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FOREWORD
Estimates in the literature of atmospheric contributions of petroleum hydrocarbons to the world's oceans are in the range from 0.1 to 10 million tons per year.
The short-chain low-boiling hydrocarbons are suggested as being dominant. There are,
however, no reliable data to narrow down the above range, or to identify the composition of hydrocarbons entering the ocean from the atmosphere.
In view of the growing concern of Members with respect to marine environment
pollution by petroleum and the potential of certain organic components to modify air/
sea interfacial parameters and interaction processes, the Special Environmental
Report No.6, "Determination of the atmospheric contribution of petroleum hydrocarbons
to the oceans", prepared by WMO/IOC consultants Dr. W. D. Garret and V. M. Smagin and
dealing with scientific basis of the problem, was published by
WHO in 1976
(WMO - No. 440). The report was well received and the WMO/IOC Task Team on Methodology for Monitoring Pollutants (Especially Petroleum Hydrocarbons) Entering the Sea
from the Atmosphere (Grenoble, September 1975) suggested that it be used as a basis
for development of a plan of implementation. WMO, with support provided by UNEP,
invited Professor Robert A. Duce to prepare this plan. Since the methodology contained in it can easily be modified for use in regional and national programmes dealing with interchange pollutants between the atmosphere and sea, and since it can also
be extended to include measurements of trace metals and heavier chlorinated hydrocarbons, the Working Group on Interchange of Pollutants between the Atmosphere and
Oceans (Dubrovnic, October 1977) and the EC Panel of Experts on Environmental Pollution (Geneva, October 1977) recommended the publication of the plan prepared by
Professor Duce.
I am pleased to have this opportunity of expressing to Professor Duce my
sincere appreciation for the time and effort he has devoted to the preparation of
this valuable publication.

.
cs. ~4J1e_;.
D. A. Davies
Secretary-General

-----------------------------------------------------------------------------------------------------------------------------------------------------,

SUMMARY

This report develops an implementation plan for the collection and analysis
methodology required to determine the atmospheric concentration and fluxes of petroleum hydrocarbons entering the open ocean from the atmosphere. Included in the report
are detailed discussions of sampling site selection, atmospheric and sea-surface sample
collection, analytical procedures, and a proposed timetable.
It is recommended that this programme be initiated on a pilot study basis at
Bermuda and American Samoa. Since the measurement of petroleum hydrocarbons in the
atmosphere is not routine or standardized at this time, it is recommended that this
programme be undertaken in a research mode, with one laboratory selected to develop
and test in detail the collection and analytical procedures. After these procedures
have been standardized, a preliminary field programme should be initiated in Bermuda
in the summer of 1980. Provided this test period is satisfactory, more routine
monitoring should be initiated at both Bermuda and American Samoa in 1981.

o

RESUME

Le present rapport contient Ie plan de mise en oeuvre d'un programme
d'echantillonnage et d'analyse visant ~ determiner la concentration dans
l'atmosphere et les flux d'hydrocarbures de petrole qui penetrent de l'ocean dans
l'atmosphere. Le rapport contient des renseignements detailles sur les points
suivants: selection du site d'echantillonnage, collection d'echantillons dans
l'atmosphere et ~ la surface de la mer, methodes d'analyse, projet de calendrier
d'execution.
II est recommande que Ie programme debute sous forme d'une etude pilote
aux Bermudes et au Samoa americain. Etant donne que les mesures des concentrations
d'hydrocarbures dans l'atmosphere ne s'effectuent pas encore de fa~on reguliere ou
normalisee, il est recommande que ce programme ait un caractere de recherche et que
l'on choisisse un laboratoire charge de mettre au point et d'experimenter les procedures d'echantillonnage et d'analyse. Une fois que ces procedures auront ete normalisees, il conviendrait d'entreprendre aux Bermudes, durant l'ete de 1980, un premier
programme d'operations sur Ie terrain. Si ce programme experimental donne des resultats satisfaisants, des operations de surveillance plus regulieres devraient etre
entreprises en 1981, aussi bien aux Bermudes qu'au Samoa americain.
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RESUMEN

El presente informe contiene el plan de ejecuci6n de un programa de muestreo
y an61isis necesario para determinar la concentraci6n atmosferica y los flujos de hidrocarburos de petr61eo que penetran en los oceanos desde la atm6sfera. En el informe
figura informaci6n detallada acerca de los emplazamientos seleccionados para efectuar
las operaciones de muestreo, la recogida de muestras en la atm6sfera y en la superficie del mar, los metodos de an61isis y el calendario de ejecuci6n propuesto.
Se recomienda que se inicie el programa en las Bermudas y en Samoa Americana
a tItulo de estudio piloto. Como quiera que las mediciones de las concentraciones de
hidrocarburos del petr61eo en la atm6sfera no se efectuan aun de manera peri6dica y
normalizada, se recomienda que este programa tenga un carecter de investigaci6n y que
se seleccione un laboratorio para poner a punta y ensayar los procedimientos de muestreo y an61isis. Una vez que se haya logrado normalizar esos procedimientos, convendra emprender en las Bermudas, durante el verano de 1980, un primer programa de operaciones sobre el terreno. Si ese programa experimental da resultados satisfactorios,
en 1981 se podren emprender con troles mes regula res tanto en las Bermudas como en Samoa Americana.

1.
1.1

INTRODUCTION

BACKGROUND INFORMATION

At the twenty-sixth session of the Executive Committee of the World Meteorological Organization it was proposed that the monitoring of petroleum hydrocarbons
(PHCs) entering the sea from the atmosphere should be a significant part of the IGOSS
(Integrated Global Ocean Station System) Project on Marine Pollution Monitoring of Oil.
The sixth session of the WMO Commission for Atmospheric Sciences also encouraged the
development of pilot studies of the methods for collecting precipitation and dry deposition samples to monitor atmospheric pollutants entering the sea. As an initial step
in this direction for petroleum hydrocarbons, Garrett and Smagin (1976) prepared a
report for WMO entitled "Determination of the atmospheric contribution of petroleum
hydrocarbons to the oceans" (WMO - No. 440). The summary of their report is as
follows~

"The report reviews the existing knowledge concerning petroleum hydrocarbons in the marine atmosphere and procedures by which their flux
from air to sea may be determined. A sampling and analytical programme
is recommended in order to assess the atmospheric contribution of petroleum. The possibilities of air-sea interfacial alterations by petroleum
films which could influence geophysical processes and climate are discussed to some extent. Preliminary estimation has been made for the
sea-to-air flux of petroleum hydrocarbons.
The recommended sampling and analysis scheme for determination of the
flux of petroleum hydrocarbons at the air-sea interface will be composed
of three parts and require both land and sea stations. The three phases
of the programme include air sampling, sea-surface sampling and the collection of precipitation and dry fallout. Sophisticated analytical techniques and highly trained technicians and scientists are required because
of the following task difficulties:
(a)

Expected low concentrations of hydrocarbonsi

(b)

High probability of sample contamination from a number of
sourcesi

(c)

The need to distinguish between petroleum and biogenic
forms of hydrocarbons.

These factors will require relatively expensive equipment and personnel, so
that sampling sites must be carefully selected to provide, at a reasonable
cost, the maximum information without redundancy."
In September 1975 the WMO/IOC Task Team on Methodology for Monitoring Pollutants (Especially Petroleum Hydrocarbons) Entering the Sea from the Atmosphere
recommended that the Garrett and Smagin (1976) report be used as a basis and guide
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for the future implementation of a study of the flux of petroleum hydrocarbons from
the atmosphere to the ocean. This report is an implementation plan for that study.

1.2

OBJECTIVE OF THIS REPORT

As pointed out by Garrett and Smagin (1976), "The need for an assessment of
the atmospheric contribution of petroleum-derived hydrocarbons relative to the oceanic
loading from other sources has been recognized by several scientific bodies, but little
concrete information is currently available to provide such an evaluation. Estimates
of this contribution have varied widely because of the complex nature of atmospheric
dynamics and air-to-sea transport processes". The objective of this report is to
develop a plan for the collection and analysis methodology required to determine the
atmospheric concentrations and fluxes of petroleum hydrocarbons entering the open
ocean from the atmosphere. Included in this report will be considerations of sampling
site selection, atmospheric and sea-surface sample collection, analytical procedures
for petroleum hydrocarbons, and a recommended implementation plan and time framework.
The Garrett and Smagin (1976) report should be consulted for a detailed
overview of the rationale for investigating petroleum hydrocarbons in the ocean and
atmosphere and consideration of exchange between these reservoirs. Also included in
their report is a review of previous work undertaken in this area and a general discussion of collection and analysis methods.

1.3

EFFECTS OF PETROLEUM ON AIR/SEA EXCHANGE PROCESSES

One of the primary concerns relative to petroleum in the ocean is whether
the presence of petroleum at or near the air/sea interface can seriously affect air/
sea exchange processes. This topic was reviewed by Garrett and Sma gin (1976), who
point out that
"Micro-scale processes are significantly modified by natural films
of polar, surface-active substances and, under certain conditions, large
petroleum slicks can affect a number of interfacial phenomena (Garrett,
1972). Capillary waves are rapidly attenuated and the diminution of
gravity waves and sea spray has been observed and measured (Barger et al.,
1970). Films of oil or natural slicks alter air-bubble bursting mechanisms
which in turn influence sea foaminess, the number and size of condensation
nuclei ejected into the marine atmosphere and the chemical nature of the
resulting aerosol. While the sensible temperature of a natural slicked
surface is usually a few tenths of a degree cooler than the surrounding
water, an oil spill may be warmer, colder or of the same temperature
depending on a large number of oceanographic and meteorological parameters.
Natural surface films are not expected to influence gas transport because
of their chemical constitution and the dynamic character of the air-sea
interface (Garrett, 1972). On the other hand, because the diffusion
coefficient of water in air is about 10 4 greater than in oil, evaporation
through an oil layer is substantially reduced. The relative reduction
in evaporation increases with wind velocity (Gilby and Heymann, 1948)."
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There has been relatively little advance in our knowledge of the effect of
oil spills and surface films on air/sea exchange since the Garrett and Smagin review.
Exceptions are studies of the exchange of 02 and water vapour across the air/water
interface in the presence of oil films (Liss and Martinelli, 1977) and of the effect
of surface films on the exchange of S02' N0 2 , N2 , CO 2 , and the inert gases across the
air/sea interface (Liss, 1977). These recent investigations; and that of Kinsey (1973)
on the effect of crude oil films on the exchange of 02 and CO 2 across the air/sea
interface over a coral reef, will be briefly reviewed here.
Liss (1973) has reviewed the process of gas exchange across the air/sea
interface. In a two-layer boundary system at an air/water interface, the flux, F,
of any gas through each boundary layer is given by:
F =

k~c

g m-2 s,

where F is the flux in, e.g~
6c is the concentration difference across
the particular layer in g m-3 and k is the corresponding exchange coefficient or
transfer velocity in m s-l.

As Liss (1973) points out, k depends on many factors, including the degree
of mixing of the water and air and the chemical reactivity of the gas. The reciprocal
of k is often called the resistance, ~ and is a measure of the "resistance" of the
gas to transfer. It has units of s m- l
The total resistance to the exchange of any
gas will be the sum of the resistance in the gas and liquid phase laminar layer. Surface contamination, such as an oil film, would contribute to the resistance in the
liquid phase.
As the paper of Liss (1973) indicates:
"Consider the changes in gas concentration near the interface between
air and water where gas exchange is taking place. In the bulk of the
gas (which is assumed to be well mixed) the gas concentration is c •
Nearer the interface the concentration changes and at the surface ~he
gas concentration is c sg • Similarly, the concentration of dissolved
gas in the liquid is Csl at the interface and Cl in the bulk of the
liquid, which is again assumed to be well mixed. By applying equation (1)
to the exchange in both phases and assuming that the transport of gas
across the interface is a steady-state process, it follows that:

(2)
If the exchanging gas obeys Henry's law, then:
c sg

= HC sl

(3)

where H (the Henry's law constant) =
Equilibrium concentration in gas phase (g/m 3 air)
Equilibrium concentration of unionized dissolved
gas in liquid phase (gjm 3 water)

,.
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If (2) and (3) are combined
F
where

= Kg(c g

- HC1 )

l/K g

= Kl(cglH

= l/k g

- Cl )

+ H/k l

and

(4)
(5)
(6)

Liss then states that
"The total resistance (R t ), expressed either on a gas phase (l/K )
or liquid phase (l/K l ) basis, depends on the exchange constants ~f the
individual phases and the value of the Henry's law constant for the
gas concerned.
For convenience in using equation (6), l/k l may be written as 1'1 and
l/Hkg as rg:

(7)
Provided measurements are available, relationships such as equation
(7) can be used to ascertain the relative importance of gas and liquid
phase resistances for the exchange of any particular gas.
However, except in special circumstances, it is difficult to measure
individual resistances, and most field and laboratory studies have
measured only the total resistance. For most of the common atmospheric
gases, the resistance of either one of the phases tends to predominate.
In these cases, the total measured resistance is for all practical
purposes numerically equal to the individual resistance of the rate
controlling phase."
The exchange of gases which are not particularly soluble in water, e.g.
N2 , 02' CO 2 , and the inert gases is largely controlled by the resistance in the
liquid phase. On the other hand, the exchange of such very soluble gases as H 0,
2
S02' N02, HC1, etc. is controlled by resistance in the gas-phase laminar layer. This
class of compound is often quite reactive in the aqueous phase. Liss (1977) attempted
to evaluate the effects of impurities or contaminants, such as oil films, on the exchange of gases in these two groups.
For gases whose exchange is controlled by the gas phase, Liss (1977) points
out that the presence of a surface active film or oil layer will add a liquid-phase
resistance to the already predominant gas-phase resistance. Thus a considerable decrease in the evaporation rate would be predicted. Liss (1977), Garrett and Smagin
(1976) and Garrett (1972), however, note that for a very thin surface film, e.g.
a monolayer, the molecules must be linear and be able to be closely packed in order
effectively to restrict gas transfer. Double bonds and branching in organic compounds
distinctly distort the linearity and close packing of the film molecules. LaMer (1962)
pointed out that if non-linear molecules constitute one per cent of the surface microlayer, its ability to reduce gas exchange is lowered by 90-99 per cent.
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For gases whose exchange is controlled by the liquid phase, Liss (1977)
suggests that the contaminated film at the surface adds a liquid-phase resistance
to the significant liquid-phase resistance already present in the laminar layer.
Thus relatively little effect would normally be expected for these gases.

Experimental evidence supports the suggestions of Liss above. For example,
Kinsey (1973) investigated the effects of crude oil spills on the exchange of both
O2 and CO 2 across the air/sea interface at a coral reef on Heron Island on the
Great Barrier Reef. He found that while films as thin as 0.1 mm caused considerable
calming of the water surface, films of from 0.1 to 0.7 mm thickness caused no apparent
interference with O2 and C02 transfer except that which could be accounted for by the
calming effect. Wind velocities were generally under 5 m s-l
He points out that
additional information is required for calm conditions and thicker oil films, when
greater effects might be expected.
Liss and Martinelli (1977) reported laboratory studies of the exchange of
oxygen and water vapour across a water/air interface as a function of the thickness
of a light lubricating oil film on a calm water surface. The water contained
35 per mille NaCl, similar to sea-water. Their results are shown in Figure 1, where
the ratio of the transfer velocities (expressed as a percentage) in the presence (k)
and absence (ko ) of the oil film are plotted against the film thickness.
For 0 , the discussion above would predict a relatively small reduction in
the rate of tr~nsfer across the air/water interface, since O2 exchange is liquid-phase
controlled. As shown in Figure 1, no change in the 02 exchange rate is observed up
to a film thickness of about 0.01 mm. Even at a film thickness of 1 mm, 02 exchange
is still 40 per cent of its value with no oil film.
100...--......

•

-.--.~
o

• --...

80

~.,

o
~ 60
o
;0,:

".><

40

•

o
o
20

oL-----------~----------~==~--~---o
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Figure 1 - Ratio of the transfer velocities of O2 and H20 in
the presence (k) and absence (k o ) of an oil film as
a function of film thickness. Precision of the
measurements is indicated in the lower left (After
Liss and Martinelli, 1977)
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On the other hand, the water-vapour exchange should theoretically be affected
to a much greater extent than O2 , since H 0 exchange is gas-phase controlled. As is
2
seen in Figure 1, this is indeec the case. The transfer velocity is similar to that
obtained with a clean surface up to a film thickness of about 0.002 mm. Above a film
thickness of 0.002 mm it drops very rapidly to a value of only 2-3 per cent of the
clean surface value at 0.10 mm and to essentially zero at 0.4 mm thickness or greater.
There is considerable evidence that oil spills spread out into relatively
thin la5ers quite rapidly. For example, Berridge et al. (1968a, b) calculated that
a 100 m spill of various crude oils would reach an average thickness of 0.5 mm after
only 17 minutes, 0.12 mm after three hours and 0.03 mm after about one day.
A. A. Allen, as reported by the United States National Academy of Sciences (1975),
estimates a minimum average thickness of the Santa Barbara oil incident of about
0.025 mm after 24 hours, while Smith (1968) estimated that the large "Torrey Canyon"
spill had an average thickness of 0.03 mm after six days. Thus it appears that most
oil spills may relatively rapidly attain a thickness which will not significantly
affect the exchange of such liquid-phase controlled gases as 02' N2 , CO 2 and the inert
gases. While the exchange of such gas-phase controlled gases as CO , N02' HC1, etc.
2
could be affected to some degree under calm conditions by oil films of 0.01 to 0.1 mm
thickness, the turbulence and general film break-up caused by even light to moderate
winds will make even these effects minimal. The likelihood that gas exchange would
be affected over a large area of the ocean for a significant period of time by either
oil films or naturally occurring films is probably quite remote. It should be pointed
out, however, that the exchange of gases, particularly the very water-soluble ones,
could be significantly altered in the case of oil spills in enclosed and confined
coastal bays or inlets.

2.

2.1

SITE SELECTION RATIONALE

2.1.1

General

SAMPLING-SITE SELECTION

In selecting atmospheric sampling sites for this preliminary study of the
flux of PHCs from the atmosphere to the ocean, the criteria for siting WHO BAPMoN*
baseline air-pollution stations should be followed. Indeed, these studies should
ideally be carried out at WHO baseline stations, if possible. The siting criteria
are given in WHO Publication No. 490, WHO International Operations Handbook for
Measurement of Background Atmospheric Pollution (WMO, 1978), and are as follows:
"The principal object of measurements at baseline air-pollution stations
is to determine long-term trends in atmospheric composition. However,
it is also very important from the standpoint of evaluating global
trends that the results from one location be strictly comparable with
those from each other location. For this reason the selection of the
location for th~ station is as important as the measuring technique.
Although it is recognized that it will be difficult to find locations
which will meet all of the requirements of a baseline air-pollution
station on a long-term basis, the following criteria are proposed and
it is recommended that they be carefully considered when such a station
is being established.
(a)

The station should be located in an area where no significant
changes in land-use practices are anticipated for at least
50 years within 100 km in all directions from the station;

(b) "It should be located away from major population centres, major
highways and air routes, preferably on small isolated islands
or on mountains above the tree line;

* BAPMoN

(c)

The site should experience only infrequent effects from local
natural phenomena such as volcanic activity, forest fires,
dust and sandstorms;

(d)

The observing staff should be small in order to minimize the
contamination of the local environment by their presence and
their living requirements;

(e)

All requirements for heating, cooking, etc. should be met by
electrical power generated away from the site;

(f)

Access to the station should be limited to those whose presence
is necessary to the operation of the station. Surface transportation should be by electrically powered vehicle, if at
all possible.

= Background

Air-Pollution Monitoring Network
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In order effectively to integrate the atmosphere composition measurements with the weather and climate, a principal climatological station
should be established at a baseline air-pollution station."

Since the primary objective of the proposed programme is to measure the flux
of PHCs from the atmosphere to the ocean, mid-ocean sites are needed. This limits
the sampling to islands and ships. Both have advantages and disadvantages as sampling sites.
2.1.2

Ships and off-shore platforms

Ships have the advantage of mobility and thus can be located geographically
exactly in the most interesting areas for sampling. However, the present programme,
which will involve atmospheric sampling over a number of years, would require a ship
which would remain in one location semi-permanently. Ships of opportunity have the
disadvantage of constant movement, making it impossible to obtain any chemical climatology data from a particular area. This limits ships, or platforms, to weather ships
and oil rigs. Oil rigs are perhaps the worst possible type of sampling platform for
this programme due to possible sample contamination from the hydrocarbons processed
at the oil platforms.
The primary disadvantage of ships is that they are quite dirty, and it is
very difficult to collect uncontaminated atmospheric samples. The problems of atmospheric sampling from ships have been described by Moyers et al. (1972) and Hoffman et al.
(1976). Moyers et al. point out that dirt, paint, rust, etc. from the decks, superstructure and stacks, as well as gases from the stacks and ventilating systems, are
present allover the ship, even high on the masts and flying bridge. Problems with
sea spray are also described. These authors suggest the only clean area for atmospheric sampling is above and in front of the bow of the ship. Duce et al. (1974b)
describe an eight-metre high A-frame tower, which can be raised and lowered by a
winch, which was used on the oceanographic research vessel "Trident" over a five- to
six-year period. Sampling took place only when the ship was heading into the wind.
Under these conditions little if any contamination from ship effluents or bow sea spray,
even in five- to seven-metre waves, was encountered. It was recommended, however, that
the ship sampling be controlled by local wind speed, direction, and condensation nuclei
counts, as described in Section 3.1.2. Problems with contamination of samples while
they are being handled or processed after collection can be minimized by the use of
portable clean laboratories or laminar flow clean benches on board ship.
In summary, shipboard sampling is not recommended for the early developmental
part of this programme, but if it must be undertaken it should be carried out from a
tower at least five to ten metres above and slightly in front of the ship's bow and
only when the ship is headed into the wind. Laminar flow clean benches or portable
clean laboratories should be used when processing the collected samples on board ship.
2.1.3

Islands

The most practical way to obtain atmospheric concentrations and fluxes of
trace substances in marine areas is to have stationary sampling sites on islands operating over a relatively extended period of time. For the purposes of the present
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programme, the sampling sites should be located directly on the windward coastline,
as far as possible from any human habitation. The samples should be collected from
walk-up towers at least 20 metres high to avoid locally produced surf spray. If the
tower is located on a bluff or cliff above the ocean, it may need to be higher than
20 metres so that the top of the tower is above any spray or local soil or vegetation
contamination carried up the cliff by the on-shore winds. A typical sampling tower
is shown in Figure 2.

PARTICLE AND GAS
.:--- COLLECTORS

~=;.IJ

<0--

PUMPS AND CONTROL
SYSTEMS

Figure 2 - Typical atmospheric sampling tower similar
to those in use at Bermuda and Samoa

One of the primary disadvantages to island sites for making flux calculations
using rain and dry deposition measurements is the strong effect which mid-ocean islands
often have on precipitation and local wind patterns, both through diurnal surface heating and orographic effects. This can be minimized by selecting very small islands with
little topography, or by selecting a site on a peninsula or point which juts relatively
far out into the prevailing winds. For many islands, however, this is not possible.
To avoid problems of local contamination as far as possible, islands located
in areas of relatively persistent winds should be chosen, with the sampling site on
the windward coastline. These areas are primarily in or near the trade-wind belts
0
0
between the Equator and approximately 30 N or 30 5. Since most of the world's industrial activities are located in the temperate latitudes, 30 0 to 60 0 N or 5, most of the
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atmospheric pollutant transfer occurs in these more meteorologically variable westerlies. Thus the trade-wind belts will be more representative of truly global
"background" levels for atmospheric substances of pollution origin.

2.2

PROPOSED SAMPLING SITES

As described above, the trade-wind belts are excellent geographical regions
to investigate "background" levels of atmospheric pollutants. Since approximately
90 per cent of the pollutant sources are in the northern hemisphere (Robinson and
Robbins, 1971), comparison of concentrations of the pollutants of interest at "background"locotions in both hemispheres is vital in understanding their global transport,
residence times, etc. Thus it is recommended, in agreement with the recommendation
of the report of the WMO/IOC Task Team on Methodology for Monitoring Pollutants
(Especially Petroleum Hydrocarbons) Entering the Sea from the Atmosphere (WMO, 1975a),
that an initial atmospheric sampling programme be undertaken in the trade-wind regimes
at Bermuda and American Samoa. Both sites are at or near mid-ocean locations. Bermuda
is in the North Atlantic, aproximately 900 km off the coast of North America at 32°N,
and is thus in an area most often under the influence of the north-east trade-wind
regime, particularly in the summer. However, it is also affected frequently by air
masses moving off the highly industrialized North American continent during the
winter months. American Samoa is located at 14°S, in the south-east trades, at least
4 000 km from continental regions in the South Pacific; Samoa can thus be considered
as a true background marine station throughout the year. Both locations already have
many of the required sampling facilities available and satisfy most of the criteria
described previously for WMO baseline BAPMoN stations.
The expansion of this pilot programme to additional locations is encouraged.
In particular, a sampling site along the Antarctica coast would be representative of
the most geographically and meteorologically remote marine region of the Earth. Other
possible future sampling locations are described in section 2.2.3.
2.2.1

Bermuda

Bermuda is a relatively isolated group of islands with a total area of about
50 km 2 located near 32°N, 65 0 W in the North Atlantic Ocean. It is approximately 900 km
east-south-east of Cape Hatteras, U.S.A., the nearest land on the North American continent.
The islands are the eroded remnants of a layer of aeolian limestone, over
one hundred metres thick, which lies over the rocks of an extinct volcano. This
volcano rises steeply from the ocean floor so that water depths of over 1.5 km are
found within 1-2 km of the shoreline. The highest point on Bermuda is below 100 m.
The islands are in no place over 3 km across and thus there is no large-scale orographic effect on rainfall.
As shown in Figure 3, the mean surface wind patterns over the North Atlantic
during the winter suggest that much of the air pollution along the eastern seaboard
of the United States will be transported over the Atlantic toward Bermuda and the
Azores. During the summer months, however, the Bermuda high-pressure cell shifts
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northward, and most of the pollution from the United States is transported north of
Bermuda. During this period Bermuda itself is generally in the path of trade-wind
air coming from the Caribbean area, the Eastern Atlantic, and Africa. Thus there is
a clear shift from a predominance of synoptic patterns with a reasonably close
(1 000 km) major air-pollution source to a predominance of synoptic patterns with
wind trajectories passing only over the open sea for thousands of miles.

Figure 3 - Mean surface pressure patterns over the
North Atlantic Ocean in January and July
Data on mean surface wind direction and speed at Bermuda are presented in
Table I. The increased frequency of occurrence of surface winds from the north-west
and north-east quadrants during the autumn and winter months are quite apparent.
The wind speed is lightest during the summer, averaging about 5 m s-l, and increases
to 8-9 m s-l during the winter.
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TABLE I
Mean wind direction and speed, Bermuda, 1932-1954

Month

Calm

N

%

%

%

%

%

%

%

%

%

NE

E

SE

S

SW

W

NW

Mean ~~-eed
ms

January

2.0

12.9

6.8

6.5

7.5

17.3

14.2

16.7

16.2

7.8

February

1.1

14.7

4.5

5.5

7.3

17.1

14.6

17.3

17.9

8.9

March

1.0

13.5

4.2

5.5

7.5

17.3

14.8

18.2

18.1

8.2

April

1.0

12.1

7.3

9.2

9.2

20.2

12.9

15.2

12.9

7.1

May

1.0

7.6

5.6

10.5

13.4

23 .2

13.6

17.1

8.0

6.0

June

2.2

5.8

4.0

7.2

9.3

27.2

19.3

19.3

5.6

5.3

July

1.7

3.3

3.0

6.6

13.0

35.7

19.3

12.8

4.5

4.8

August

3.3

5.3

4.8

11.9

14.3

24.7

16.1

15.2

4.4

4.6

September 3.4

9.4

11.2

16.5

15.9

16.5

10.8

10.7

5.7

5.4

October

1.9

13.2

15.6

17~7

11.1

16.9

7.9

9.1

6.5

6.4

November

2.1

16.7

11.9

16.0

9.4

15.0

7.1

9.5

12.5

7.1

December

1.3

15.2

8.7

7.1

6.9

12.8

13.7

17.2

16.9

7.6

Mean precipitation data for Bermuda are presented in Table II. Rainfall is
distributed quite uniformly throughout the year, averaging about 12 cm per month.
Bermuda suffers from two drawbacks at present. The presently available
atmospheric sampling tower site is on the south-west coast of Hamilton Island, as
seen in Figure 4, and thus sampling is not possible when local surface winds are
from west-north-west through east. These wind directions occur considerably during
the winter season, when transport from North America is greatest. Thus sampling
during these time periods is generally not feasible from this tower. If winter sampling is undertaken in Bermuda, a tower would have to be constructed on the north-west
coast. It is not recommended that this be undertaken in the initial programme, but
that sampling be generally limited to the summer in Bermuda.
The second drawback is that the Bermuda site is not manned continuously and
does not participate in the WMO BAPMoN programme. The site was built and operated
by the University of Rhode Island for specific research programmes which are intermittent in nature. The tower is constructed on property under the control of the
Tudor Hill Laboratory of the U.S. Navy Underwater Systems Center. Permission to use
this facility for the proposed study would have to be obtained from both the University
of Rhode Island and the U.S. Navy. Preliminary contacts with both organizations suggest that this permission can probably be obtained with little difficulty.

SAMPLING-SITE SELECTION
TABLE II
Mean precipitation, Bermuda, 1861-1956
Month

Precipitation
(em)

January

11.3

February

11.5

March

11.7

April

10.1

May

11.7

June

10.6

July

11.3

August

13.7

September

13.4

October

16.2

November

13.0

December

11.9
146.4

TOTAL

ATLANTIC OCEAN

SOMERSET
ISLAND

w
Figure 4 - Tower location on Bermuda
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The present Bermuda tower, similar to that shown in Figure 2, is 20 metres
high and the base is located approximately 25 metres above the sea on a rather steep
bluff. Under normal sampling conditions (5-10 m s-l winds off the water) air blowing
up the face of the bluff passes well beneath the top of the tower. Thus, under these
conditions, air sampled from the top of the tower will not be contaminated by local
particles from surf breaking against the bluff or soil particles from the bluff itself.
American Samoa

2.2.2

American Samoa is a group of islands in the tropical South Pacific Ocean
near 14°S, 171 0 W in the south-east trade-wind regime. American Samoa is located about
4 000 km east-north-east of the closest continental land mass, Australia, and 2 000 km
north-north-ea~t of New Zealand.
The major island in this group is Tutuila, with an
area of 177 km. Tutuila is a long, narrow island, approximately 32 km long and from
1 to 8 km wide. It is volcanic in origin and very mountainous, with the highest point,
Matafao Peak, at 650 metres. The island is virtually surrounded by a coral reef.
Vegetation is rather dense. As in the case of Bermuda, the sea floor drops rapidly off
the coast, reaching a depth of 1-2 km within 2 km of the shoreline.
The proposed American Samoa site is at the U.S. NOAA Geophysical Monitoring
For Climatic Change facility (0 WMO BAPMoN baseline statio~ located at Cape Matatulo
on the north-eastern tip of Tutuila Island. This site is shown in Figure 5.
35'

40'

45'

TUTUI LA ISLAND, AMERICAN SAMOA

~I

s

TRADE
WINDS
20'

PACIFIC

OCEAN

Figure 5 - Tower location in American Samoa
Cape Matatula includes a rocky promontory with sparse vegetation, and is thus quite
suitable for air sampling. A 20 metre high atmospheric sampling tower of the type
shown in Figure 2 was constructed on this site by the University of Rhode Island for
its research programme. The base of the tower is 25-30 metres above sea-level, near
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the edge of a rather precipitous cliff on the south-east side of Cape Matatula. It
is thus ideally located, relative to the prevailing south-east trade winds, to avoid
local contamination, from both man-made sources as well as natural erosion and vegetation products and surf spray. The tower facility is described in more detail by
Duce et 01. (1977).
Most of this tower was destroyed by a hurricane in September 1976. However,
_there are plans to rebuild the tower by late 1979. Since the Samoa site is one of
the WMO BAPMaN baseline stations, considerable meteorological and ancillary chemical
data will be available at this location. This site will also be used by the SEAREX
(Sea/Air Exchange) programme, funded by the U.S. National Science Foundation, during
1980-1981. SEAREX will evaluate the atmospheric concentrations and fluxes of heavy
metals and organic substances, including both petroleum-like and chlorinated hydrocarbons, in American Samoa. Co-operation and interaction between the atmospheric
petroleum hydrocarbon study being planned in this report and SEAREX would be very
desirable and beneficial to both groups. The use of the Samoa facility will require
permission from and close co-ordination with the U.S. NOAA Geophysical Monitoring for
Climatic Change programme.
The prevailing surface winds on Tutuila Island at the Pogo Pago airport are
from the east and south-east, as shown in Table III. These wind directions are most
persistent durin~ the austral summer. Mean wind speed ranges from 3.5 m s-l in the
summer to 5 m s- in the winter at the Pago Pago airport site. Winds are somewhat
stronger than this at Cape Matatula.
TABLE III
Mean wind direction and speed, Pogo Pogo, American Samoa, 1946, 1967-1968
--

--

---~--

~

E

SE

W

NW

Mean ~~eed
ms

N

%

%

%

%

%

%

%

%

%

January

2.7

6.5

11.3

23.1

6.6

2.9

5.6

22.8

18.4

3.7

February

4.2

12.3

12.7 16.2

6.7

2.9

2.4

17.0

25.2

3.2

March

2.8

7.9

33.5

4.9

1.7

2.3

15.3

14.1

3.4

April

4.7

8.8

9.7 34.4

13.5

2.0

1.7

8.9

16.0

3.4

May

6.5

2.9

8.1 33.5

23.2

3.8

1.4

9.4

10.7

3.9

June

1.6

2.1

4.6

51.3

27.2

3.3

2.1

5.2

2.3

4.8

July

1.5

2.8

4.0

38.3

30.8

12.1

5.0

3.1

2.3

5.2

August

1.1

2.5

5.5

45.7

32.7

6.3

0.6

1.4

3.9

5.2

September

1.1

5.2

5.7

46.4

29.5

2.8

0.4

3.2

5.2

4.9

October

3.0

9.0

11.3

41.6

11.6

2.4

1.7

7.8

11.3

5.2

November

2.0

6.8

11.4 33.0

20.0

4.4

1.9

8.6

11.1

4.1

December

2.6

8.0

12.4 34.6

13.5

3.8

3.2

9.1

12.7

3.6

17.3

S

SW

Calm

Month

NE

-

..
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The mean annual rainfall at the airport is ~325 cm, but one year's record
(1974) at Cape Matatula indicates a lower value of 179 cm at that site (Table IV).
This would be expected, since Cape Matatula is a very narrow point (no more than
100 m wide) jutting directly into the trade winds, with no significant mountains for
several kilometres downwind. Thus both orographic and surface heating effects on
oceanic rainfall should be minimal at Cape Matatula. The rainfall has a pronounced
seasonal cycle, with a minimum in the austral summer and a maximum in the winter.
TABLE IV
Mean precipitation, American Samoa

Precipitation (cm)
Month

Pago Pago Airport
1941-1970

January

31.2

20.2

February

36.0

14.4

March

30.7

14.2

April

31.1

20.2

May

27.2

19.5

June

23.9

16.0

July

17.6

3.4

August

18.8

3.7

September

15.4

6.6

October

30.7

7.6

November

26.2

24.4

December

37.7

29.0

326.5

179.2

TOTAL
2.2.3

Cape Matatula
1974

Other possible sampling sites

Ideally this programme should be expanded to include sites in the major wind
r6gimes in the northern and southern hemispheres. Samples from these other wind
r6gimes would strengthen the pilot programme considerably and are strongly encouraged.
Several sites are suggested as possibilities for future studies in these regions.
These sites have been chosen as representative of the major global wind r6gimes. In
several cases the particular location was chosen due to the presence of at least some
atmospheric sampling facilities already. The suggested sites include:
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2.2.3.1

~~!~~:!~_~:~!~~~:!:

(a)

(b)

(c)

0

0

Atlantic north-east trade winds - Barbados (13 N, 59 W). An atmospheric sampling station operated by the University of Miami has been
in use on Barbados for a number of years. This is the easternmost
island in the West Indies and is thus subject to little contamination
from other islands in the area.
o
Pacific north-east trade winds - Hawaii (22°N, 15S W) or Eniwetok
0
(l2°N, 163 E). These islands are both in the mid-Pacific, with
Eniwetok considerably farther west than Hawaii. A sampling tower
station operated by the University of Hawaii and University of
Rhode Island is already located on the east coast of Oahu, Hawaii,
and Eniwetok will be the northern hemisphere station of the SEAREX
(Sea/Air Exchange) programme supported by the U.S. National Science
Foundation.
o
Atlantic westerlies - Sable Island (44°N, 6O W) or west coast of
0
Ireland (53 N, lOoW). These sites were selected to evaluate the
transport of pollutant substances from the North American continent
across the North Atlantic Ocean. Sable Island, near North America,
has been used by the Canadians for some atmospheric sampling. Several
locations on the west coast of Ireland have also been used for atmospheric sampling by different groups, although no tower facility is
presently available there.

(d)

o
Pacific westerlies - Midway (2S N, 177°W), Adak (52°N, 176°W), or a
ship. There are no really satisfactory island sites at mid-latitudes
o
in the Pacific. Midway Island is at 2S N and thus is often in the
north-east trade-wind regime. Adak Island in the Aleutian chain is
perhaps the best island location. Neither of these locations has any
atmospheric sampling facilities at present.

(e)

Polar easterlies - Pt. Barrow, Alaska (72°N, 157°W), Spitzbergen
0
(7SoN, lSoE), Novaya Zemlya, U.S.S.R. (74°N, 55 W) or Alert, Ellesmere
Island, Canada (S2°N, 62°W). Any of these locations on the Arctic
Ocean would be satisfactory. There is presently a WHO background
air-pollution monitoring station in operation at Pt. Barrow, Alaska,
and on Ellesmere Island, Canada.

(a)

Atlantic south-east trade winds - Ascension (SoS, 15 W) or St. Helena
0
0
(16 5, 5 W). Both islands are located in mid-ocean regions and would
be satisfactory. There are no atmospheric sampling facilities on
these islands at present, and access to the islands is limited.

(b)

0

o
0
Pacific south-east trade winds - American Samoa (14 5, 171 W). This
site has been described in detail in the previous section and a WHO
background air-pollution monitoring station is already located there.
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(c)

0
Atlantic westerlies - Tristan da Cunha (37 5, 12°W). This island
is located in the mid-south Atlantic. It also has limited access
and no atmospheric sampling facilities.

(d)

0
0
Pacific westerlies - Tasmania ~410S, 141 E), Auckland Islands (51 5,
o
l66°E) or Macquarie Island (54 5, 15S E). All three of these islands
are located between the Australian continent and Antarctica. The
Australians have undertaken atmospheric sampling at Macquarie Island
and have a new WMO background air-pollution monitoring station on
Tasmania. Access to Macquarie Island and the Auckland Islands is
limited.

(e)

0
0
Indian westerlies - Kerguelen (49 5, 70 W) or Amsterdam Island
o
(3S S, 77°W). Both islands are located in the mid-Indian Ocean.
Some atmospheric samples have been collected at Kerguelen and the
French are tentatively planning an atmospheric sampling tower
facility on Amsterdam Island.

(f)

Polar easterlies - South Pole (90 5) or Molodezhnoyo-(6SoS, 46°E)
Antarctica. Atmospheric samples from the interior polar plateau
region of Antarctica can be collected at the WMO background airpollution monitoring station at the South Pole (elevation
2 SOO metres). A coastal Antarctica site which is also presently
being used for atmospheric sampling is the U.S.S.R. Molodezhnaya
station.

0
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3.

COLLECTION TECHNIQUES FOR PETROLEUM HYDROCARBONS IN THE ATMOSPHERE

3.1

GENERAL COLLECTION STRATEGIES

3.1.1

Contamination problems

Extreme care must be taken during the collection and handling of atmospheric hydrocarbon samples in remote areas. The atmospheric concentrations of these
substances will be so low that even the slightest contamination may render a sample
useless. The human body is a particularly good source of organic substances, including hydrocarbons. Greases, oils, rubber, and most plastics, especially PVC, should
be avoided. The personnel collecting the samples must be thoroughly aware of local
sources of contamination and how to avoid them during sample collection and handling.

The clean bench provides a particle and vapour-phase hydrocarbon-free environment. This clean bench should have both HETP filters for particle removal and activated
charcoal for removal of vapour-phase gaseous organic substances. Sample handling includes both loading and removal of the collection matrix from the sample holder and
any subsequent chemical or physical manipulation of the sample.
3.1.1.2

Use of gloves and caps to prevent contamination by the personnel handling
~~~:!~~~!~!--------------------------------------------------------------

Gloves and caps of polyethylene, or preferably an aluminized fabric, washed
in an organic solvent such as high-purity dichloromethane or carbon tetrachloride,
are recommended. (Dichloromethane and carbon tetrachloride vapours are hazardous to
health, and these solvents should be used only within a fume hood or in a wellventilated area.) The gloves and caps should be worn when mounting and disassembling
the sampling system from the sampling platform as well as when subsequently removing
the sample from its collection holder in the clean bench. If any personnel have beards,
a face cover is also recommended.

Any materials or any other instruments which will come in contact with the
sample matrix should be made of glass or metal. Corrosion-resistant stainless steel
or aluminium is recommended. All metal or glass objects used with the hydrocarbon
0
samples, if of a reasonable size, should be pre-cleaned in an oven at 400_500 C for
several hours to remove any organic material present. A satisfactory alternative
cleaning method is to wash the objects in soap and water followed by several rinses
with distilled water free of organic substances, with methanol, and finally with
hydrocarbon-free dichloromethane or carbon tetrachloride. After initial cleaning in
t~is manner, they should be washed in the field with high-purity solvent, e.g. dichloromethane or carbon tetrachloride, before each use. Aluminium foil, pre-cleaned at
400 0 _55S oC, can be used effectively to wrap objects for storage which may come in
contact with the sample matrix.
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3.1.2

Environmental control of sampling

Even in the most remote locations, the possibility of local contamination
of atmospheric samples exists. For samples collected aboard ship, the contamination
problems are particularly severe, as described earlier. At mid-ocean island sites
non-representative samples (i.e. samples not representative of the PHC content of
undisturbed marine air near the island) can be obtained if sampling occurs when
surface-level winds are from the island toward the sampling site rather than from
the open water toward the sampling site. Contamination may include not only anthropogenic source material from nearby human activities, but hydrocarbons released by
vegetation on the island. For these reasons, in any sampling programme where samples
will be collected over a period of several days, it is necessary to have a system
which controls sampling as a function of a variety of environmental parameters. These
parameters include:

Local wind speed and direction are obviously related to the possibility of
local contamination of a collected sample. The environmental control system should
automatically stop the sampling system when the surface wind is from any direction
causing flow over the island before reaching the sampling site or when the wind speed
drops below -2 m s-l. Because of the non-uniform character of wind, in both speed
and direction, a variable time delay should be built into the control system. A
generally recommended time delay is approximately five seconds, when the wind speed
or direction moves into or out of the desired sampling sector. This time delay will
avoid rapid on-off sequences due to winds at the edge of the sampling sector. It is
0
also recommended that the non-sampling sector include 10_20 of arc over the near
coastal ocean, as an added safeguard against island contamination. For example, for
a tower located directly on a straight coastline running east-wes~ with the ocean
0
to the south, the sampling sector should be from approximately 1150 to 255 •
3.1.2.2 Aitken nuclei
Aitken nuclei, or condensation nuclei (CN), are excellent indicators of
local pollution. In clean marine air there are from 200-500 CN cm-3 of air. Pollution particles as well as natural soil and vegetation-produced particles are excellent condensation nuclei. CN counts in non-polluted air over land are often several
thousand per cubic centimetre. Thus CN counts above 200-500 cm-3 usually indicate
contamination from non-marine air. The incorporation of a recording CN counter into
the environmental control system is recommended, sampling being terminated whenever
the CN count goes above approximately 500 cm-3 • The CN control system is as important
as the wind control ~ystem in obtaining representative marine air samples. For example, if a period of off-shore wind continued for several hours, subsequently shifting
to on-shore, the wind direction control system alone would start the sampling systems.
However, under these conditions the surface air passing over the sampling site would
often have a significant component of recycled island air, with its associated con~
tamination. The CN control system would be able to detect this, however, and sampling
would not begin until the CN counts returned to background levels. Recording atmospheric particle counting systems are available commercially. Addresses of manufacturers
may be requested from the WMO Secretariat.
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Under some circumstances it may be desirable to sample only when precipitation
is, or is not, occurring. A simple precipitation sensor can be constructed by using
an exposed flat printed circuit board, where the circuit is completed by the precipitation itself. Often the sensor includes a heater, which is used to melt snow or ice
and to evaporate the water relatively rapidly after precipitation has ceased.
3.1.3.4 Other
A variety of other parameters can be used to control the sampling, depending
upon the particular needs. Included are night/day, relative humidity, temperature,
pressure, and certain chemical constituent parameters
such as 03' etc. However,
for the programme proposed here, the parameters of particular importance are wind
speed and direction and CN counts.
Systems for control of atmospheric sampling as a function of various environmental parameters are commercially available. Wind speed and direction control systems are commercially available. Addresses may be requested from the WHO Secretariat.
As an added safeguard, it is possible to construct the sampling system in
such a way that a door or cover automatically closes over the sampler whenever the
system is shut down on account of unfavourable environmental conditions. Care must
be taken if this is done, because the electrical and mechanical systems needed to
close the door often contain a wide variety of organic materials such as lubricants,
insulators, etc., and hydrocarbon contamination from this mechanism is potentially
a serious problem.
3.1.4

Meteorological data required

The sampling stations, if part of the WHO BAPMoN programme, will maintain a
record of standard meteorological parameters. Other sites should keep a continuous
record of wind speed, wind direction, temperature, humidity, precipitation, and pressure. In addition, the normal synoptic surface, 850 mb, 700 mb and 500 mb charts
produced for the general sampling area should be kept for the sampling periods and
these should be used to ascertain the past history of the air parcel being sampled.
Correlation of air~parcel trajectories with PHC concentrations will be a critical
part of any meaningful programme on atmospheric transport of this material. Computer
programs are now becoming available for determining air-parcel trajectories, and their
evaluation is highly recommended. One computer trajectory program was developed
recently by the U.S. National Oceanic and Atmospheric Administration's Air Resources
Laboratory and is described by Heffter et 01. (1975).
3.2

PARTICLE AND VAPOUR-PHASE PETROLEUM HYDROCARBON SAMPLES

3.2.1

Collection procedures

3.2.1.1 ~~~!!:!:_~~~~!:~
Particle samples for PHC analysis should be collected on Type A fibreglass
approximately 98 per cent efficient for collecting particles with

filter~.which.are

o
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diameters >0.03~m (Butcher and Charlson, 1974). Due to the presence of an organic
binder in the filter when it is obtained from the manufacturer, it is necessary to
pre-treat the filter before use. It is recommended that the filters be wrapped in
o
0
aluminium foil and heated for at least four hours at 450 _550 C. The filters should
continue to be stored in aluminium foil, preferably in a metal container, until they
are used.
The use of 20 x 25 cm filters mounted in a standard metal filter holder in
a metal rain shelter is recommended. The high-volume collection of suspended atmospheric particulate matter is described in WMO Publication No. 491 (WMO, 1978),which
considers the exclusion of coarse, non-representative particles. Other conventional
procedures are described in "Methods of air sampling and analysis" (APHA, 1972), ASTM
Standards as method D-2009 (ASTM, 1974) and by Olin and Kurz (1975). Used with a
standard Hi Vol pump, air-flow rates of between 60 and 120 m3 h- l through 20 cm x 25 cm
fibreglass filters can be attained.
As described previously, care must be taken not to touch the filter or filter
holder. Metal tongs or forceps should be used and the tongs, filter holder, and anything else which might contact the filter should be stored in and come into contact
with alumini.um foil only. The filter holder should be washed regularly with a PHC-free
solvent, preferably dichloromethane or carbon tetrachloride. These solvents should be
used only within a fume hood or in a well-ventilated area.
After collection of the sample (working in a laminar flow clean bench on a
piece of solvent-washed aluminium foil), the filter should be folded in half with the
collection face on the inside and should be wrapped tightly in the original hightemperature-treated foil. The foil and filter should then be sealed in a metal container and stored in a refrigerator at _10 0 to _30 0 C until analysed.

3.2.1.2 ~~~~~=:~~~!:_!~~~!:!
Since vapour-phase PHCsare not at present routinely measured in the atmosphere, there is no standard method for their collection. However, the general characteristics of a collection matrix for collecting a sample of any gaseous substance
in the atmosphere can be summarized (Seiber et al., 1975).
The collection matrix should:

(a)

Efficiently trap the substance of interest from a sufficient volume
of air sampled at a suitable rate;

(b)

Retain the trapped substance for the duration of sampling;

(c)

Be inert itself toward the sampled substance and minimize its.reaction
with-oxygen, water and other potential reactants present in air during
sampling;

(d)

Readily release the substance in a form amenable to analysis on postsampling work-up;
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Contribute no interference itself to subsequent analytical steps,
either as contaminants present originally in the collection matrix
or formed by its degradation during the sampling process;

(f)

Be inexpensive, available and easily handled.
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While impingers have often been used for atmospheric sampling of some
vapour-phase substances in the past, particularly in urban areas, the preferred sampling matrices are solid substances, or liquid phases on solid supports. The impinger
technique suffers from low flow rates, delicate glassware, and often poor recoveries.
These problems would be particularly serious in remote field locations with their
expected low atmospheric PHC concentrations. As pointed out by Garrett and Smagin
(1976), bag collection or freeze-out techniques will not process sufficient volumes
of air in remote regions to allow the collection of sufficient hydrocarbon material
for analysis.
Table V presents some of the solid media which have been used for the collection of gas-phase organic substances in the atmosphere (Rice et al., 1977), Due
to its ease of preparation, transport, use, and storage, a simple solid matrix is
recommended for remote area use. From the various studies of these solid matrices,
the best adsorbents appear to be Tenax GC (a porous polymer of 2.6-diphenyl paraphenylene oxide) and polyurethane foam (PUF). PUF (Bidleman and Olney, 1974) is the
only one of these collection systems which has been used for PHC in background air.
Up to three PUF plugs were used for PHC measurements in marine air by Dr. James Quinn
and his group at the University of Rhode Island. They found that the first two plugs
removed S5-90 per cent of the hydrocarbons in the n-C -C32 boiling range which passed
14
the fibreglass filter. The third segment of PUF rema1ned relatively clean. Quinn
and Wade (1974) found that in the vicinity of Bermuda approximately 95 per cent of
the heavier hydrocarbons (n-C 14 -C 32 boiling range) are not retained on fibreglass
filters, but are retained on the PUF behind the filters. Since the glass pre-filter
is nearly 100 per cent efficient for particles with diameter >0.03jUm, this suggests
that the material collected on the PUF was either composed of particles>0.03~m
diameter or was in the vapour phase. Another possibility is that some fraction of
the PHC present on particles collected on the filter is lost to the vapour phase and
collected on the PUF during the subsequent passage of large volumes of air through
the collection system.
It must be emphasized that the efficiency of the PUF plugs for various
carbon number hydrocarbons has not been definitely established. As pointed out by
Garrett and Smagin (1976), primary interest relative to transport of hydrocarbons
from the air to the sea is in compounds with 12 carbon atoms or greater. Quinn
(personal communication) finds the PUF plugs quite efficient for the collection of
vapour-phase n-paraffins of n-~l6-lS and above, with lower efficiences for n-C l4 _l6
hydrocarbons and near-zero eff1c1ency for n-C12 and below. Hahn (personal commun1cation) finds that these plugs are 100 per cent efficient only for n-paraffins above
n-C IS ' Thus the efficiency of these plugs must be carefully evaluated.
Pellizzari et ale (1975), Bertsch et ale (1974), and Cautreels and
Van Cauwenberghe(1977) have investigated the use of Tenax GC as a collection matrix
for a wide variety of organic substances, including hydrocarbons. Cautreels and

24

SPECIAL ENVIRONMENTAL REPORT NO. 12

Van Cauwenberghe used Tenax GC for the atmospheric collection of aliphatic hydrocarbons of C15 and above in urban areas, while Bertsch et ale found that most hydrocarbons containing more than five carbon atoms are collected efficiently by Tenax GC.
A disadvantage of Tenax GC appears to be the relatively low flow rate attainable compared with PUF. While the PUF plugs may be the preferable collection matrix, both
Tenax GC and the PUF plugs should definitely be evaluated in more detail in the developmental stages of this proposed PHC monitoring programme.
While the selection of the final sampling configuration and collection matrix
handling technique must await the studies mentioned above and others outlined later
in this report, the following section describes the procedures which have been used
for PUF plugs.
TABLE V
Collection matrices used for atmospheric sampling of organic vapours

Liguid phases on solid supports
Cottonseed oil on glass beads
Glycerine on nylon nets
Paraffin oil on Chromosorb A
Ethylene glycol on nylon nets
SE-30 on nylon nets
Polyethylene on silica gel
Silicone on glass chips
Polyethylene glycol on stainless
steel nets

Bjorkland et ale (1970)
Risebrough et ale (1968)
Seiber et ale (1975)
Tessari and Spencer (1971)
Sodergren (1972)
Herzel and Lahman (1973)
Harvey and Steinhauer (1974)
Beyermann and Eckrich (1974)

Bonded liquid phases
Octadecylsilicone on Chromosorb

Aue and Teil (1971)

Solid phases:
Inorganic adsorbents
Alumina
Florisil

Stanley et ale (1971)
Yule et ale (1971)
Giam et ale (1975)

Organic polymeric adsorbents
Chromosorb 101
Chromosorb 102
Chromosorb 104
Tenax GC
Polyurethane foam

Pellizzari et a1. (1975)
Thomas and Seiber (1974)
Pellizzari et ale (1975)
Pellizzari et ale (1975, 1976)
Bertsch et ale (1974)
Bidleman and Olney (1974)
Rice et ale (1977)
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The PUF sampling system for vapour-phase PHCs used bv Duce et al

25
(19740) and

Qu~nn and Wade (1974) is described in detail by Rice et al. (i977) and Bidleman and

Olney (1974). Th~ ~ystemf shown schematically in Figure 6, consists of an aluminium
sample ~ube conta1n1ng two or more PUF plugs in series behind the fibreglass filte
:he ent1re sys~em is placed inside a metal rain shelter. The aluminium sample tub:'
1S connected v 7a a flexible hose to a high-volume pump located five to ten metres
b~low or downw1nd from the collector to avoid contamination from the pumps. The
d1ame~er of the p~ugS is somewhat larger than the diameter of the sampling tube,
e~sur1ng a snug f7t.when they are in place. The optimum plug size should be determ1ned throug~ eff 7c1ency.tests in the laboratory. Bidlemen and Olney used cylindrical
plugs 8 cm h1gh w1th a d1ameter of 8 cm, and these are probably satisfactory.
---TYPE A GLASS
FIBER FILTER

~~~~'/

'-POLYURETHANE
FOAM PLUGS

D

TO HIGH VOLUME PUMP

Figure 6 - Suggested high-volume collection system for
PHCs using fibreglass filters and PUF
(After Rice et al., 1977)

New PUF plugs must be pre-cleaned before use and the method of Bidleman and
Olney is recommended. Plugs are cut from slabs of commercially available polyurethane
foam (density~O.02 g cm-3 ) and are first washed in distilled water and rinsed with
acetone. The plugs are then extracted for 12 hours with reagent-grade acetone followed
by 12 hours with high-purity hexane or petroleum ether in Soxhlet extractors sufficiently large to hold six plugs. The extracted plugs are rinsed with a small volume
of fresh hexane or petroleum ether, and squeezed as dryas possible, and the residual
0
solvent is removed by gentle heating. The use of a vacuum desiccator heated to 40 C
and connected to a water aspirator is convenient for drying the plugs with a minimum
of atmospheric contamination. The inlet port of the desiccator should be fitted with
a column of clean PUF so that the re-admitted air is free of contaminants. For storage,
the PUF plugs are placed in numbered metal specimen containers, which are taped closed
and then sealed in polyethylene bags.
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After sampling, the PUF plugs are returned to their respective numbered cans
and stored in a freezer at _10 0 to -30 0 C until analysed. Once a PUF plug is initially
cleaned and placed in a numbered can it should always be identified by the number
assigned to this can. Since the plugs can be re-used a number of times, and problems
of PHC carry-over from one sample to another can be easily determined. Plugs should
be able to be used at least six times (Rice et 01., 1977).
Blanks for both filters and PUF plugs should be obtained in the field regularly. Filter and plugs should be mounted in their respective holders and carried
to the sampling platform and handled in a manner identical with actual samples, except
that no air is drawn through the system.

To date it is not known to what extent particulate PHCs collected on fibreglass
filters are lost to the vapour phase during sampling nor the extent to which vapourphase PHCs are collected by the filters. These problems have been pointed out by
Duce et 01. (19740), Garrett and Smagin (1976), Cautreels and Van Cauwenberghe (1977),
and Duce (1977). Commins (1962) found losses of particulate polyaromatic hydrocarbons
with molecular weights below 228 when filtered air was passed over previously collected particulate samples. No significant losses of benzo (a) pyrene were found.
Cautreels and Van Cauwenberghe (1977) pointed out that loss of particulate
compounds to the vapour phase during sampling is very difficult to evaluate. By first
passing air through a fibreglass filter and then a Tenax GC porous polymer for vapourphase collection, they were able to determine the- particulate/vapour distribution of
the collected (not necessarily ambient) sample. They found that all n-alkanes below
n-C 18 passed through the filter. Above n-C 18 , the particulate/vapour-phase mass ratio
ranged from 0.05 for n-C 19 up to 2.8 for n-~~ as shown in Table VI.
Junge (1977) has discussed the theoretical equilibrium distribution of compounds between the vapour and particulate phase as a function of their saturation
vapour pressure, Po' and the surface area of particles per unit volume of air, e.
Figure 7 shows Junge's calculated results for ~, the ratio of the mass of the compound
adsorbed on the particles to the total mass of the compound in the air as a function
of Po and e. As one moves from urban air to clean air, 8 decreases, with a value of
10-7 to 10- 6 cm 2 surface area cm-3 air most common in remote areas. As can be seen,
the saturation vapour pressure, Po' must be less than 10-7 to 10-8 torr for 50 per cent
or more of the compound to be present on particles in remote areas ("clean air").
Figure 8 presents the Po values for n-paraffins from C2 to C , with an
20
extrapolation to C35 at 20 0 C. It is clear that up to C24' most of the n-paraffins
should be present in the vapour phase. Also presented in Figure 8 is the saturation
vapour-phase concentration of n-paraffins in g cm-3, defined by the saturation vapour
pressure; Po at 20 0 C.
Research is required to determine the extent to which particulate-phase PHCs
are lost to the vapour phase on filters during sample collection and the extent to which
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vapour-phase PHCs are collected on the filter, although from present data the latter
is probably not a serious problem. These types of study have not been undertaken in
any detail to date, but they must be for this proposed programme.
TABLE VI
Apparent particulate vapour-phase concentration ratio of N-paraffins
in urban air (after Cautreels and Van Cauwenberghe (1977»

N-paraffin
Carbon No.

Particulate vapour
Concentration ratio

C
15

~O

C
16

~O

C
17

~O

C
18

~O

C
19

0.05

C
20

0.11

C
21

0.26

C
22

0.55

C
23

1.4

C
24

1.8

C
25

1.7

C
26

1.1

C
27

1.4

C
28

1.0

C
29

2.4

C
30

1.2

C
31

2.8
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Figure 7 - Expected values of ¢, the fraction of a substance
adsorbed on aerosols, as a function of the saturation
vapour pressure of the· substance, Po' and the aerosol
surface area, e (After Junge, 1977)
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Several laboratory and field studies will be required to test this system
of separating and collecting the particulate and vapour phase of the PHCs. These
are required for both Tenax GC and PUF. Among these are:

(a)

(b)

Investigation of the loss of PHCs from particles collected on the
fibr;gla;s-fIlte;.- On; ~ppr~a~h-t~ thIs-p;obl;m-i;to-c~lle~t-t;o
~t;o;phe;i~ pa;tIculate samples simultaneously. One filter (A) would
be analysed for particulate PHCs immediately, and additional air would
be passed through the other filter (B), but with the particles removed
from the air passing through filter B by another glass prefilter. Any
decrease in the PHC on filter B, relative to A, could be related to
desorption of PHCs from the particles. The vapour-phase PHCs should
not be removed from the air stream prior to passage through filter B
in the second part of the experiment, as this could disrupt extensively
the near-equilibrium which should be reached between the particulate
and vapour-phase PHCs in the atmosphere.
Investigation of the retention of PHCs collected on the fibreglass

Iilt~r~ -I; ~ ~a;i~nt ~f-the-study-abo~e~ kn~w; qu~ntiti;s-of C12-C32

PHCs can be placed directly on a filter, air being subsequently passed
through the filter. The effectiveness of the filter for retaining
these PHCs can then be measured by analysing the filter before and
after air passage.
(c)

ln~e~tig~tio~ £f_t~e_eif~ci £f_filie~ £a~ticle_l£a~i~g_o~ ih~ ~a£o~r=
£h~s~ EH££o~c~nir~tio~.

Ambient air can be passed through fibreglass
filters for various lengths of tiwe, resulting in filters with various
particle loadings. Portions of these filters can be analysed immediately and other portions can be used in a particle-free air flow
containing known, or measurable, quantities of vapour-phase hydrocarbons. Changes in the hydrocarbon conteni on the filters can then
be related to particle loading on the filters.

(d)

(e)

ln~e~tig~tio~s_oi ih~ ~fii£i~n£y_oi EU[ £l~g~ ~n~ Ie~a~

QC. Known
concentrations of various PHCs can be passed through three to four
PUF plugs in series or different column lengths of Tenax GC to evaluate
in detail the collection efficiency for the different PHCs.

ln~e~tig~tio~ £f_t.!!e_"£i.£k=u£"_oi ~a£o~r=p~a~e_P!iC~ £n_f!b~e~l~s~
iilt~r~.

Particle-free air containing known concentrations of vapourphase PHCs can be passed through fibreglass filters to evaluate the
extent to which vapour-phase PHCs are trapped by the filters.

All of these studies should be undertaken at various temperatures and
relative humidities and are only a few of the types of experiment which should be
undertaken to evaluate accurately the efficiency of the collection system proposed.
3.2.2

Sampling duration and frequency

The sampling duration will depend upon the ambient concentration of PHCs in
the atmosphere, and thus the geographical location. This must be determined by preliminary tests in the field. A sampling time of two to three days over the North
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Atlantic and perhaps one week over the South Pacific appears likely at this time.
Samples should be collected over the entire year if possible, but at least during a
two-to three-month period in both the wet and the dry season. The problem of winter
sampling in Bermuda has already been discussed.
3.2.3

Sample storage

As mentioned briefly above, the filter and PUF plugs should be sealed tightly
in metal foil and/or metal containers and stored in a refrigerator at _10 0 to _30 0 C
until they are analysed. The effect of storage time and temperature on the possible
loss of PHCs from $amples collected on PUF or Tenax GC has not been evaluated extensively.' This must be done in the developmental part of thi~ programme.
3.3

RAIN AND DRY DEPOSITION PETROLEUM HYDROCARBON SAMPLES

3.3.1

Collection procedures

3.3.1.1

General considerations

The primary objective of this study is to evaluate the input of PHCs to the
ocean from the atmosphere. Garrett and Smagin (1976) conclude that the major mass of
PHCs transported from the atmosphere to the ocean will not involve the vapour phase
directly, but will be primarily associated with direct particle exchange or precipitation. Gas exchange across the air/sea interface is now reasonably well understood
(Liss, 1973; Liss and Slater, 1974; Broecker and Peng, 1974). For example, using
the two-layer model described by Liss and Slater, it is possible to estimate the flux
of an exchanging gas across the air/sea interface if it obeys Henry1s Law and if
measurements of the gas in the atmosphere and surface ocean waters are available.
Obviously measurements of PHCs in the ocean surface microlayer are critical in making
these vapour-phase flux calculations.
However, if Garrett and Smagin 1s conclusion above is correct, the determination of petroleum hydrocarbons in rain and dry deposition and the relationship of
these concentrations to the ambient vapour and particulate phase PHC concentrations
is the most critical part of this study. It is also by far the most difficult. We
can attempt to estimate the flux of particulate PHCs to the water surface on the
basis of the sparse data presently available.
The dry deposition flux is related to the atmospheric particulate PHC concentration through the dry deposition velocity as follows:
Dd = vdC
(8)
2
where Dd is t~e PHC dry deposttion flux in g m- s-l, vd is the dry deposition velocity in m 5- , C is the atmospheric particulate PHC concentration in g m-3. Quinn
and Wade (1974) found that less than O.04/Ug m-3 of the heavier hydrocarbons (boiling
range n-C14 to n-C32) were present on atmospheric particles over the North Atlqntic
at Bermuda. Ketseridis and Eichmann (1977) found the total concentration of CiO to
C28 hydrocarbons present on particles to be about .O.OljUg m-3 or less. Ketseridis
and Eichmann (1977) and Ketseridis et al. (1976) also determined the neutral components of the atmospheric particulate organic carbon (which includ~s a polar, an
aromatic, and an aliphatic portion). They found that the total concentration of this
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neutral fraction was 0.6 to 0.7 )Ug m-3 over the North Atlantic. Hof~man and Duce
(1977) find a total organic carbon concentration of 0.2 to 0.4)Ug m- in particles
from marine air at Bermuda, Hawaii, and American Samoa. It is difficult to estimate
what fraction of the organic carbon determined in these studies is associated with
petroleum, but the maximum is probably O.lfAg m-3 , with the mean value probably much
less.

Hoffman and Duce (1977) have shown that the major mass of particulate organic
carbon in the marine atmosphere is on particles with r~0.5;um. Sehmel and Sutter
(1974) have investigated the deposition of atmospheric particles to a water surface,
and their data suggest that at a wind speed of -7 m s-1, typical of marine areas, the
dry deposition velocity, vd' for particles with radii <0.5)Um is ~0.5 x 10-3 m s -1.
Using these values in (8) results in a maximum dry deposition rate of
0.5 x 10- 10 g m- 2 s-l. Approximately 100;Ug of material is required for gas chromatographic characterization of the organic material. Thus with a 1 m2 collection surface for dry deposition, about the largest which can be used easily and with minimal
contamination problems in the field, it would require 2 x 10 6 seconds, or about
23 days, to collect sufficient material for analysis. As the assumptions indicate,
this is probably a minimum time estimate.
With the major portion of the distribution of atmospheric PHCs likely to be
found on either the very small particles or in the gas phase, it is probable that
rainfall will be a more important transport mechanism to the ocean for these substances than dry deposition. Nevertheless, until this can be substantiated, it is
recommended that both rain samples and total deposition (rain and dry deposition)
samples be collected in accordance with the report of the WHO Expert Meeting on Wet
and Dry Deposition (WADEM) in 1975 (WHO, 1975b).

3.3.1.2 Rain
The accurate collection of rainfall, particularly in remote areas, without
contamination of the rain sample is extremely difficult. Galloway and Likens (1976)
have evaluated a number of manual and automatic rain/dry-deposition systems in the
field. In their investigation they evaluated the reliability of collection systems,
their construction material, and their efficiency for collecting precipitation. They
also evaluated precipitation chemistry replicability as a function of collector type
and the effects of sampling interval, dry deposition and storage on precipitation
chemistry. While most of the chemical substances measured were inorganic rather than
organic, the parameters evaluated and experimental design of their programme has direct
applicability to the programme proposed here. Galloway and Likens (1976) concluded
that the most reliable and accurate automatic rain/dry-deposition system they evaluated
was the system developed by Dr. Herbert Volchok at the United States ERDA Health and
Safety Laboratory (HASL), New York City. This system was also recommended by Garrett
and Smagin (1976).
The HASL system consists of two collectors (constructed of glass, aluminium,
or stainless steel when used to sample organic material) which are controlled by a
printed circuit rain sensor. The system is designed such that/in dry weather, one of
the collectors is exposed while a moving cover protects the other container - the
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precipitation collector. At the first onset of precipitation the cover swings to
close the dry-deposition container and expose the rain collector. A low-wattage
heater is attached to the sensor to evaporate moisture so that the system is not
triggered by condensation such as dew, and so that the cover will swing from one
container to the other soon after the end of a precipitation event. This system should
be modified as described by Duce et al. (1974b). The modified version has two covers
and can be controlled by an environmental control system of the type cited earlier
used to control high-volume air samplers. This controller can be integrated into the
sampling system so that both collectors will be covered when the wind is from an
inappropriate direction or very light or when the CN counts are too high.

The accurate determination of dry deposition over both land and water is
still the subject of considerable controversy, as evidenced by the WADEM meeting in
1975 (WHO, 1975b) and the subsequent WMO Expert Meeting on Dry Deposition Monitoring
held in Gothenburg, Sweden, in April 1977. For this reason dry-deposition measurements
are not recommended for this programme. It is recommended, however, that total (bulk)
deposition samples be collected by using a separate bucket. This second bucket would
remain open at all times except when the environmental control system indicated likelihood of local contamination, at which time it would be covered. Recorders or timers
will be required to indicate the total time that both the rain collector and the total
deposition collector are exposed.
Measurement of both rain and total deposition will give at least an approximate indic~tion of the relative importance of rain and dry deposition to the total
flux of petroleum hydrocarbons from the atmosphere to the ocean. Samples with visible
particulate contaminants should be discarded. Hydrocarbon-free mercuric chloride
should be added to both collectors as a biocide.

3.4

SAMPLING DURATION AND FREQUENCY

Precipitation should be collected on an event basis whenever possible or
during intervals of no longer than one week. Total deposition samples should also
be collected over no longer than a week, the sampling intervals for both types of
sample being planned in such a way that direct comparison of the fluxes is possible.
The sampling intervals for the rain and total deposition PHC samples should also be
coincident with sampling intervals (or combinations of intervals) for atmospheric
particulate and gas-phase PHC samples. In this way the relationship between atmospheric PHC concentrations and PHC fluxes from the atmosphere to the ocean can be
evaluated.

3.5

SAMPLE STORAGE

The rain and total deposition samples should be solvent-extracted as soon
as the sampling period is completed, using dich16romethane or carbon tetrachloride.
As pointed out by IOC/WMO (1976a), carbon tetrachloride is recommended because it is
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readily available in a highly purified form, it has a high affinity for non-polar
organic molecules, it is non-flammable, and it is only slightly soluble in water.
Dichloromethane has similar characteristics. A one-litre glass separatory funnel
carefully cleaned and rinsed several times with solvent should be used for the extraction. Approximately 600-700 ml of aqueous sample should be extracted two to three
times with 50-100 ml portions of solvent. This solvent extract should then be stored
at _10 0 to -30 0 c until analysis by fluorescence (see IGOSS Operational Procedures
(IOC/WMO, 19760)) and gas chromatography (see suggested gas-chromatography procedure
following).

4.

COLLECTION TECHNIQUES AND PROCEDURES FOR PETROLEUM HYDROCARBONS
IN SURFACE MICROLAYER AND SUB-SURFACE WATERS

4.1

SURFACE MICROLAYER SAMPLES

As pointed out by IOC/~~O (1976b), effective monitoring of PHCs in the marine
environment depends upon the ability to sample the ocean at the depths where the hydrocarbon concentrations may be particularly significant and critical relative to the
mechanisms which dilute, diffuse, transform, transport, or concentrate 'these substances.
Relative to the objectives of this report, this includes the sea-surface microlayer
and the layer above the thermocline (the mixed layer). Measurement of PHCs in the surface micro layer during the same time intervals as atmospheric samples are collected
may aid in an estimation of the relative contribution from the atmosphere. It must
be realized, however, that the concentration of PHCs and other substances concentrated
at the air/sea interface is strongly dependent upon local wind speed and sea state.
Thus short-term changes in the concentration of PHCs in the surface micro layer are
very often a result of physical processes occurring in this dynamic layer of the ocean
rather than changes of atmospheric input rates of PHCsto the surface waters or of the'
total concentration in these waters. For surface microlayer concentration comparisons
at a particular location over an extended sampling period, collections should be undertaken as far as possible under similar sea state and meteorological conditions.
Garrett and Smagin (1976) and Garrett and Duce (1977) have discussed various
techniques for sampling the surface microlayer. Garrett and Smagin recommend that
the surface screen collector be used in this study, and their recommendation is endorsed here.
The surface screen, developed by Garrett (1965), is a simple, sturdy collector,
easy to use and clean, and usable in a variety of sea states (see Figure 9). For petroleum hydrocarbons the collector should be constructed of a non-corrosive metal screen
and frame, e.g. stainless steel. Garrett (1965) found that 16-mesh was an optimum
mesh size for the collection of monomolecular layers of oleic acid from a water surface.
This size mesh maintained an efficiency of approximately 75 per cent for the removal
of the oleic acid film, whereas the efficiency of screens with mesh sizes of 30 to 80
decreased rapidly to below 40 per cent after only five screen dips. With a screen
mesh size of 4 the water film between the screen wires ruptured almost immediately and
the sample was lost. An optimum size for the screen collector is from 50 x 50 cm to
75 x 75 cm. The collector frame can easily be fitted with handles, as shown in
Figure 9.
The screen sampler collects a layer of the ocean surface between 150 and
thick. Obviously, since the surface active material is primarily concentrated
within tens of angstroms of the surface, c~nsiderable material, including water, not·
in the ultimate surface layers will also be collected.

300jUm
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Collection of surface microlayer samples for PHCs should take place well off
the coast of any island or coastline and away from any large ships. Ideally, the
sample should be collected from a small metal boat or raft at least 400-600 metres
from a mother ship. The small boat should be powered by oars or by an electric motor
to avoid hydrocarbon contamination. Sampling from the small boat should take place
on the "clean" side of the boat, i.e. off the bow if the boat is moving slowly under
power, or on the side in the direction of motion if the boat is drifting. The screen
should be placed in the water and then moved horizontally before being brought back
up through the water surface in an area the surface of which was not disturbed when
the screen entered the water. Water from the frame of the screen should be allowed
to drain for about ten seconds before collection of the water in the screen mesh
begins. This screen-mesh water should be allowed to drain into a pre-cleaned dark
glass, teflon, or stainless steel sample container (Figure 9) containing 5-10 ml of
dichloromethane or carbon tetrachloride as a biocide. A sample of several litres can
be collected in an hour with a 75 x 75 em screen.
The screen should be cleaned thoroughly before and after use with hydrocarbonfree solvents such as dichloromethane or carbon tetrachloride. It should be stored
wrapped in aluminium foil in a sealed container. Ambient meteorological and sea-state
conditions should be recorded for each sampling period.

~HANDLES

/~-,."'~.....

BOLTED
TO FRAME

GLASS, STAINLESS STEEL, OR
TEFLON SAMPLE BOTTLE

~

Figure 9 - Surface microlayer screen sampler and
collection assembly in draining position
(After Garrett and Smagin, 1976)
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SUB-SURFACE SAMPLES

Sub-surface samples should be collected at the same time as the surface microlayer samples. In general, water-sampling procedures described by IOC/WMO (1975),
IOC/WMO (1976b), and IOC/WMO (1976a) should be used. In most cases in the present
programme, however, large research vessels with the capability of collecting Niskin
bottle samples at various depths will not be available. It is thus recommended that
sub-surface water samples be collected from the small metal boat or raft if possible.
These samples can be collected manually from 20 to 50 cm below the surface by using
three- to four-litre dark glass, stainless steel or teflon containers containing
5-10 ml of hydrocarbon-free carbon tetrachloride or dichloromethane and pre-cleaned
with appropriate solvent as recommended by the IGOSS Operational Procedures
(IOC/WMO, 1976a).
4.3

SAMPLING FREQUENCY

Surface microlayer and sub-surface samples should be taken at regular intervals during the atmospheric sampling programme. It is recommended that this be every
two weeks.
4.4

SAMPLE STORAGE

Even with the presence of a biocide in the water sample, it is recommended
that the surface microlayer and sub-surface water samples undergo solvent extraction
as soon as possible after collection to avoid problems with wall losses of organic
material. If rapid solvent extraction is not possible, -the water sample should be
frozen at temperatures of _10 0 to -30 oC. The solvent extraction of these water
samples should follow that outlined in the IGOSS Operational Procedures (IOC/WMO, 1976a),
i.e. two to three extractions of three- to four-litre water samples, each using 50 ml
of dichloromethane or carbon tetrachloride.

5.

ANALYTICAL TECHNIQUES FOR PETROLEUM HYDROCARBONS

The various techniques for the analysis of pet~oleum from marine waters have
been reviewed by Garrett and Smagin (1976). The critical problem is how to distinguish
between petroleum hydrocarbons and hydrocarbons produced by marine organisms. As
pointed out by Garrett and Smagin,
"Petroleum hydrocarbons consist of four general classes:
- Aliphatic (alkanes):
carbon atoms;

saturated straight and branched chains of

Alicyclic (cycloalkanes or naphthenes): saturated ring compo.unds;
- Aromatic:

these compounds consist of at least one benzene ring;

- Olefinic (alkene): these compounds contain unsaturated carbon atoms
joined by double or triple bonds; crude oils do not contain olefinic
hydrocarbons, but they are common in some petroleum derivatives,
especially cracked products produced by carbon-chain splitting.
All these classes of hydrocarbons can be synthesized by marine organisms
and occur naturally in the marine environment. Marine organisms make
normal alkanes predominantly with odd-numbered carbon chains, but some
even-numbered carbon chains can be found. In petroleum oil normal
alkanes have an equal ratio of odd to even numbered carbon chains. But
a one-to-one ratio in the C25 -C3 j range may not always be crude oil because
some bacteria have been found to contain equal amounts of even and odd
carbon chains in the above-mentioned range. In many instances only one or
two specific n-alkanes predominate in marine organisms as opposed to the
much larger number of different n-alkanes in petroleum products.
Petroleum contains appreciable amounts of isoprenoid hydrocarbons, ranging
from Cll to C20 with a ratio of pristane to phytane of about 2:1. Since
most organisms produce predominantly pristane, biogenic hydrocarbons can
exhibit an extremely high C19/C 20 ratio. Petroleum contains a much more
complex mixture of cycloalkanes and aromatic hydrocarbons than are produced by biogenic sources. Nevertheles~ it was found that biosynthesis
appears to be a greater source of polynuclear aromatic hydrocarbons than
petroleum pollution (Suess, 1970). It is necessary to point out the fact
that in a gas chromatographic analysis a large envelope of unresolved peaks
below the discrete paraffin peaks indicates the presence of petroleum in
the sample.
Thus, differences in the gas chromatographic spectra of petroleum and
biogenic hydrocarbons can be used for detecting petroleum according to
the following guidelines (United States National Academy of Sciences,
1975):

•
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(a)

Petroleum contains a much more complex mixture of hydrocarbons,
with much greater ranges of molecular structure and weight;

(b)

Petroleum contains several homologous series, with adjacent
members usually present in nearly the same concentration; the
approximate unity ratio for even- and odd-numbered alkanes
is an example, as are the homologous series of C12-C22 isoprenoid alkanes; marine organisms have a strong preoominance
of odd-numbered C15 through C21 alkanes;

(c)

Petroleum contains more kinds of cyclo-alkane and aromatic
hydrocarbons; also, the numerous alkyl substituted ring compounds have not been reported in organisms. Examples are the
series of mono-, di-, tri-, and tetramethyl benzenes and the
mono-, di-, tri-, and tetramethyl naphthalenes;

(d)

Petroleum contains numerous naphtheno-aromatic hydrocarbons
that have not been reported in organisms. Petroleum also
contains numerous heterocompounds containing 5, N, and 0, metals,
and the heavy asphaltic compounds."

Petroleum hydrocarbon monitoring is already the subject of the lGOSS Marine
Pollution (Petroleum) Monitoring Pilot Project, and detailed methods of analysis using
fluorescence spectroscopy have been recommended in the final version of the IGOSS Operational Procedures (IOC/WMO, 1976a). These methods take into consideration present
analytical capabilities and the difficulties inherent in recommending standard analytical methods.
As pointed out by the Report of the Second IOC/WMO Workshop on Marine Pollution (Petroleum) Monitoring, held in Monaco in June 1976 (IOC/WMO, 1976c), fluorescent material of recent biogenic origin may be carried through the work-up procedure
recommended in the original IGOSS Operational Plan, especially in areas of high biological productivity. It was also pointed out that fluorescent quenching material
might also find its way into the final extract measured. A simple silica gel column
chromatographic clean-up procedure was recommended to avoid these problems, and this
procedure was incorporated in the final version of the IGOSS Operational Procedures
(IOC/WHO, 1976a).
Since the IGOSS programme will be generating large quantities of data on
petroleum in the world ocean, it is very important that the pilot programme discussed
in this document utilize the same analytical technique as lGOSS. In this way the
data obtained in both programmes will be directly comparable. This recommendation
does not, of course, preclude the additional use of more sophisticated techniques,
e.g. gas chromatography, or gas chromatography linked with mass spectrometry. In
fact, for the programme discussed here, it is critical that gas chromatography be
used to determine the groups and classes of organic compounds present so as to distinguish between petroleum and recent biogenic hydrocarbons, according to the four
criteria outlined above. Thus both fluorescence and gas chromatographic techniques
should be developed for this programme.
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Before chemical analysis, the PUF plugs (if they are used) and fibreglass
filters should be extracted in a Soxhlet extractor with pure hexane. While either
hexane or petroleum ether can be used for this extraction, hexane is preferred since
it is the solvent recommended for fluorescence spectroscopy in the IGOSS Project
(IOC/WHO, 1976a). According to Rice et ale (1977), two hours is sufficient time for
the extraction. Standardized techniques for fluorescence analysis following the
IGOSS Operational Procedures should be used.
No standardized method of gas chromatographic analysis of petroleum and
biogenic hydrocarbons in the sea has been agreed upon. Indeed, this .subject is still
actively in the research mode. Recent analytical procedures for the determination of
hydrocarbons in marine samples by gas chromatography are described in detail by
Farrington et ale (1976). The gas chromatographic techniques used by Quinn and Wade
(1974) in their analyses of PHCs in the marine atmosphere are described in tbis report.
The final gas chromatographic procedures decided upon should be used by any and all
groups participating in this programme.
It must be emphasized again that contamination of samples during collection,
handling, and analysis will be a serious problem, as the level of PHCs in all types
of sample collected in this programme will be very low. Anything coming in contact
with the sample should be constructed only of glass, metal (preferably stainless
steel or aluminium) and teflon. Containers, tongs, foils, etc. should all be precleaned in an oven at 400 o _500 oC for several hours or washed carefully in soap and
water and rinsed several times with distilled water free of organic substances, with
methanol, and finally with hydrocarbon-free dichloromethane or carbon tetrachloride.
These solvents should be used only in a hood or a well-ventilated area. If at all
possible, sample manipulations should take place in either a clean room or a laminar
flow clean bench fitted with a trap or filter for removal of both particles and
vapour-phase hydrocarbons as previously described.

6.

6.1

IMPLEMENTATION PLAN

RESEARCH MODE OF OPERATION

From the preceding discussion it is clear that the measurement of the concentration of PHCs in the marine atmosphere and of the flux of PHCs to the ocean
will not be routine. Additional basic research is required in at least three areas
before a satisfactory atmospheric monitoring programme for PHCs can be initiated in
remote marine regions.
(a)

A detailed investigation of the collection characteristics and
efficiency of fibreglass filters and polyurethane plugs (as well as
Tenax GC columns) for particulate and vapour-phase petroleum hydrocarbons must be initiated. This investigation will not only be of
value for the present pilot project concerning the transport of
petroleum hydrocarbons from the atmosphere to the ocean, but will
also be of use in any subsequent monitoring programmes for these
substances at continental background monitoring stations. The
environmental control systems developed for this pilot project will
also be of value in continental atmospheric monitoring programmes.

(b)

An evaluation of the efficiency of the existing automatic rain and
total deposition collectors for petroleum hydrocarbons must be made.
This has already been undertaken for certain inorganic substances,
as reported by Galloway and Likens (1976).

(c)

A satisfactory gas chromatography and/or gas chromatography-mass
spectrometry technique for the identification of petroleum versus
biogenic hydrocarbons in the collected samples must be developed.
Considerable preliminary work has already been completed in this
area. Participation in the intercalibration exercises undertaken
by other laboratories investigating petroleum in the marine environ-ment is critical during this period. Samples will also be analysed
for PHCs by fluorescence techniques using the procedures developed
for the IGOSS programme.

The research described in paragraph (a) above will be the most difficult
and will require the greatest effort, but is absolutely necessary before a meaningful
remote field collection programme can be undertaken. For the initidl period of this
programme it is critical that this work be carried out in a research mode in one
research laboratory (or possibly two) active in the field of organic chemistry in the
atmosphere and/or ocean. This programme should also be related to any land-based
monitoring programmes for petroleum hydrocarbons in the atmosphere, and close cooperation and information interchange between individuals involved in continental and
marine atmospheric studies of these substances are strongly encouraged.
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It is recommended that one laboratory (or possibly two) be selected to undertake these developmental studies and that the monitoring programme at Bermuda and
American Samoa should not be initiated until this developmental phase has been
completed. It is estimated that this developmental phase will take 15-18 months
and should be initiated as soon as possible.
A number of laboratories could satisfactorily undertake this developmental
programme, including a number of university institutes.
After completion of the technique development stage it is recommended that a
preliminary field programme be initiated for a three- to six-month period by the developmental laboratory during the summer of 1980 at the Bermuda site to evaluate the collection and analysis procedures at a remote marine location.
If this three- to six-month test proves satisfactory, it is recommended that
a long-term monitoring programme be initiated at both the Bermuda and Samoa sites.
At this time personnel from the developmental laboratory can tiain people from the
monitoring organization responsible for the long-term programme at these stations.
It may olso be desirable at this time to expand the petroleum hydrocarbon monitoring
programme to other sites.
6.2

TIME FRAMEWORK
A proposed time-table for this programme is outlined in Figure 10.
ATMOSPHERIC PETROLE UM MONITORING PROGRAMME
TENTATIVE TIMETABLE
J

1978
M M J S N J

1979
M M J S N J

I

I

I

1981
1980
I
M M J S N J M M J S N J

I

I

I

M M
I

•

SELECTION OF

1-1 ADVISORY COMMITTEE
SELECTION OF

I--! DEVELOPMENTAL LAB (S)
~________________~I

DEVELOPMENT
OF TECHNIQUES

I-------li

FIELD EVALUATION
PERIOD IN BERMUDA
TRAINING OF

1---1 MONITORING PERSONNEL
ROUTINE MONITORING AT BERMUDA I
AND AMERICAN SAMOA

Figure 10 - Tentative time-table for the WMO programme in
atmospheric petroleum monitoring
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7.

FUTURE EXPANSION OF THIS PROGRAMME TO INCLUDE TRACE METALS
AND HEAVIER CHLORINATED HYDROCARBONS

The sampling procedures and locations recommended in this report can easily
be expanded to include heavy metals and chlorinated hydrocarbons at some future date.
Indeed, the PUF sampling system outlined here for PHCs can be used with virtually no
change for such substances as PCB and DDT. PUF has been shown to be quite efficient
for the collection of PCB and DDT (Bidleman and Olney, 1974j Rice et al., 1977).
The only difference in the collection procedures would be to avoid as far as possible
the use of such solvents as dichloromethane and carbon tetrachloride during the cleaning and handling of the collection apparatus. After collection of the atmospheric
samples on filters and PUF plugs and extraction of the petroleum hydrocarbons with
petroleum ether in a Soxhlet extractor, the sample can be subdivided for PHC and
chlorinated hydrocarbon analysis (Rice et al.). In general, two hours, or about
thirty cycles in the Soxhlet extractor, is sufficient to remove all the chlorinated
hydrocarbons. As pointed out by Rice et al., for sample clean-up it is also helpful
to pass the sample through a column of activity III woelm alumina. Rice et ale continue in their description of their analytical method for the determination of chlorinated hydrocarbons in marine atmospheric samples:
"Polychlorinated biphenyls (PCB) and toxaphene occur in most of our
samples. Both are complex mixtures of many compounds, giving gas
chromatographic patterns which overlap each other and also interfere
with the identification and quantitation of many of the chlorinated
pesticides. Therefore, we use a modification of the Holden and
Marsden (1969) silicic acid procedure to separate the sample into
three fractionsj a 'PCB fraction' containing PCB, DDE, and hexachlorobenzene (HCB)j a 'DDT fraction' containing DDT, chlordane and
some toxaphene components; and a 'toxaphene fraction' containing 60%
of the toxaphene peaks, dieldrin. endrin and ODD.
The samples were analyzed for electron capturing species on a
Microtek MT-220 gas chromatograph equipped with two Ni 63 detectors and
two columns, one packed with 1.5% OV-17/1.95% OF-Ion 100/120-mesh
Supelcoport .and the other with 4% SE-30/6% OF -Ion SO/lOO-mesh Supelcoport. Identification and quantitation of sample components was accomplished by comparison with chromatograms of authentic standards. On
occasion, TLC, chromic acid oxidation and treatment with sulfuric acid
or alcoholic potassium hydroxide were used for further confirmation."
A completely separate collection .ystem is required to collect samples for·
heavy metal analysis, although the same sampling platform and sampling control systems can be used. Metal filter holders and shelters must be avoided. Filter holders
should be constructed of plastic, preferably high-density polyethylene or polyvinyl
chloride. Shelters should also be of plastic, or of wood coated with a polyurethanebase paint. Atmospheric particulate samples for metal analysis should be collected
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on pre-washed double Whatman 41 cellulose, or O.4;um pore-size Nuclepore or Millipore
membrane filters. Air-sampling pumps should be separated from the filters by at least
five to ten metres of plastic or fibreglass tubing to avoid filter contamination from
the pumps. Hi-Vol pumps can be used with Whatman 41 filters, and typical flow rates
through 20 x 25 cm Whatman 41 filters range from 50 to over 100 m3 hr-l. As indicated
in the report of the WMO Air Pollution Measurement Techniques Conference (WMO, 1976)
metals of immediate concern in remote areas because of possible pollution influence
include Se, As, Sb, Pb, Zn, Cd, Hg, Cu, Ni, Cr, and V. The elements Na and Al or Fe
should be measured as indicator elements for atmospheric particles produced by the
sea and crustal weathering respectively.
As pointed out by WMO (1976), remote-area measurements of these metals have
already been made, many in marine regions. The following analytical techniques have
proved feasible for the indicated metals in these areas:
Instrumental neutron activation analysis:
Se, As, Sb, Zn, Hg, Cu, Ni, Cr, V, Na, AI, Fe
Atomic absorption spectrophotometry:
Zn, Hg, Cu, Ni, Cr, Na, AI, Fe
Proton-induced X-ray emission:
As, Pb, Zn, Cu, Ni, Cr, V, Fe
Details of these analytical techniques for marine atmospheric samples can
be found in Duce et al. (1976), Duce et 01. (1977), Johansson et 01. (1975) and
Hardy et al. (1976). If Hg is determined, it should be determined in both the particulate and vapour phase. The method of Braman and Johnson (1974) for collecting the
various gaseous sp~cies of Hg in the atmosphere - trapping the Hg on gold-coated beads is satisfactory for Hg in remote marine areas. The major forms of Hg in the atmosphere appear to be gaseous species such as HgO, Hg (II) inorganic compounds, methyl
and dimethyl Hg spe'cies. All these species are collected efficiently by the gold
beads. Low flow rates (less than 1 m3 hr- l ) are used for vapour-phase Hg collection.
The Hg is subsequentl,y removed from the gold-coated beads in the laboratory and is
determined by flameless atomic absorption spectrophotometry.
The elements Se, As, and Sb may also have a vapour component, and sampling
techniques should be developed to collect possible vapour phases of these elements
as well. The impregnated filter technique of Walsh et al. (1976) has been used
successfully for As in remote marine and continental areas. In this technique particles
are removed by a 0.4;um pore-size Nuclepore filter and the vapour phase As is collected
on a series of Whatman 41 filters impregnated with an aqueous solution of 10 per cent
glycerol and 10 per cent polyethylenimine or 10 per cent tetrabutyl ammonium hydroxide.
After collection the As can be determined by neutron activation or proton-induced
X-ray emission.
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