzu przywodnym, na zatoce i na stacjach brzegowych. Korzy-
stajgc z materiatldw aerologicznych i synoptycznych, jednocze$nie badano warun-
ki mieszania turbulencyjnego w rejonie pomiaréw. Wielko$¢ strumienia obliczano
na podstawie oszacowanej wysokosci warstwy mieszania i wartosci statej samo-
oczyszczania, okreslonej z badan nad jadrami kondensacji na Battyku. Obliczone
wartosci poréwnuje sie ze zmierzonymi stezeniami rteci w powietrzu i powierzch-
niowej warstwie morza oraz z eksperymentalnymi danymi sedymentacji rteci aero-
zolowej w badanym rejonie. Pomiaréw dokonano metoda bezptomieniowej absorpcji
atomowej, technikg zimnych par.

W pracy stwierdza sie, ze wielko$¢ turbulencyjnego przenoszenia rteci z atmo-
sfery do morza wahata sie w okresie maj—pazdziernik 1974 roku w granicach
jednego rzedu wielkosci. Podobnej wielkosci fluktuacje obserwowano rowniez w
zakresie stezen rteci w powietrzu i w powierzchniowej warstwie morza.

Dochodzi sie do wniosku, ze juz tylko wystepujacy na powierzchni rozdziatu
atmosfery i morza duzy skok efektywnej predkosci dyfuzyjnego wypadania rteci
w wodzie i powietrzu w znacznej mierze powinien powodowac¢ wystepowanie mak-
symalnych stezen rteci w blonie powierzchniowej morza. Maksymalne stezenia zo-
staty potwierdzone drogg specjalnych pomiaréw.
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